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Abstract
Sympatric	species	may	overlap	in	their	use	of	habitat	and	dietary	resources,	which	can	
increase	competition.	Comparing	the	ecological	niches	and	quantifying	the	degree	of	
niche	overlap	among	these	species	can	provide	insights	into	the	extent	of	resource	
overlap.	This	information	can	be	used	to	guide	multispecies	management	approaches	
tailored	to	protect	priority	habitats	that	offer	the	most	resources	for	multiple	species.	
Stable	isotope	analysis	is	a	valuable	tool	used	to	investigate	spatial	and	trophic	niches,	
though	 few	 studies	have	employed	 this	method	 for	 comparisons	 among	 sympatric	
marine	turtle	species.	For	this	study,	stable	carbon,	nitrogen,	and	sulfur	isotope	values	
from	epidermis	tissue	were	used	to	quantify	 isotopic	overlap	and	compare	 isotopic	
niche size in loggerhead (Caretta caretta), green (Chelonia mydas),	and	Kemp's	ridley	
(Lepidochelys kempii)	turtles	sampled	from	a	shared	foraging	area	located	offshore	of	
Crystal	River,	Florida,	USA.	Overall,	the	results	revealed	high	degrees	of	isotopic	over-
lap (>68%)	among	species,	particularly	between	loggerhead	and	Kemp's	ridley	turtles	
(85	 to	91%),	which	 indicates	 there	may	be	 interspecific	 competition	 for	 resources.	
Samples	from	green	turtles	had	the	widest	range	of	isotopic	values,	 indicating	they	
exhibit	higher	variability	 in	diet	 and	habitat	 type.	Samples	 from	 loggerhead	 turtles	
had	 the	most	enriched	mean	δ34S,	 suggesting	 they	may	 forage	 in	 slightly	different	
micro-environments	compared	with	the	other	species.	Finally,	samples	from	Kemp's	
ridley	turtles	exhibited	the	smallest	niche	size,	which	is	indicative	of	a	narrower	use	
of	resources.	This	is	one	of	the	first	studies	to	investigate	resource	use	in	a	multispe-
cies	foraging	aggregation	of	marine	turtles	using	three	isotopic	tracers.	These	find-
ings	provide	a	foundation	for	future	research	into	the	foraging	ecology	of	sympatric	
marine	turtle	species	and	can	be	used	to	inform	effective	multispecies	management	
efforts.
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1  |  INTRODUC TION

Patterns	of	 resource	use	by	a	 species	 can	have	 significant	effects	
on	 the	 local	 ecosystem	 by	 influencing	 interactions	 within	 a	 com-
munity,	 the	 dynamics	 of	 resource	 availability,	 and	 the	 overall	 dis-
tribution	and	abundance	of	organisms	(Chesson,	2000; Ross, 1986; 
Sale,	1974).	 Thus,	 an	understanding	of	how	species	use	 resources	
can	provide	 insights	 into	 their	ecological	 role	and	aspects	of	 their	
foraging	ecology,	which	may	be	used	to	identify	key	foraging	areas	
(Devictor et al., 2010;	Gama	et	al.,	2021; Kent et al., 2017). The latter 
is	important	as	it	can	help	determine	priority	habitat	for	conserva-
tion	based	on	areas	that	offer	the	most	dietary	resources	for	threat-
ened	 and	 endangered	 species	 (Lamont	&	 Iverson,	2018;	Oksanen	
et al., 2015).	 The	 resources	 used	 by	 species	 can	 be	 estimated	 by	
characterizing	their	ecological	niche,	which	represents	the	entirety	
of	 an	organism's	 interactions	within	 its	biotic	 and	abiotic	 environ-
ment	(Hutchinson,	1978; McGill et al., 2006).

Determining	 resource	 use	 among	 different	 species	 that	 over-
lap	 in	 habitat	 (i.e.,	 sympatric	 species)	 can	 provide	 insights	 into	
differences	 between	 their	 spatial	 and	 trophic	 ecologies	 (Borrell	
et al., 2021).	 Sympatric	 species	 are	 typically	 thought	 to	 compete	
for	 local	 resources	 (Connell,	1961)	 and	often	exhibit	 resource	par-
titioning	to	reduce	competition	(Chase	&	Leibold,	2003; MacArthur 
&	 Levins,	 1964). Measuring niche overlap (i.e., resource overlap) 
along	dimensions	such	as	food	source	and	habitat	type	can	indicate	
the degree to which co-occurring species are dividing or sharing 
resources	 and	 help	 determine	 the	mechanisms	 of	 species	 coexis-
tence	 (HilleRisLambers	et	al.,	2012;	Hutchinson,	1961;	Sale,	1974). 
Additionally,	 information	 on	 niche	 overlap	 may	 be	 used	 to	 guide	
multispecies	management	approaches	by	quantifying	the	ecological	
similarities	 between	 species,	which	 can	 facilitate	 the	 efficient	 use	
of	 financial	 efforts	 to	 aid	 in	 the	 protection	 of	 habitat	 and	 dietary	
resources	 shared	 by	 multiple	 species	 (Elafri	 et	 al.,	 2017;	 Laub	 &	
Budy,	2015;	Monda	&	Ratti,	1988).

