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Abstract	32	

Understanding	 population	 connectivity	 using	 molecular	 markers	 has	 broad	33	
application	 in	 natural	 resource	 management.	 The	 most	 popular	 approach	 has	34	
been	 indirect	 estimates	 of	 connectivity	 derived	 from	 allele	 frequencies.	 More	35	
recently,	 the	 spatial	 distribution	 of	 parent-offspring	 and	 full-sibling	 (FS)	 pairs	36	
has	 been	 used	 to	 provide	 direct	 estimates	 of	 larval	 or	 juvenile	movements.	 In	37	
combination,	these	approaches	potentially	provide	contemporary	and	long-term	38	
connectivity	 estimates.	 Here	 we	 combine	 indirect	 estimates	 from	 whole	39	
mitogenome	 sequences	 and	 nuclear	 SNPs	 with	 direct	 estimates	 of	 adult	 and	40	
juvenile	 movements	 from	 FS	 and	 half-sibling	 (HS)	 data	 for	 the	 Critically	41	
Endangered	Speartooth	Shark,	Glyphis	glyphis.	Over	350	juveniles	were	captured	42	
from	the	three	river	systems	in	tropical	northern	Australia	where	this	species	is	43	
found.	None	of	 the	72	FS	and	24	same-cohort	HS	pairs	of	 juvenile	sharks	were	44	
captured	 in	 different	 rivers,	 suggesting	 strong	 river	 fidelity	 in	 juveniles.	 In	45	
contrast,	18	of	the	121	cross-cohort	HS	pairs	identified	were	captured	between	46	
the	 two	 closest	 river	 systems	 (c.	 150	 km	 apart)	 demonstrating	 recent	 male	47	
breeding	movements	 between	 these	 rivers,	 but	 not	more	widely.	Mitogenomic	48	
analyses	revealed	river	specific	long-term	female	reproductive	philopatry.	Allele	49	
frequency	differences	in	the	nuclear	SNP	data	were	observed	between	the	river	50	
systems.	However,	between	the	two	closest	river	systems,	this	only	reflected	the	51	
river	 fidelity	 in	 juveniles	 since	 it	was	 not	 evident	when	 FS	 and	HS	 pairs	were	52	
excluded	 from	 the	 dataset.	 Accounting	 for	 juvenile	 river	 fidelity,	 female	53	
philopatry	 and	 the	 presence	 of	 two	 distinct	 gene	 pools	 is	 important	 for	 the	54	
management	of	this	threatened	species.	55	

	56	
Significance	Statement	57	
	58	
Measuring	 population	 connectivity	 is	 a	 critical	 task	 in	 conservation	 biology.	 It	59	
allows	 understanding	 how	 impacts	 on	 one	 population	 will	 affect	 another.	 For	60	
example,	 if	 one	 population	 is	 reduced	 to	 undesirable	 levels,	 over	 which	 time	61	
frame	 surrounding	 populations	 will	 help	 restoring	 it.	 Thanks	 to	 considerable	62	
efforts	and	advances	in	methodology,	genetic	markers	can	now	provide	reliable	63	
long-term	 estimates	 of	 population	 connectivity.	 However,	 scientists	 are	 still	64	
limited	in	their	ability	to	estimate	contemporary	connectivity,	arguably	the	most	65	
practical	 time	 frame	 for	 management.	 Here,	 we	 tackle	 this	 issue	 for	 the	66	
Endangered	 Speartooth	 Shark	 by	 leveraging	 the	 connectivity	 information	67	
contained	in	the	spatial	distribution	of	 juvenile	kin	pairs.	 Importantly,	 this	new	68	
approach	can	be	achieved	by	sampling	at	a	single	time	period	without	the	need	69	
to	sample	often	inaccessible	adults.	70	
	71	
	 	72	



	 3	

Introduction	73	
	74	
The	 management	 of	 natural	 resources	 relies	 on	 an	 understanding	 of	75	
distributions	 and	 population	 boundaries	 (1).	 Smaller,	 less	 productive	76	
populations	 can	 become	 threatened	 while	 larger	 and	 more	 productive	77	
populations	 can	 be	 exploited	 sustainably	 (2).	 Also,	 populations	 that	 have	 been	78	
genetically	 isolated	 for	 many	 generations	 are	 more	 susceptible	 to	 irreversible	79	
decline	 than	 more	 connected	 populations	 that	 can	 be	 buffered	 by	 their	80	
connectivity.	 Defining	 the	 level	 of	 connectivity	 between	 populations	 has	81	
challenged	 fishery	 and	 conservation	 scientists	 for	 many	 decades	 (3).	82	
Methodological	 advances,	 particularly	 in	 genetics	 (4),	 have	 got	 closer	 to	 the	83	
question	 fishery	 and	 conservation	 scientists	 have	 been	 asking:	 are	 two	84	