Despite	 the	 importance	of	understanding	 resource	use	 among	
sympatric	 species,	 there	 is	 limited	 research	 on	 this	 topic	 for	 ma-
rine	 turtles	 (Lamont	 &	 Iverson,	 2018; Melo-Merino et al., 2020). 
Marine	 turtle	 species	 forage	 across	 different	 trophic	 levels,	 with	
species	often	co-occurring	in	the	same	foraging	habitats	(Haywood	
et al., 2019).	Previous	studies	have	used	a	variety	of	methods	to	char-
acterize	specific	aspects	of	coexisting	marine	turtle	species'	ecologi-
cal	niches.	Satellite	telemetry	coupled	with	ecological	niche	modeling	
has	been	used	to	 investigate	spatial	niches	 (DiMatteo	et	al.,	2022; 
Fujisaki	et	al.,	2020;	Hart	et	al.,	2018),	and	dietary	analyses	via	gas-
tric lavages (Martins et al., 2020)	 or	 gut	 content	 analysis	 (Palmer	
et al., 2021;	Stringell	et	al.,	2016)	have	been	employed	to	character-
ize	trophic	niches.	However,	these	approaches	can	be	limiting	since	
they	portray	only	the	spatial	niche	 (i.e.,	habitat	use)	or	the	trophic	
niche	(i.e.,	diet)	of	a	species.	Stable	isotope	analysis	(SIA)	can	be	used	
instead	to	characterize	the	species'	isotopic	niche,	which	represents	
both	the	spatial	and	trophic	niches,	and	thus	provides	a	proxy	of	the	
ecological	niche	(Newsome	et	al.,	2007; Vander Zanden et al., 2013). 
Typically,	 carbon	 (δ13C) and nitrogen (δ15N)	bulk	 isotope	 ratios	are	

used	 to	 characterize	marine	 turtle	 niches	 (Haywood	 et	 al.,	2019). 
The δ13C	 value	 of	 the	 consumer	 is	 indicative	 of	 habitat	 type	 and	
primary	carbon	source	 (García-Vernet	et	al.,	2021), while δ15N	can	
be	used	to	indicate	the	trophic	position	of	the	consumer	since	δ15N	
experiences	a	substantial	amount	of	enrichment	with	each	step	up	
the	food	web	(Bradshaw	et	al.,	2017;	Hussey	et	al.,	2014;	Rossman	
et al., 2016).	Most	of	the	studies	to	date	that	use	bulk	isotope	ratios	
to	characterize	marine	turtle	niches	focus	on	carbon	(δ13C) and nitro-
gen (δ15N)	(Haywood	et	al.,	2019).	However,	the	addition	of	a	third	
isotopic	marker,	 sulfur	 (δ34S),	 can	provide	 additional	 insights	 since	
δ34S	isotope	ratios	exhibit	 limited	trophic	fractionation	and	can	be	
used	to	determine	differences	between	benthic	and	pelagic	produc-
tivity	pathways	in	coastal	systems	(Chan	et	al.,	2022;	García-Vernet	
et al., 2021;	Peterson	&	Fry,	1987).	This	is	because	primary	produc-
ers	that	use	different	sources	of	sulfur	will	have	different	δ34S	values	
(Connolly	et	al.,	2004).	For	example,	producers	such	as	microalgae	
and	phytoplankton	mainly	use	seawater	sulfates	that	are	enriched	in	
34S,	while	benthic	algae	and	rooted	plants	primarily	use	sedimentary	
sulfides	that	are	more	depleted	in	34S	(Borrell	et	al.,	2021;	Connolly	
et al., 2004).

Most	 of	 the	 marine	 turtle	 SIA	 studies	 to	 date	 have	 focused	
on	 a	 single	marine	 turtle	 species	 (Figgener	 et	 al.,	2019;	Haywood	
et al., 2019),	with	 only	 a	 few	 studies	 investigating	 the	 spatial	 and	
trophic	ecologies	of	multiple	species.	These	studies	compared	δ13C 
and δ15N	values	from	different	species	of	nesting	females	(Filippos	
et al., 2021),	 recently	 recruited	and	oceanic	 stage	 juveniles	 (Reich	
et al., 2007),	and	stranded	turtles	(Godley	et	al.,	1998).	Only	one	SIA	
study	 to	date	has	 investigated	 resource	use	among	a	multispecies	
foraging	aggregation,	which	quantified	the	isotopic	overlap	between	
green turtles (Chelonia mydas)	and	hawksbill	turtles	(Eretmochelys im-
bricata)	(Clyde-Brockway	et	al.,	2022).	The	lack	of	multispecies	SIA	
studies	clearly	highlights	a	gap	in	knowledge	as	to	how	other	species	
of	marine	turtles	are	using	resources	within	the	same	foraging	area.

To	 address	 this	 research	 gap	 and	 further	 improve	 our	 under-
standing	 of	 resource	 use	 among	 sympatric	 species	 of	marine	 tur-
tles,	 the	 stable	 isotope	 values	 for	δ13C, δ15N,	 and	δ34S	were	used	
to	 characterize	 the	 isotopic	 niches	 of	 loggerhead	 turtles	 (Caretta 
caretta),	green	turtles,	and	Kemp's	ridley	turtles	(Lepidochelys kempii) 
from	a	foraging	area	located	off	the	coast	of	Crystal	River,	Florida,	
USA	within	the	northeastern	Gulf	of	Mexico	(GoM).	Generally,	green	
turtles	shift	from	an	omnivorous	to	herbivorous	diet	when	they	mi-
grate	to	neritic	foraging	habitats,	while	loggerhead	and	Kemp's	ridley	
turtles	feed	on	benthic	invertebrates	(Valverde	&	Holzwart,	2017). 
More	specifically,	 the	aims	of	this	study	were	to	1)	compare	niche	
volume	and	position	among	species,	2)	calculate	niche	overlap	be-
tween	pairs	of	species,	and	3)	evaluate	the	spatial	and	foraging	ecol-
ogy	of	each	species.	These	 three	species	of	marine	 turtles	exhibit	
multi-year	fidelity	to	foraging	habitat	within	the	northeastern	GoM	
region (Barichivich, 2006;	Chabot	et	al.,	2021;	Schmid	et	al.,	2003; 
Wildermann	et	al.,	2019)	and	likely	overlap	in	both	habitat	and	dietary	
resource	use	 (Lamont	&	 Iverson,	2018;	 Lamont	&	Johnson,	2021), 
providing	 an	 ideal	 system	 to	 explore	 niche	 overlap	 among	marine	
turtle	species	and	characterize	their	foraging	ecologies.
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2  |  METHODS