geographically	separated	populations	of	the	same	species	connected	such	that	a	85	
decline	in	one	will	affect	the	other,	or	conversely,	if	one	population	is	reduced	to	86	
undesirable	 levels,	 will	 the	 other	 population	 help	 restore	 it	 within	 a	 practical	87	
management	time	frame	of	a	small	number	of	generations?	88	
	89	
Genetic	 markers	 are	 commonly	 used	 to	 identify	 and	 measure	 the	 strength	 of	90	
population	 boundaries	 through	 the	 application	 of	 two	 main	 analytical	91	
frameworks.	 In	 the	 first,	 the	 extent	 of	 population	 differentiation	 between	92	
spatially	or	temporally	separated	samples	is	evaluated	by	quantifying	differences	93	
in	 allele	 frequencies	 with	 metrics	 such	 as	 FST	 and	 its	 analogues	 (5-8).	 This	94	
indirect	approach	is	a	relatively	powerful	way	to	detect	restricted	gene	flow	but	95	
is	 limited	to	cases	where	prior	knowledge	of	putative	population	boundaries	 is	96	
available	 and	 can	 be	 tested.	 Secondly,	 as	 larger	 genetic	 datasets	 and	 more	97	
powerful	computers	have	become	available,	unsupervised	clustering	algorithms	98	
have	 increasingly	 been	 used	 to	 provide	 indirect	 delineation	 of	 population	99	
boundaries	(9-12).	Broadly	speaking,	these	methods	assign	individuals	to	groups	100	
that	best	meet	Hardy-Weinberg	and	gametic-phase	disequilibrium	expectations	101	
(12).	Because	they	are	not	reliant	on	a	priori	defined	population	boundaries	they	102	
have	the	potential	to	detect	cryptic	population	structure.		103	
	104	
One	limitation	of	these	two	indirect	approaches	is	the	difficulty	to	interpret	these	105	
indirect	 estimates	 in	 an	 ecological	 context	 as	 they	 reflect	 processes	 integrated	106	
over	 evolutionary	 timeframes	 (13).	 A	 further	 limitation	 of	 these	 approaches	 is	107	
the	 upward	 bias	 in	 population	 subdivision	 caused	 by	 family	 members	 within	108	
samples	used	to	infer	population	structure.	Sampling	a	large	number	of	progeny	109	
from	a	small	pool	of	reproducing	adults	can	produce	an	‘Allendorf-Phelps	effect’,	110	
that	 is,	 highly	 significant	 measures	 of	 population	 differentiation	 without	111	
reproductive	 isolation	 (14,	 15).	 It	 can	 also	 erroneously	 produce	 a	 signal	 of	112	
population	subdivision	when	clustering	algorithms,	such	as	the	one	implemented	113	
in	 the	 software	 package	 STRUCTURE,	 are	 used	 (16),	 termed	 here	 ‘Anderson-114	
Dunham	effect’.	To	minimise	this	effect,	the	population	sample	should	adequately	115	
represent	 breeders	 in	 the	 putative	 populations	 of	 interest	 (14).	 In	 practice,	116	
however,	 this	 can	 be	 difficult	 to	 achieve,	 since	 closely	 related	 individuals	117	
aggregate	 in	 many	 species	 (17-19).	 This	 is	 most	 problematic	 if	 juveniles	 are	118	
sampled	because	they	have	had	fewer	opportunities	to	disperse,	or	because	they	119	
obtain	benefits	from	gregariousness	(20).		120	
	121	
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More	 recently,	 genetic	markers	 have	 been	 used	 to	 provide	 direct	 estimates	 of	122	
population	connectivity	by	mapping	 the	spatial	distribution	of	parent-offspring	123	
pairs	 (21-23).	 In	 contrast	 to	 indirect	 methods,	 direct	 estimates	 offer	 a	 clearly	124	
defined	 brief	 timeframe	 over	 which	 to	measure	 spatial	 processes	 because	 the	125	
distance	 between	 parents	 and	 their	 offspring	 must	 accrue	 between	 the	126	
offspring’s	 birth	 and	 capture	 (21).	 This	 approach	 is	 particularly	 useful	 for	127	
characterising	dispersal	kernels,	 identifying	the	drivers	of	dispersal	in	juveniles	128	
and	 to	 investigate	 contemporary	 recruitment	 dynamic	 (24).	 However,	 direct	129	
methods	typically	cannot	determine	whether	dispersing	offspring	contribute	 to	130	
subsequent	 generations,	 or	 how	 consistent	 the	 observed	movements	 are	 over	131	
the	 long	 term.	 Since	 both	 contemporary	 and	 long-term	 spatial	 processes	 are	132	
relevant	to	species	management,	the	simultaneous	application	of	both	direct	and	133	
indirect	 methods	 should	 be	 a	 highly	 desirable	 approach	 (25).	 	 Particularly	 if	134	
inferences	can	be	made	from	the	same	dataset	135	
	136	
Recent	 improvements	 in	 sequencing	 methods	 now	 permit	 the	 genotyping	 of	137	
hundreds	 of	 individuals	 at	 thousands	 of	 loci	 (26)	 and	 whole	 mitogenomes	138	
instead	of	single	mitochondrial	markers	(27,	28).	This	can	benefit	both	indirect	139	
and	 direct	 approaches	 to	 assessing	 population	 connectivity	 (4).	More	markers	140	
will	 for	 example	 increase	 the	 ability	 to	 detect	 low	 levels	 of	 population	141	
differentiation	 (15).	 The	 main	 factor	 limiting	 the	 use	 of	 direct	 estimates	 of	142	
genetic	 connectivity	 studies	 is	 sampling.	 Good	 estimates	 derived	 from	 parent-143	
offspring	 distribution	 require	 the	 sampling	 of	 a	 significant	 proportion	 of	 the	144	
adults	 and	 juveniles	 of	 each	 population,	 which	 is	 only	 possible	 for	 small	145	
populations	with	well-defined	distributional	 ranges.	With	more	markers,	direct	146	
methods	can	also	 reveal	kinship	beyond	parent-offspring,	potentially	 removing	147	
the	 need	 to	 sample	 adults	 (29).	 The	 spatial	 distribution	 of	 cross-cohort	 half-148	
sibling	 pairs	 for	 example	 provides	 insight	 into	 their	 parents’	 breeding	149	
movements.	Hence,	access	to	adults	is	not	required	and	sampling	can	be	done	in	150	
areas	 such	 as	 nurseries,	 where	 juveniles	 aggregate	 and	 boundaries	 may	 be	151	
understood.	152	
	153	
The	 Speartooth	 Shark,	 Glyphis	 glyphis	 (Carcharhinidae),	 belongs	 to	 a	 poorly-154	
known	 and	 highly	 threatened	 group	 of	 river	 sharks,	 whose	 taxonomy,	155	
distributions,	 population	 structure	 and	 conservation	 status	 are	 only	 now	156	
beginning	 to	 be	 resolved	 (28,	 30-32).	 Glyphis	 glyphis	 is	 of	 high	 conservation	157	
concern	and	is	classified	as	Critically	Endangered	on	the	Australian	Environment	158	
Protection	and	Biodiversity	Conservation	Act	 1999.	 This	 assessment	was	mostly	159	
based	on	 infrequent	 collections	across	a	 restricted	distribution,	 suggesting	 low	160	
population	abundance.	Understanding	population	boundaries	and	abundance	 is	161	
central	 to	 effective	 management	 of	 the	 species.	 Glyphis	 glyphis	 is	 currently	162	
known	 from	 three	 river	 systems	 within	 tropical	 Australia	 flowing	 into	 Van	163	
Diemen	 Gulf	 and	 the	 Gulf	 of	 Carpentaria	 where	 they	 inhabit	 large	 tidal	 river	164	
systems,	 estuaries	 and	 coastal	 environments	 (31,	 33).	 Until	 recently	 only	165	
juveniles	 and	 sub-adults	 had	 been	 found.	 The	 first	 adults	 of	 the	 species	 were	166	
recorded	in	2014	in	southern	Papua	New	Guinea	(32)	and	2015	in	Australia	(R.D.	167	
Pillans,	unpubl.	data).	It	is	suspected	that	adults	occur	in	the	marine	and	coastal	168	
zone	of	northern	Australia,	possibly	entering	estuaries	and	rivers	to	give	birth,	as	169	
neonates	 can	 be	 reliably	 found	 during	 parturition	 season	 from	 October	 to	170	
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December,	 in	upper	 tidal	 reaches	of	 rivers	 (Pillans	et	al.	 2010;	P.M.	Kyne	et	al.	171	
unpubl.	 data).	 Because	 adults	 can’t	 be	 reliably	 caught,	 understanding	 of	 the	172	
species’	biology	relies	heavily	on	the	study	of	juveniles	(28).		173	
	174	
A	recent	mitogenomic	study	suggested	female	reproductive	philopatry	(28),	but	175	
the	 extent	 of	 male	 dispersal	 remains	 unknown.	 Such	 information	 is	 critical	 to	176	
direct	 management	 of	 this	 threatened	 species,	 given	 its	 occurrence	 in	 only	 a	177	
limited	number	of	river	systems.	Strong	population	structure	would	suggest	that	178	
management	would	need	to	focus	at	the	level	of	the	individual	river.	179	
	180	
Here,	 we	 combined	 whole	 mitogenome	 sequencing	 and	 genome	 scans	 to	181	
investigate	 the	 population	 structure	 of	 G.	 glyphis.	 We	 infer	 juvenile	 and	 adult	182	