2.1  |  Study site and sample collection

The	neritic	waters	off	the	coast	of	Crystal	River,	Florida,	USA	(Figure 1) 
have	been	identified	as	an	important	foraging	area	for	juvenile	green	
and	 Kemp's	 ridley	 turtles,	 as	 well	 as	 subadult	 to	 adult	 loggerheads	
(Chabot	et	al.,	2021;	Wildermann	et	al.,	2019, 2020).	As	part	of	a	long-
term	in-water	monitoring	program	to	determine	marine	turtle	popula-
tion	structure	in	the	region,	strip	transects	were	conducted	between	
2016	and	2022.	Turtle	sightings	were	recorded	opportunistically	using	
a	GPS	Garmin	62 s,	and	turtles	were	captured	by	dipnet	or	the	rodeo	
technique	(Fuentes	et	al.,	2006;	Limpus	&	Walter,	1980)	and	brought	
to	the	boat	to	be	processed.	A	passive	integrated	transponder	(PIT	tag,	
Biomark,	GPT	12)	and	Inconel	flipper	tags	(Style	681	National	Band	and	
Tag	Company,	Newport,	USA)	were	applied,	when	not	already	present,	
following	protocols	 from	 the	Florida	Fish	and	Wildlife	Conservation	
Commission	Marine	Turtle	Conservation	Handbook	 (FFWCC,	2016). 
Captured	turtles	were	placed	in	a	protected	area	on	the	deck	of	the	
boat	and	body	measurements	 (±0.1 cm)	were	 recorded	using	a	 tape	
measure	and	calipers	to	measure	curved	carapace	length	and	straight	
carapace	 length,	 respectively.	The	minimum	curved	carapace	 length	
(hereafter	 referred	 to	 as	 CCL),	 defined	 as	 the	 length	 between	 the	
nuchal notch and caudal notch (Bolten, 1999), was used to characterize 
the	 life	 stages	of	each	species.	Epidermis	 samples	 for	SIA	were	col-
lected	from	the	shoulder	of	each	turtle	using	a	5 mm	biopsy	punch	and	
were	then	stored	in	a	vial	with	salt	until	analysis	(as	per	Silver-Gorges	
et al., 2021).

Epidermis	samples	were	cleaned	using	deionized	water	to	remove	
salt	and	particulate	matter,	and	the	epidermis	was	separated	from	the	
underlying	dermis	tissue	and	diced	using	a	sterile	scalpel.	The	samples	
were	then	oven-dried	at	60°C	for	48 h	or	freeze-dried	at	−50°C	for	12 h	
to	remove	moisture.	Due	to	technical	and	personnel	limitations,	stable	
isotope	analyses	were	then	carried	out	at	three	laboratories:	Fish	and	

Wildlife	Research	Institute	of	the	Florida	Fish	and	Wildlife	Conservation	
Commission	and	Marine	Environmental	Chemistry	Laboratory	at	the	
University	 of	 South	 Florida	 College	 of	Marine	 Science	 (FWRI	USF),	
Marine	Biological	Laboratory	(MBL)	Stable	Isotope	Laboratory	(Woods	
Hole,	Massachusetts),	and	Washington	State	University	(WSU)	Stable	
Isotope	Core	Laboratory	(see	Table S1	for	further	details).

For	carbon	and	nitrogen	isotope	analysis,	an	accelerated	solvent	
extractor	 (Model	200,	Dionex)	was	used	to	extract	 lipids	from	the	
samples	 using	 petroleum	 ether	 (three	 cycles	 of	 5 min	 heating	 fol-
lowed	by	5 min	static	purging).	Samples	were	weighed	to	0.5–0.7 mg	
using	a	Mettler	Toledo	microbalance	and	then	placed	into	Costech	
tin	 cups	 and	 converted	 into	 N2	 and	 CO2	 via	 combustion	 using	 a	
Carlo-Erba	 NA2500	 Series	 2	 Elemental	 Analyzer	 (Thermoquest	
Italia).	For	sulfur	isotope	analysis,	each	sample	consisted	of	3 mg	bulk	
tissue	from	each	turtle,	which	was	loaded	into	sterilized	tin	capsules	
and	then	combusted	with	an	elemental	analyzer	(ECS	4010;	Costech	
Analytical).	 The	SO2	 gases	were	 then	 separated	with	 a	0.8 mg	GC	
column	at	100°C.

For	 samples	 sent	 to	 FWRI	USF	 and	WSU,	 isotope	 ratios	were	
measured	 in	a	 continuous-flow	mass	 spectrometer	 (Delta	Plus	XP,	
ThermoFinnigan).	 For	 samples	 sent	 to	 MBL,	 isotope	 ratios	 were	
measured	using	a	Europa20-20	continuous-flow	isotope	ratio	mass	
spectrometer	 interfaced	 with	 a	 Europa	 ANCA-SL	 elemental	 ana-
lyzer.	The	stable	 isotope	values	are	expressed	 in	δ notation as per 
mil	(‰)	according	to	the	following	equation:

where X is 13C, 15N,	or	34S	and	Rsample	is	the	ratio	of	
13C:12C, 15N:14N,	

or 34S:32S	in	the	tissue	sample.	The	reference	material	(Rstandard) used 
for	13C	and	15N	is	relative	to	the	 international	standards	of	Vienna	
PeeDee	Belemnite	and	atmospheric	nitrogen,	respectively.	Reference	
material	for	34S	consisted	of	IAEA-S-1	silver	sulfide,	and	sulfur	isotope	
ratios	were	 reported	 per	mil	 (‰)	 relative	 to	 Vienna	 Canyon	Diablo	
Troilite.	 Estimates	 of	 analytical	 precision	 are	 reported	 in	 Table S1. 

δX =
[(

Rsample ∕Rstandard
)

− 1
]

× 1000

F I G U R E  1 Map	of	study	site	and	
capture	locations	for	loggerhead	(Cc),	
green	(Cm),	and	Kemp's	ridley	(Lk)	turtles	
sampled	off	the	coast	of	Crystal	River,	
Florida,	USA	between	2016	and	2022.
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Although	there	may	be	isotopic	variation	among	values	from	the	dif-
ferent	accredited	laboratories,	this	is	not	expected	to	have	a	significant	
impact	on	the	results	as	potential	variability	among	labs	is	usually	less	
than	0.5‰	(Ceriani	et	al.,	2014).