contemporary	connectivity	from	the	spatial	distribution	of	full-	and	half-siblings,	183	
and	 contrast	 it	 with	 indirect	 longer-term	 estimates	 of	 genetic	 connectivity	 to	184	
provide	management-relevant	 information	on	 the	 spatial	 scale	of	movement	 in	185	
this	 threatened	 species.	 Specifically,	 we	 determine	 whether	 juveniles	 move	186	
between	 river	 systems	 (putative	 populations);	 whether	 adults	 (separately	 for	187	
males	and	females)	breed	with	adults	from	more	than	one	river	system;	and	the	188	
degree	of	bias	 in	 indirect	methods	caused	by	 the	 failure	 to	account	 for	 familial	189	
structure.	This	is	achieved	by	sampling	at	a	single	time	period	without	the	need	190	
to	sample	often	inaccessible	adults.	191	
	192	
	193	
Material	and	methods	194	
	195	
Sampling	and	DNA	extraction	196	
	197	
Glyphis	 glyphis	 samples	 were	 collected	 between	 January	 2012	 and	 December	198	
2014	 in	 the	 Alligator	 Rivers	 system	 (South	 Alligator	 n=82;	 East	 Alligator	 n=6;	199	
West	Alligator	 n=1)	 and	 the	Adelaide	River	 (n=142)	 of	 the	Northern	Territory	200	
(NT),	 and	 the	 Wenlock	 River	 system	 (n=125)	 of	 Queensland	 (QLD),	 northern	201	
Australia	(Fig.	1).	Sharks	were	caught	by	rod	and	line	or	gillnet.	Each	shark	was	202	
measured,	sexed	and	a	small	fin	clip	was	taken	from	the	inner	pectoral	fin	before	203	
it	was	released	at	the	site	of	capture.	Sampled	sharks	were	from	the	size	range	204	
49–195	cm	total	length	(TL)	representing	neonates	through	to	subadults.	Size	at	205	
birth	is	~50–65	cm	TL	(31)	and	with	a	median	size	of	sampled	sharks	of	82.75	206	
cm	TL,	most	represented	neonates	or	1+	juveniles.	Sharks	were	sampled	under	207	
Northern	 Territory	 Fisheries	 Special	 Permit	 S17/3252,	 Kakadu	 National	 Park	208	
Research	Permit	RK805,	Queensland	Fisheries	General	Research	Permit	163582,	209	
and	 Charles	 Darwin	 University	 Animal	 Ethics	 Committee	 A11041.	 DNA	 was	210	
extracted	 using	 either	 the	 DNeasy	 Blood	 and	 Tissue	 kits	 (Qiagen)	 or	 the	211	
NucleaMag	Tissue	kits	(Macherey-Nagel).	212	
	213	
SNP	genotyping	214	
	215	
The	 SNP	 genotyping	 was	 done	 using	 DArTseq™,	 a	 new	 implementation	 of	216	
sequencing	 of	 complexity	 reduced	 representations	 (34).	 The	 protocol	 used	 in	217	
this	 study	 mostly	 followed	 that	 described	 by	 Grewe,	 et	 al.	 (35).	 The	 only	218	
difference	 being	 that	 two	 complexity	 reduction	methods	were	 used	 instead	 of	219	
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one,	PstI-SphI	and	PstI-NspI,	in	order	to	generate	more	markers.	The	SNP	calling	220	
was	 done	with	DArT	 PLD’s	 proprietary	 software	DArTsoft14.	 DArTsoft14	 uses	221	
scoring	 consistency	 derived	 from	 technical	 sample	 replicates	 (i.e.	 samples	222	
processed	 twice	 from	 DNA	 library	 preparation	 to	 SNP	 calling)	 to	 optimise	 its	223	
algorithm	parameters	(35).	224	
	225	
SNP	filtering	226	
	227	
The	data	set	used	for	population	analysis	consisted	of	75bp	fragments	containing	228	
one	or	more	SNP.	When	multiple	polymorphisms	were	found	on	the	same	75bp	229	
fragment	 (RAD	 contig),	 a	 single	 SNP	 was	 randomly	 chosen	 to	 represent	 that	230	
locus	 avoiding	 linkage	 disequilibrium	 between	 close	 loci.	 Prior	 to	 population	231	
analysis,	 loci	 were	 further	 screened	 by	 excluding	 loci	 not	 scored	 for	 all	232	
individuals,	with	minor	allele	 frequency	(MAF)	 lower	than	0.02,	reproducibility	233	
lower	 than	 0.99	 (approximately	 10%	 of	 the	 individuals	were	 genotyped	 twice	234	
and	 the	 reproducibility	 represented	 the	 proportion	 of	 the	 replicate	 pairs	 for	235	
which	 the	 genotyping	 is	 consistent)	 and	with	 average	 sequencing	 depth	 lower	236	
than	10x.	237	
	238	
Departure	 from	 Hardy-Weinberg	 equilibrium	 (HWE)	was	 then	 tested	 for	 each	239	
locus	within	each	sampling	location	using	the	“HWE.test.genind”	function	in	the	240	