2.2  |  Data analyses

Ranges,	means,	and	standard	deviations	 (SDs)	for	CCL,	δ13C, δ15N,	
and δ34S	were	 calculated	 for	 each	 species	 using	 R	 v4.1.3	 (R	Core	
Team,	2021).	The	hypervolume	niche	size	and	niche	overlap	among	
species	were	 calculated	 using	 the	 R	 package	 “nicheROVER”	 (Lysy	
et al., 2014).	“nicheROVER”	uses	a	Bayesian	framework	to	quantify	
probabilistic	metrics	in	niche	space	and	is	not	restricted	to	two	di-
mensions	(Swanson	et	al.,	2015).	For	each	Bayesian	model,	10,000	
Markov chain Monte Carlo (MCMC) iterations were used to char-
acterize	the	posterior	distributions	for	 isotope	values	of	each	spe-
cies	(mean	and	variance–covariance	matrix)	using	an	uninformative	
Normal-Inverse-Wishart	 prior	 (Lysy	 et	 al.,	 2014).	 Niche	 size	 was	
defined	as	the	species	niche	region	with	a	95%	probability	of	find-
ing	 a	 specific	 individual	 of	 that	 particular	 species	 (García-Vernet	
et al., 2021),	and	this	was	estimated	by	calculating	a	point	estimate	
of	the	mean	niche	size	across	posterior	sample	of	mean	μ and covari-
ance Σ	(Swanson	et	al.,	2015).	The	parameter	μ	is	a	vector	of	length	3	
(i.e.,	the	number	of	isotopes)	that	stores	the	mean	isotope	values	for	
a given species, while Σ	is	a	3 × 3	matrix	of	the	variances	and	covari-
ances	of	the	isotopes	for	a	particular	species	that	characterizes	the	
shape	of	the	niche	hypervolume.

Niche	overlap	was	defined	as	 the	percent	probability	of	an	 in-
dividual	from	one	species	falling	within	the	niche	space	of	another	
species,	 and	 thus	 was	 estimated	 as	 the	 overlap	 in	 hypervolume	
niche space (Borrell et al., 2021;	Swanson	et	al.,	2015).	Uncertainty	
in	niche	overlap	for	each	species	of	turtle	and	each	isotope	pair	was	
reported	 as	 the	 posterior	 distribution	 of	 the	 overlap	 percentage,	
and	Bayesian	95%	credible	 intervals	 for	each	pairwise	comparison	
were calculated (Borrell et al., 2021). To calculate overlap, the alpha 
value	was	set	as	0.95,	as	this	provides	the	95%	probability	region	of	
the	three-dimensional	 isotopic	niche	(as	per	Swanson	et	al.,	2015). 
A	95%	probability	ellipse	is	considered	to	be	a	more	accurate	mea-
surement	of	overlap	than	the	commonly	used	40%	probability	ellipse	
used	for	bivariate	Standard	Ellipse	Areas	(García-Vernet	et	al.,	2021, 
see	Jackson	et	al.,	2011).

3  |  RESULTS

Epidermis	samples	were	obtained	from	104	loggerhead	turtles,	95	
green	turtles,	and	49	Kemp's	ridley	turtles	that	were	captured	op-
portunistically	 from	2016	to	2022.	Body	size	 ranged	 from	53.6	 to	
105.8 cm	CCL	(mean ± SD:	80.0 ± 12.6)	for	 loggerhead	turtles,	26.0	
to	73.4 cm	CCL	(mean ± SD:	40.1 ± 7.99)	for	green	turtles,	and	26.4	
to	 61.0 cm	 CCL	 (mean ± SD:	 46.7 ± 8.36)	 for	 Kemp's	 ridley	 turtles.	
Based on these values, the loggerhead turtles were categorized as 

subadults	and	adults	(Benscoter	et	al.,	2022;	Bjorndal	et	al.,	2001), 
and	the	green	and	Kemp's	 ridley	 turtles	were	categorized	as	 juve-
niles	(Eaton	et	al.,	2008).

Mean	isotopic	values	of	the	three	species	ranged	from	−14.7	to	
−14.2‰	for	δ13C,	6.19	to	7.70‰	for	δ15N,	and	7.13	to	9.51‰	for	δ34S	
(Table 1).	Samples	from	all	three	species	had	similar	δ13C	means,	with	
only	a	0.5‰	difference	between	the	most	enriched	(green:	−14.2‰)	
and	most	depleted	(loggerhead:	−14.7‰)	mean	values	(Table 1).	For	
δ15N	and	δ34S,	samples	from	loggerhead	turtles	were	the	most	en-
riched,	while	 samples	 from	 green	 turtles	were	 the	most	 depleted	
(Figure 2).	 The	 loggerhead	 and	 green	 samples	 had	 a	 1.5‰	differ-
ence	between	δ15N	mean	 values	 and	 a	 2.4‰	difference	 between	
δ34S	mean	values	 (Table 1).	Additionally,	 samples	 from	 loggerhead	
turtles	 exhibited	 the	narrowest	 isotopic	 ranges	 for	δ15N	and	δ34S,	
while	samples	 from	Kemp's	 ridley	 turtles	presented	the	narrowest	
range	 for	δ13C (Table 1).	 Samples	 from	green	 turtles	had	 the	wid-
est	 range	 in	 isotopic	values	 for	δ13C, δ15N,	and	δ34S	 (Table 1), and 
therefore,	the	 largest	estimated	niche	size	 (mean	[95%	CI]:	886.31	
‰3	[689.07,	1129.33])	(Figure 3).	The	niche	size	of	green	turtles	was	
approximately	1.5	times	larger	than	that	of	loggerhead	turtles	(mean	
[95%	CI]:	587.95	‰3	[463.07,	744.24])	and	1.7	times	larger	than	that	
of	Kemp's	ridley	turtles	(mean	[95%	CI]:	506.62	‰3	[357.34,	704.05])	
(Figure 3).	These	niche	size	estimates	were	further	supported	by	the	
probabilistic	 pairwise	 niche	 size	 comparisons,	 which	 showed	 that	
green	turtles	were > 99%	more	likely	to	occupy	a	larger	niche	than	
loggerhead	and	Kemp's	ridley	turtles	(Table 2).	Conversely,	Kemp's	
ridley	turtles	were	22.7%	and	0.47%	more	likely	to	occupy	a	larger	
niche	than	loggerhead	and	green	turtles,	respectively	(Table 2). This 
means	there	is	a	higher	probability	that	the	niche	size	of	Kemp's	rid-
ley	turtles	is	smaller	than	loggerhead	and	green	turtles.

A	substantial	amount	of	niche	overlap	(>68%)	was	found	among	
the	isotopic	hypervolumes	of	all	three	species	(Figure 4), which was 
also	supported	by	visualizing	niche	ellipses	on	two-dimensional	iso-
topic	biplots	(Figure 5).	Kemp's	ridley	turtles	had	the	highest	prob-
ability	of	being	 found	within	 the	niche	 regions	of	 the	other	 turtle	
species,	with	a	90.88%	probability	of	occurrence	within	the	logger-
head	 turtle	 niche	 and	 an	89.30%	probability	 of	 occurrence	within	
the green turtle niche (Figure 4).	Green	 turtles	exhibited	 the	 low-
est	probability	of	overlap	between	the	other	species'	niche	regions,	
with	a	73.80%	probability	of	occurrence	within	the	loggerhead	tur-
tle	niche	and	a	68.34%	likelihood	of	occurrence	within	the	Kemp's	
ridley	turtle	niche	(Figure 4).	For	the	loggerhead	turtles,	there	was	
an	84.65%	chance	of	being	found	within	the	green	turtle	niche,	and	
an	 85.03%	 chance	 of	 being	 found	within	 the	 Kemp's	 ridley	 turtle	
niche (Figure 4).	Thus,	 the	highest	percentage	of	overlap	between	
all	species'	niche	regions	was	between	Kemp's	ridley	and	loggerhead	
turtles (Figures 4 and 5).

4  |  DISCUSSION

The	present	study	is	one	of	the	first	to	use	SIA	to	assess	resource	use	
within	a	foraging	aggregation	of	multiple	species	of	marine	turtles.	
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    |  5 of 12WEBER et al.

The	overall	isotopic	means	and	ranges	were	similar	among	subadult	
and	adult	loggerhead,	juvenile	green,	and	juvenile	Kemp's	ridley	tur-
tles,	which	suggests	 little	resource	partitioning	 in	general	 foraging	
area	and	diet	among	these	consumer	species.	Samples	from	all	three	
species	exhibited	similar	δ13C	values,	indicating	they	occupy	the	same	
general	foraging	environment,	as	is	expected	for	sympatric	species.	
Additionally,	the	similar	δ13C	values	suggest	that	they	forage	on	prey	
items	that	are	 likely	from	similar	benthic-based	food	webs	(Plotkin	
et al., 1993;	Williams	et	 al.,	2014;	Witzell	&	Schmid,	2005). Mean 
δ15N	values	were	also	similar	between	samples	of	 loggerhead	and	
Kemp's	ridley	turtles	(Table 1),	suggesting	these	species	likely	forage	
at	 similar	 trophic	 levels.	 Samples	 from	green	 turtles	had	a	 slightly	
depleted	mean	δ15N	value	(Range:	1.26–10.1‰;	Mean:	6.2 ± 1.31‰)	
compared	with	the	other	two	species	(Kemp's	ridley:	Range:	4.74–
13.3‰;	Mean:	7.1 ± 1.62‰;	loggerhead:	Range:	4.62–11.7‰;	Mean:	
7.7 ± 1.52‰),	 which	 likely	 indicates	 more	 of	 an	 herbivorous	 diet	
comprised	 of	 seagrass	 and	macroalgae	 (Bjorndal,	1985).	However,	
it is worth noting that while the δ15N	values	differed	 among	 spe-
cies,	 there	may	 not	 be	 a	 substantial	 ecological	 significance	 as	 the	
observed	maximum	difference	 (1.5‰)	 did	 not	 exceed	 the	 general	
discrimination	factor	of	3.4‰	for	δ15N	(Post,	2002,	but	see	Hussey	
et al., 2014).	Samples	from	green	turtles	also	had	the	widest	ranges	
for	δ13C, δ15N,	and	δ34S	(Table 1),	which	may	suggest	that	they	use	
a	wider	range	of	resources	and	exhibit	higher	variability	in	diet	and	

habitat	type,	and	thus	may	be	more	generalists	(Chan	et	al.,	2022). 
This	is	further	supported	by	their	larger	niche	size	estimate	compared	
with	the	other	species.	Indeed,	samples	from	loggerhead	turtles	had	
the	narrowest	range	for	δ15N	and	δ34S	and	Kemp's	ridley	turtles	oc-
cupied	the	smallest	niche	size.	This	suggests	that	these	two	species	
may	exhibit	stronger	habitat	and	dietary	preferences	compared	with	
juvenile	green	turtles.	This	likely	results	from	juvenile	green	turtles	
undergoing	an	ontogenetic	shift	 in	habitat	 from	pelagic	 to	benthic	
resources (Arthur et al., 2008).	Once	they	recruit	to	coastal	foraging	
habitats,	they	forage	primarily	on	aquatic	vegetation	(e.g.,	seagrass,	
benthic	macroalgae)	while	still	feeding	on	small	amounts	of	inverte-
brates,	whereas	loggerhead	and	Kemp's	ridley	turtles	primarily	feed	
on	benthic	invertebrates	(Valverde	&	Holzwart,	2017). This ontoge-
netic	shift	could	be	a	major	source	of	the	observed	isotopic	variation	
contributing	to	the	wider	isotopic	niche	of	green	turtles	(Figure S1). 
It	is	possible	that	within	the	juvenile	green	turtle	population,	there	
may	be	size-related	differences	in	resource	use,	as	has	been	found	in	
the	loggerhead	(Silver-Gorges	et	al.,	2023)	and	Kemp's	ridley	(Weber	
et al., 2023)	turtle	populations	within	the	Crystal	River	foraging	site.	
Although	turtle	size-partitioning	was	beyond	the	scope	of	this	study,	
we	plotted	SIA	values	against	marine	turtle	size	(Figure S2).	Future	
efforts	could	determine	SIA	values	over	time	using	scute	tissue	to	
investigate	the	potential	relationship	with	size	among	green	turtles	
in	the	Crystal	River	population	(e.g.,	Cardona	et	al.,	2010).