Adegenet	 R	 package	 (36)	 and	 the	 false	 discovery	 rate	method	 was	 applied	 to	241	
control	for	multiple	comparison	testing	(37).	242	
We	used	the	R	package	OutFlank	(38)	to	identify	outlier	loci	putatively	under	the	243	
influence	 of	 directional	 selection.	 The	 approach	 implemented	 in	 Outflank	 is	244	
based	 on	 an	 improved	method	 for	 deriving	 the	 null	 distribution	 of	 population	245	
differentiation	 for	 neutral	 loci.	 It	 results	 in	 fewer	 false	 positives	 than	 other	246	
outlier	 tests,	which	 are	more	 influenced	 by	 the	 effects	 of	 demographic	 history	247	
(39).	We	ran	Outflank	with	5%	left	and	right	trim	for	the	null	distribution	of	FST,	248	
minimum	heterozygosity	for	loci	of	0.1,	and	a	5%	false	discovery	rate	(q	value).	249	
	250	
Mitogenome	sequencing	251	
	252	
The	mitogenomes	of	93	G.	glyphis	included	in	this	study	were	sequenced	as	part	253	
of	previous	work	(28).	Another	56	were	amplified	and	sequenced	following	the	254	
same	protocol	 (Genbank	Accession,	 XXX-XXX).	 In	 short,	 the	mitogenomes	were	255	
amplified	in	2	overlapping	fragments.	The	PCR	products	were	then	purified	with	256	
Agencourt	 AMPure	 XP	 magnetic	 beads	 (Beckman	 Coulter)	 and	 prepared	 with	257	
Nextera	XT	DNA	Sample	Preparation	kits	 (Illumina)	 for	 sequencing	on	a	Miseq	258	
(Illumina).	 Reads	 were	 trimmed,	 filtered	 and	 mapped	 onto	 the	 reference	259	
sequence	(40)	using	default	parameters	for	the	low	sensitivity	and	no	fine	tuning	260	
options	in	GENEIOUS	PRO	(v.	8.1.7).	261	
	262	
Kinship	analyses	and	fish	filtering	263	
	264	
COLONY	 (v.	 2.0.5.8)	 (41)	was	 used	 to	 identify	 full-sibling	 (FS)	 and	 half-sibling	265	
(HS)	 relationships	 from	 the	 nuclear	 DNA	 data.	 Five	 independent	 runs	 using	266	
‘update	 allele	 frequency’	 were	 carried	 out	 with	 default	 analysis	 parameters,	267	
except	for	the	mating	system,	which	was	set	as	female	and	male	polygamy	with	268	
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potential	 inbreeding.	 Pairs	 of	 FS	 or	 HS	 with	 uncertainty	 probability	 estimate	269	
above	0.95	were	considered	true	sibships.	Cross-cohort	HS	were	determined	by	270	
comparing	capture	dates	and	fish	length	to	growth	rate	estimates	derived	from	271	
recaptures.	272	
	273	
To	 address	 potential	 bias	 from	 family	 sampling	 (14,	 16),	 identical	 population	274	
analyses	were	carried	out	on	both	the	all	individuals	(ALL)	and	without	FS	or	HS	275	
(No_Sib)	 sample	 sets.	 To	 create	 the	 No_Sib	 dataset,	 one	 individual	 from	 each	276	
sibling	 pair	 was	 randomly	 discarded	 from	 the	 ALL	 dataset.	 When	 some	277	
individuals	 belong	 to	 more	 than	 one	 pair	 of	 FS	 or	 HS,	 those	 discarded	 were	278	
chosen	so	as	to	maximize	the	number	of	individuals	preserved.	279	
	280	
Population	structure	analysis	281	
	282	
ARLEQUIN	 (v.	 3.5.1.3)	 was	 used	 to	 calculate	 pairwise	 fixation	 indexes	 (ΦST)	283	
between	each	pair	of	rivers	and	test	for	reproductive	female	philopatry.	Tamura-284	
Nei	was	used	as	the	model	of	nucleotide	evolution	in	the	AMOVA	and	to	calculate	285	
ΦST	 values.	 Contemporary	 female	 reproductive	 philopatry	was	 tested	 using	 an	286	
approximate	 likelihood	 ratio	 test	 based	 on	 cross-cohort	HS	haplotypes.	Details	287	
for	this	test	are	provided	in	Supplementary	Material	S1.		288	

Pairwise	FST	(6)	and	associated	p-values	were	derived	from	the	SNP	data	using	289	
the	R	package	StAMPP	and	10,000	bootstraps	(42).	290	
	291	
To	 further	 evaluate	 whether	 the	 nuclear	 genetic	 variation	 was	 partitioned	292	
geographically,	a	model-based	clustering	approach	was	used	as	implemented	in	293	
STRUCTURE	 (v.	 2.3.4)	 (12).	 Runs	were	 done	 on	 the	 CSIRO	Accelerator	 Cluster	294	
“Bragg”,	 which	 consists	 of	 128	 Dual	 Xeon	 8-core	E5-2650	 compute	 nodes.	295	
STRUCTURE	seeks	to	group	individuals	in	such	a	way	that	the	groups	maximize	296	
conformity	 to	 Hardy-Weinberg	 and	 linkage	 equilibrium.	 We	 ran	 STRUCTURE	297	