TA B L E  1 Minimum	and	maximum	values,	ΔRanges	(represented	here	as	difference	between	maximum	and	minimum	value),	means,	and	
standard	deviations	of	δ13C, δ15N,	and	δ34S	values	for	samples	from	loggerhead,	green,	and	Kemp's	ridley	turtles	off	the	coast	of	Crystal	
River,	Florida,	USA	between	2016	and	2022.

δ13C (‰) δ15N (‰) δ34S (‰)

Min, max Δ Range Mean ± SD Min, max Δ Range Mean ± SD Min, max Δ Range Mean ± SD

Loggerhead, n = 104 −18.6,	−11.3 7.3 −14.7 ± 1.32 4.62, 11.7 7.1 7.7 ± 1.52 2.93, 22.3 19.4 9.5 ± 4.35

Green, n = 95 −24.1,	−11.3 12.8 −14.2 ± 2.10 1.26, 10.1 8.8 6.2 ± 1.31 −3.44,	19.9 23.3 7.1 ± 4.27

Kemp's	ridley,	n = 49 −16.8,	−11.4 5.4 −14.5 ± 0.98 4.74, 13.3 8.6 7.1 ± 1.62 1.11, 21.7 20.6 7.4 ± 4.00

F I G U R E  2 Box	plots	displaying	the	
distribution	of	the	δ13C, δ15N,	and	δ34S	
isotope	data	generated	from	samples	
taken	from	loggerhead	(Cc),	green	(Cm),	
and	Kemp's	ridley	(Lk)	turtles	off	the	
coast	of	Crystal	River,	Florida,	USA,	
between	2016	and	2022.	The	median	is	
represented as the horizontal line, the 
mean	is	displayed	as	the	crossed	circle,	
and the outliers are shown as points. The 
gray	boxes	extend	to	the	25th	and	75th	
percentile, while the lower and upper 
whiskers	extend	from	the	10th	to	the	
90th percentile.
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6 of 12  |     WEBER et al.

The	narrower	range	and	enriched	mean	δ34S	value	from	logger-
head	turtle	samples	suggest	 that	 their	prey	may	have	 less	benthic	
and	coastal	influence	than	the	other	species	(Guillemin	et	al.,	2022). 
Specifically,	 the	narrower	range	of	δ34S	 indicates	that	 loggerheads	
may	exhibit	 specialization	 for	micro-environments	 that	have	a	dif-
ferent	 primary	 sulfur	 source.	However,	 these	micro-environments	
are	likely	still	 located	within	the	overall	foraging	area	of	green	and	
Kemp's	ridley	turtles,	as	all	three	species	exhibit	similar	δ13C values 
(Sullivan	&	Moncreiff,	1990).	The	more	enriched	δ34S	values	could	in-
dicate	that	loggerhead	turtles	forage	slightly	farther	from	the	coast,	
or	 in	deeper	waters	compared	with	 the	other	 two	species	 (Borrell	
et al., 2021).	This	was	observed	over	broad	spatial	scales	in	the	GoM	
through	satellite	telemetry,	where	loggerhead	turtles	were	found	to	
be	 foraging	 in	deeper	waters	 and	 farther	 from	shore	 than	Kemp's	

ridley	turtles	(Hart	et	al.,	2018).	Similar	spatial	partitioning	was	found	
between	Kemp's	ridley	and	loggerhead	turtles	in	Chesapeake	Bay,	as	
food	preferences	drove	Kemp's	 ridleys	 to	occupy	 shallower	 areas,	
while loggerheads occupied deeper areas (DiMatteo et al., 2022). 
Indeed,	 a	 previous	 study	 using	 satellite	 tracking	 information	 from	
marine	turtles	at	the	Crystal	River	study	site	indicated	that	green	and	
Kemp's	 ridley	 turtles	 occupied	more	 nearshore	 areas	 (<5 km	 from	
mainland),	while	 the	core	area	of	 loggerhead	 turtles	was	 found	 to	
be	further	from	the	shore	(5–10 km	from	mainland)	(see	Wildermann	
et al., 2019).	Future	studies	should	aim	to	obtain	further	fine-scale	
information	on	habitat	partitioning	across	species	and	among	forag-
ing	aggregations	by	coupling	SIA	with	acoustic	or	satellite	telemetry	
(e.g.,	Fastloc	GPS	tags)	(Lamont	&	Iverson,	2018).

Previous	 studies	 within	 the	 northeastern	 Gulf	 of	 Mexico	
(GoM)	have	shown	 that	all	 three	 species	exhibit	multi-year	 site	 fi-
delity	 to	 their	 foraging	 grounds	 (Conant	 et	 al.,	 2009;	 Lamont	 &	
Johnson,	2021; Tucker et al., 2014).	 Since	marine	 turtle	epidermis	
tissue	 has	 a	 4–8-month	 turnover	 rate,	 thus	 representing	 the	 diet	
and	habitat	use	from	several	months	prior	(Reich	et	al.,	2008; Tucker 
et al., 2014),	the	similar	δ13C	values	among	individuals	in	this	study	
suggest	that	the	Crystal	River	foraging	aggregation	may	also	exhibit	
long-term	site	fidelity.	However,	it	is	possible	that	some	individuals	
could	be	migrants	from	different	regions	that	have	similar	environ-
mental	 conditions,	 resulting	 in	 these	 individuals	 exhibiting	 similar	
isotopic	 values	 to	 those	 that	 are	 residents	 in	Crystal	 River.	Given	
that	the	Crystal	River	foraging	habitat	 is	centered	on	a	gradient	 in	
baseline	 isotope	 values	 along	 the	West	 Florida	 Shelf	 (Radabaugh	
et al., 2013),	 it	 is	 also	possible	 that	 this	 area	may	 contain	 a	 blend	
of	isotopic	signatures	across	different	geographic	regions,	resulting	
in	the	similar	isotopic	values	among	the	turtle	species.	Additionally,	
there	are	potential	outliers	present,	particularly	from	several	green	
turtles	that	exhibited	more	depleted	δ13C values (Figure 2). The CCL 
from	 these	8	 individuals	 ranged	 from	26.0	 to	45.0 cm	 (mean ± SD:	
37.4 ± 4.6),	though	other	individuals	within	this	size	range	exhibited	
δ13C	values	 that	were	 similar	 to	 the	overall	mean	 (Figure S1). The 
general	 range	of	size	of	recruitment	to	neritic	developmental	hab-
itats	 for	 green	 turtles	 is	30–40 cm	CCL	 (Bjorndal	&	Bolten,	1995), 
so	it	is	possible	that	these	outlier	values	could	be	from	new	recruits	
exhibiting	more	depleted	δ13C	values	reflective	of	their	previous	pe-
lagic	and	offshore	habitat,	or	they	could	be	from	migrating	individ-
uals (see Figure S3,	for	analysis	with	omission	of	these	outliers).	 It	
is also worth noting that these outlier turtles were captured across 
different	seasons	and	years,	and	thus	seasonal/annual	variation	did	
not	influence	the	observed	δ13C values.

The	Bayesian	niche	models	indicated	that	there	was	a	substan-
tial	degree	of	niche	overlap	among	all	three	species	(>68%), which 
suggests	that	there	may	be	interspecific	competition	for	habitat	and	
dietary	 resources	 within	 the	 marine	 turtle	 populations	 in	 Crystal	
River (Borrell et al., 2021).	 However,	 these	 inferences	 should	 be	
made	with	caution	 since	 isotopic	overlap	does	not	directly	 reflect	
overlap	in	diet	among	species	(Stewart	et	al.,	2017).	Factors	such	as	
resource	availability,	 relative	abundance	of	each	species,	and	vari-
ations	 in	 nutrient	 cycling	 can	 contribute	 to	 the	 observed	 overlap	

F I G U R E  3 Boxplot	showing	the	distribution	of	the	estimated	
(95%	probability)	isotopic	niche	hypervolume	(‰3)	based	on	the	
posterior	distributions	for	loggerhead	(Cc),	green	(Cm),	and	Kemp's	
ridley	(Lk)	turtles.	The	medians	are	represented	by	the	solid	
horizontal	lines,	inter-quartile	ranges	by	the	boxes,	whiskers	by	the	
10th	to	the	90th	percentile,	and	outliers	by	the	black	points.
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TA B L E  2 Estimated	probability	that	niche	hypervolume	size	of	
one species was greater than another.

> Loggerhead Green
Kemp's 
ridley

Loggerhead – 0.91% 77.3%

Green 99.1% – 99.5%

Kemp's	ridley 22.7% 0.47% –

Note:	The	table	is	to	be	read	across	each	row,	for	example,	there	was	a	
99.1%	probability	of	green	turtle	niche	size	being	greater	than	that	of	
loggerhead	turtles,	and	therefore	a	0.91%	probability	that	the	niche	size	
of	loggerhead	turtles	was	greater	than	green	turtles.
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    |  7 of 12WEBER et al.

(Swanson	 et	 al.,	 2015).	 Additionally,	 the	 different	 turtle	 species	
could	have	dietary	preferences	for	prey	 items	that	are	 isotopically	
similar,	but	taxonomically	distinct,	resulting	in	similar	isotopic	values	
(Chan et al., 2022;	Stewart	et	al.,	2017).	It	is	also	possible	that	there	
are	ample	dietary	resources	that	adequately	support	the	number	of	
turtles	within	the	study	area,	and	thus,	there	may	not	be	any	compe-
tition	for	resources.	Further	 investigations	 into	dietary	differences	
among	species	could	include	the	applications	of	additional	biotrac-
ers,	 such	 as	 compound-specific	 isotopic	 analyses	 of	 amino	 acids	
(CSIA-AA),	and	heavy	metal	analysis	(Gardner	et	al.,	2006;	Seminoff	
et al., 2021).

It	 is	generally	believed	that	these	three	marine	turtle	species	
can	coexist	in	the	same	foraging	area	because	each	species	is	spe-
cialized	to	a	different	type	of	diet	(Lamont	et	al.,	2022). Previous 

dietary	analyses	have	shown	that	in	the	northeastern	GoM,	green	
turtles	primarily	consume	seagrass	and	Kemp's	ridley	turtles	pri-
marily	consume	crabs	(Barichivich	et	al.,	1999;	Foley	et	al.,	2007). 
No	 direct	 dietary	 studies	 have	 been	 conducted	 for	 loggerhead	
turtles	in	the	northeastern	GoM,	though	a	study	in	the	northwest-
ern	GoM	(i.e.,	Texas)	found	that	they	primarily	consume	sea	pens,	
crabs,	and	mollusks	(Plotkin	et	al.,	1993).	However,	additional	di-
etary	 studies	within	 the	northeastern	GoM	have	 reported	other	
major	prey	items	that	could	overlap	among	the	species	in	the	pres-
ent	study.	Green	turtles	have	been	reported	to	forage	on	tunicates	
(Herren,	2018;	Williams	et	al.,	2014),	as	have	Kemp's	ridley	turtles	
(Witzell	&	Schmid,	2005).	Kemp's	 ridley	turtles	have	been	found	
to	also	forage	on	less	common	prey	items,	such	as	fish	and	horse-
shoe	crabs	 (Servis	et	al.,	2015).	This	suggests	 that	Kemp's	 ridley	