across	values	for	K	(number	of	clusters)	between	1	and	8,	and	evaluated	the	fit	of	298	
the	data	 to	 different	 values	 of	K.	The	 fits	 of	 alternative	models	were	 evaluated	299	
with	the	Delta	K	method	(43)	 implemented	 in	CLUMPAK	(44)	and	based	on	20	300	
independent	runs	for	each	value	of	K.	All	runs	incorporated	a	200,000	iterations	301	
burn	 in	 followed	by	500,000	clustering	 iterations.	We	ensured	 the	adequacy	of	302	
the	run	length	by	checking	the	runtime	likelihood	and	alpha	for	stability.	For	all	303	
runs	we	assumed	that	allele	frequencies	were	correlated	between	sampling	sites	304	
and	allowed	for	admixture.	All	runs	were	completed	with	and	without	inclusion	305	
of	prior	location	information	(LOCPRIOR).	306	
	307	
Results	308	
	309	
SNP	filtering	310	
	311	
The	 DArTsoft14	 pipeline	 delivered	 2198	 and	 1948	 SNPs	 for	 the	 PstI-SphI	 and	312	
PstI-NspI	 complexity	 reduction	methods,	 respectively	 (Supplementary	Material	313	
S2).	 These	 SNPs	 were	 then	 combined	 into	 a	 single	 SNP	 dataset	 for	 quality	314	
filtering	 and	 analysis.	 A	 total	 of	 1330	 SNPs	 passed	 all	 quality	 control	 filtering	315	
steps.	 No	 outlier	 SNP	was	 detected	 using	Outflank	 so	 that	 the	 SNP	 dataset	 for	316	
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downstream	 kinship	 and	 population	 analysis	 consisted	 of	 1330	 SNPs.	317	
Descriptive	 statistics	 including	 allelic	 richness	 (AR),	 observed	 heterozygosity	318	
(Ho),	expected	heterozygosity	(He)	and	inbreeding	coefficient	(Fis)	are	given	in	319	
Supplementary	Material	S3.	320	
	321	
Kinship	analyses	322	
	323	
A	total	of	72	FS	pairs	(94	unique	individuals)	were	identified,	of	which	12,	11	and	324	
49	originated	from	the	Adelaide,	Alligator	and	Wenlock	Rivers,	respectively.	No	325	
cross-river	 FS	 pairs	 were	 identified.	 A	 total	 of	 145	 HS	 pairs	 (179	 unique	326	
individuals)	were	identified,	44	within	the	Adelaide	River,	14	within	the	Alligator	327	
Rivers,	 69	 within	 the	 Wenlock	 River,	 and	 18	 split	 across	 the	 Adelaide	 and	328	
Alligator	Rivers	(Table	1).	329	
	330	
Growth	rate	derived	from	recapture	data	ranged	from	18.2	to	36.5	cm.year-1	for	331	
fish	 smaller	 than	85	 cm	TL	 (N=4)	 and	 from	6.3	 to	 7.4	 cm.year-1	 for	 fish	 larger	332	
than	85	cm	TL	(N=2).	Fish	from	18	HS	pairs	with	length	differences	less	than	7	333	
cm	were	captured	fewer	than	150	days	apart	and	classified	as	same-cohort.	Fish	334	
from	 another	 six	 pairs	 of	 HS	 with	 length	 differences	 ranging	 14–19	 cm	 and	335	
captured	between	200	and	400	days	apart	were	also	classified	as	same-cohort.	336	
None	of	these	24	same-cohort	HS	pair	had	fish	captured	in	different	rivers.	Given	337	
the	amount	of	time	between	captures,	the	length	difference	and	the	growth	rate	338	
observed,	fish	from	all	other	HS	pairs	were	unlikely	to	be	born	at	the	same	time	339	
and	were	thus	considered	cross-cohort	(Table	1).	340	
	341	
Population	differentiation	342	
	343	
Measures	of	population	differentiation	based	on	whole	mitogenomes	and	nuclear	344	
SNPs	are	given	 in	Tables	2	and	3,	 respectively.	All	pairwise	mitogenome-based	345	
measures	of	population	differentiation	were	statistically	significant,	independent	346	
of	whether	the	FS	and	HS	were	included	in	the	analyses	or	not	(Table	2).	Private	347	
haplotypes	were	 found	 in	 each	 river,	 but	 at	 least	 one	 haplotype	 per	 river	was	348	
found	 at	 another	 sampling	 site	 (Supplementary	 Material	 S4).	 Population	349	
differentiation	 between	 each	 river	 pair	 was	 also	 supported	 by	 nuclear	 SNPs,	350	
except	for	the	Adelaide	and	Alligator	Rivers	after	the	FS	and	HS	were	discarded	351	
(Table	 3).	 SNP-based	 pairwise	 FST	 were	 higher	 for	 the	 ALL	 dataset	 than	 the	352	
No_Sib	dataset.	The	FST	between	Adelaide	and	Alligator	Rivers	was	an	order	of	353	
magnitude	 lower	 and	 became	 non	 significant,	 whereas	 FST	 between	354	
Adelaide/Alligator	and	Wenlock	Rivers	roughly	decreased	by	a	factor	of	two	but	355	
remained	significantly	different	from	zero	(Table	3).	356	
	357	
Clustering	analyses	358	
	359	
Only	the	ALL	dataset	showed	clear	evidence	of	genetic	differentiation	among	the	360	
rivers	and	this	was	manifest	as	a	division	between	Adelaide/Alligator	Rivers	and	361	
Wenlock	River.	The	delta	K	analysis	indicated	K=7	as	the	best	fit	(delta	K	=	2.61),	362	
but	 5	 small	 clusters	 consisted	 of	 full	 and	 half-siblings	 (Fig.	 2a).	 These	 results	363	
were	 consistent	whether	 location	 priors	were	 included	 or	 not	 (Supplementary	364	
material	 S5).	 The	 only	 signal	 of	 population	 structure	 remaining	 in	 the	 No_Sib	365	
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dataset	 was	 the	 distribution	 of	 q-values	 at	 K=2,	 which	 distinguished	Wenlock	366	
samples	 from	 Adelaide	 and	 Alligator	 samples	 when	 location	 information	 was	367	
included	 as	 prior	 (Fig.	 2b).	 This	 signal	 disappeared	when	 location	 priors	were	368	
not	included	in	the	analyses.	L(K)	was	stable	and	did	not	support	K=2	as	the	best	369	
fit	 whether	 the	 location	 information	 was	 included	 as	 prior	 or	 not	370	
(Supplementary	material	S5).	371	
	372	
Discussion	373	
	374	
For	 the	 first	 time	 in	 any	 elasmobranch	 species,	whole	mitogenome	 sequencing	375	
and	genotyping-by-sequencing	genome	scans	have	been	used	in	combination	to	376	
analyse	population	connectivity.	Our	results	reveal	 that	a	significant	 fraction	of	377	
the	G.	glyphis	individuals	analysed	from	all	three	rivers	were	close	kin	(26%	FS;	378	
50%	HS).	This	observation	permits	direct	estimation	of	recent	adult	(breeding)	379	
and	juvenile	movements	in	this	threatened	species.	In	addition,	the	identification	380	
of	kin	means	that	long-term	connectivity	estimated	from	population	subdivision	381	
can	 be	 made	 from	 juveniles	 without	 the	 family	 sampling	 bias	 that	 may	 be	382	
common	in	population	genetic	datasets	(14).	383	
	384	
Direct	estimate	of	contemporary	connectivity	385	
	386	
The	 spatial	 distribution	 of	 FS	 pairs	 has	 previously	 been	 used	 to	 infer	 the	387	
movements	of	 juvenile	 fishes	(45).	 In	addition,	parent-offspring	pairs	had	been	388	
used	 to	 infer	 the	 extent	 of	 larval	 dispersal	 (21-23).	 This	 is	 the	 first	 time	 adult	389	
movement	 is	 inferred	 from	 the	 spatial	 distribution	 of	 HS	 pairs.	 This	 is	 a	390	
considerable	 improvement	 for	 connectivity	 studies,	 for	 threatened	 species	 in	391	
particular,	where	adults	are	rare	and	not	easily	sampled.	In	the	case	of	G.	glyphis,	392	
only	two	adults	have	been	caught	 in	Australia	as	part	of	a	scientific	study	(R.D.	393	
Pillans,	unpubl.	data).	394	
	395	
We	identified	over	200	G.	glyphis	full-	and	half-sibling	pairs	with	a	high	degree	of	396	
certainty,	made	possible	by	 the	 large	number	of	 SNP	 loci	 analysed.	Full-sibling	397	
pairs	were	only	captured	within	the	same	river	suggesting	that	juveniles	remain	398	
in	the	natal	river	for	some	time.	Because	age	and	growth	data	are	not	available	399	
for	 G.	glyphis,	 the	 age-at-length	 of	 juvenile	 Bull	 Shark	 Carcharhinus	 leucas	400	
reported	 by	 Tillett,	 Meekan,	 Field,	 Hua	 and	 Bradshaw	 (46)	 is	 the	 best	 proxy	401	
available.	These	two	species	are	sympatric	in	northern	Australian	rivers,	have	a	402	
similar	life	history	including	the	use	of	river	systems	as	nursery	areas,	and	have	403	
similar	 size	 at	 birth	 and	 maximum	 sizes.	 The	 largest	 G.	 glyphis	 full-sibling	404	
identified	in	the	current	study	was	thus	estimated	to	be	6	years	old;	suggesting	405	
that	 the	 use	 of	 river	 nurseries	 last	 several	 years	 for	 juveniles.	 Age	 data	 for	G.	406	
glyphis	 would	 be	 required	 to	 estimate	 more	 accurately	 the	 extent	 of	 their	407	
presence	in	natal	rivers.		408	
	409	
Extended	residency	within	 the	 limited	spatial	habitat	of	 these	natal	 rivers	may	410	
increase	 susceptibility	 to	 anthropogenic	 impacts.	 However,	 neither	 of	 the	 NT	411	