F I G U R E  4 Posterior	distribution	of	the	probabilistic	niche	overlap	metric	(%)	between	loggerhead	(Cc),	green	(Cm),	and	Kemp's	ridley	(Lk)	
turtles	in	Crystal	River,	Florida,	calculated	using	the	hypervolume	niche	space	using	nicheROVER.	Overlap	is	interpreted	as	the	probability	
that	the	species	in	the	row	was	found	in	the	niche	of	the	species	in	the	column	(e.g.,	There	is	a	73.80%	probability	that	Cm	was	found	within	
the	niche	of	Cc).	The	dashed	lines	represent	95%	credible	intervals,	and	the	solid	black	line	displays	the	mean.
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8 of 12  |     WEBER et al.

turtles	may	exhibit	opportunistic	 feeding	preferences	and	select	
easily	captured	prey	when	encountered	(Witzell	&	Schmid,	2005). 
Another	 possibility	 is	 that	 Kemp's	 ridleys'	 preference	 for	 these	
less	 common	 prey	 types	 could	 be	 a	 response	 of	 resource	 parti-
tioning	 with	 loggerhead	 turtles,	 as	 they	 may	 be	 competing	 for	
crab	prey	species	 (Servis	et	al.,	2015). Loggerhead turtles in the 
northeastern	GoM	could	have	similar	dietary	preferences	as	their	
conspecifics	 in	 the	 northwestern	 GoM	 and	 thus	 select	 for	 crab	
species,	 therefore	 overlapping	 their	 diet	with	Kemp's	 ridley	 tur-
tles.	 Indeed,	 comparisons	 of	 fecal	 analysis	 from	 loggerhead	 and	
Kemp's	ridley	turtles	in	a	foraging	area	in	Long	Island,	New	York,	
found	substantial	dietary	overlap	as	both	species	predominantly	
fed	on	spider	crabs	and	rock	crabs	(Burke	et	al.,	1993).	Overall,	the	
findings	from	previous	studies	suggest	that	there	could	be	dietary	
overlap	of	tunicate	prey	between	Kemp's	ridley	and	green	turtles,	
and	crab	prey	between	Kemp's	ridley	and	loggerhead	turtles.	This	
could	explain	why	Kemp's	ridley	turtles	had	the	highest	probability	
of	 being	 found	within	 the	niche	 regions	of	 the	other	 turtle	 spe-
cies (Figure 4).	However,	further	research	is	needed	to	character-
ize	 loggerhead	diets	 in	 the	 northeastern	GoM	and	 explore	 their	

dietary	preferences.	This	would	 facilitate	a	comparison	between	
loggerhead	and	Kemp's	 ridley	 turtles	 to	 investigate	whether	 the	
latter	 forages	 opportunistically	 and/or	 is	 selecting	 for	 less	 com-
mon	prey	to	minimize	competition.

This	 study	 is	 one	 of	 the	 first	 marine	 turtle	 studies	 to	 include	
sulfur	 (δ34S)	 as	 a	 third	 isotopic	 tracer	 for	 analyzing	 epidermal	 tis-
sue.	However,	 likely	due	 to	 the	 limited	spatial	extent	of	 the	study	
site,	the	use	of	δ34S	did	not	contribute	substantially	more	informa-
tion	beyond	δ13C and δ15N,	as	 it	has	 in	previous	marine	consumer	
studies	that	sample	consumers	from	a	wider	geographic	range	(e.g.,	
Borrell et al., 2021; Bradshaw et al., 2017;	García-Vernet	et	al.,	2021; 
Guillemin	et	al.,	2022).	Nonetheless,	the	addition	of	sulfur	isotopes	
here	proved	valuable	by	 suggesting	a	micro-habitat	preference	by	
loggerhead	turtles,	which	would	not	have	been	observed	based	on	
carbon	and	nitrogen	isotopes	alone.

The	 present	 study	 did	 not	 incorporate	 data	 on	 potential	 prey	
items	due	to	the	lack	of	adequate	prey	samples	for	isotopic	analysis.	
Our	goal	instead	was	to	provide	an	analysis	of	isotopic	niche	variation	
and	overlap	among	sympatric	marine	turtles	within	a	shared	forag-
ing	area	and	establish	a	foundation	for	future	studies.	Future	efforts	

F I G U R E  5 NicheROVER	plots	for	loggerhead	(Cc),	green	(Cm),	and	Kemp's	ridley	(Lk)	turtles	sampled	off	the	coast	of	Crystal	River,	
Florida,	USA	between	2016	and	2022.	Top-right:	Ten	random	samples	of	two-dimensional	ellipses	from	the	posterior	distribution	(95%	
probability	region)	for	each	pair	of	isotope	ratios.	Diagonal:	One-dimensional	density	plots	showing	distribution	of	isotope	values	with	rug	
plots	to	show	individual	values.	Bottom-left:	Scatterplots	of	raw	data	for	each	pair	of	isotopes.
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should	collect	potential	prey	items	and	apply	stable	isotope	mixing	
models	to	further	investigate	interspecific	differences	by	prey	taxa	
that	may	not	be	possible	from	this	study.	It	is	also	worth	noting	the	
limitations	inherent	to	isotope-based	metrics	of	the	ecological	niche,	
as	there	are	other	axes	not	considered	here	(e.g.,	temporal	partition-
ing).	 Nonetheless,	 our	 isotopic	 analysis	 revealed	 a	 high	 degree	 of	
trophic	and	spatial	overlap	among	the	three	species,	which	suggests	
that	 they	use	similar	 resources	when	 inhabiting	the	same	foraging	
habitat.	These	results	highlight	the	importance	of	this	area	to	marine	
turtles	and	the	need	for	ongoing	conservation	efforts,	which	could	
include	expanding	protection	zones	and	maintaining	regulations	for	
recreational	and	commercial	fisheries	in	the	region.
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