river	 system	 in	 this	 study	 has	 commercial	 line	 or	 net	 fisheries,	 and	 therefore	412	
pressure	 is	 greatly	 reduced	 in	 comparison	 to	 some	 adjacent	 coastal	 areas.	 In	413	
Queensland,	 commercial	 net	 and	 crab	 fisheries	 that	 are	 known	 to	 capture	414	
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juvenile	 G.	 glyphis	 overlap	 with	 the	 species	 distribution	 in	 the	Wenlock	 River	415	
system	as	well	as	in	coastal	environments.	The	extent	of	capture	of	 juveniles	in	416	
rivers	by	 recreational	 fishers	 is	unknown,	but	 illegal	 captures	of	 this	protected	417	
species	have	been	recorded	in	the	NT	(Kyne	and	Feutry	XXXX)	and	Queensland	418	
(R.D.	 Pillans,	 unpubl.	 data).	 Furthermore,	 the	 scale	 of	 Indigenous	 harvest	 is	419	
unknown.	 Future	 plans	 for	 further	 agricultural	 development	 of	 northern	420	
Australia	 and	 associated	 increased	 water	 demand	 (47)	 will	 likely	 have	421	
implications	for	the	riverine	habitats	of	these	threatened	species.	422	
	423	
Given	 that	 the	 juveniles	 don’t	 or	 very	 rarely	 move	 between	 rivers,	 the	424	
distribution	 of	 HS	 provides	 insight	 into	 the	 movements	 of	 adults	 between	425	
reproductive	 events.	 Out	 of	 the	 121	 cross-cohort	 HS	 pairs,	 103	 (85%)	 were	426	
captured	within	the	same	river,	indicating	that	in	most	cases	at	least	one	parent	427	
returned	to	reproduce	in	the	same	river	across	breeding	seasons.	The	remaining	428	
18	 (15%)	 cross-cohort	 HS	 pairs	 were	 shared	 between	 the	 Adelaide	 and	 the	429	
Alligator	 Rivers.	 In	 these	 cases,	 at	 least	 one	 parent	 had	moved	 between	 these	430	
rivers	 (or	 their	associated	mating	aggregation	areas	 if	 gamete	exchange	occurs	431	
outside	the	river)	to	reproduce.	Van	Diemen	Gulf	is	a	relatively	small	system,	and	432	
it	is	possible	that	adults	from	different	rivers	flowing	in	the	gulf	mix	in	this	area.	433	
In	 contrast	 to	 the	 cross-cohort	 HS	 pairs,	 same-cohort	 HS	 pairs	 were	 never	434	
captured	between	rivers.	Assuming	females	only	breed	once	a	year,	this	suggests	435	
that	males	do	not	reproduce	with	females	going	to	pup	in	different	rivers	within	436	
the	same	year.	Based	on	the	variability	in	reproductive	periodicity	of	Australian	437	
carcharhinids	 of	 similar	 or	 smaller	 size,	 minimum	 reproductive	 periodicity	438	
would	 be	 annual	 (48,	 49),	 or	 potentially	 biennial	 given	 large	 size	 at	 maturity	439	
(50).	Hence,	 it	 is	 likely	 that	 the	Adelaide	and	Alligator	Rivers	populations	have	440	
different	 mating	 aggregation	 areas.	 Once	 fish	 can	 be	 aged	 accurately,	441	
reproductive	 periodicity	 could	 be	 determined	 by	 examining	 the	 time	 gap	442	
between	HS	pairs.	443	
	444	
It	is	significant	that	no	cross-cohort	HS	pairs	were	shared	between	the	Alligator/	445	
Adelaide	Rivers	emptying	 into	Van	Diemen	Gulf	 and	 the	more	distant	Wenlock	446	
River	emptying	into	the	eastern	Gulf	of	Carpentaria.	Adult	breeding	movements	447	
on	scales	of	˜150	km	therefore	seem	commonplace	in	G.	glyphis,	but	non-existent	448	
or	very	rare	over	distance	an	order	of	magnitude	higher.	449	
		450	
Population	structure	when	sampling	families	451	
	452	
Previously,	 whole	 mitogenome	 sequencing	 of	 G.	 glyphis	 had	 revealed	 female	453	
philopatry	 (28)	which	 is	 common	 in	 sharks	 (51),	 but	 had	not	provided	 insight	454	
into	the	movements	of	males,	nor	been	able	to	discount	the	effects	of	sampling	455	
kin.	Nuclear	markers	provide	the	ability	to	take	the	understanding	of	population	456	
structure	of	G.	glyphis	a	step	 further	because	they	reflect	both	male	and	female	457	
mediated	gene	flow.	In	addition	they	permit	identification	of	kin,	whose	presence	458	
has	the	potential	to	drive	an	upward	bias	in	apparent	population	subdivision	(14,	459	
16),	including	in	a	previous	study	on	G.	glyphis	by	Feutry,	et	al.	(28).	In	this	case,	460	
the	 removal	of	FS	and	HS	pairs	did	not	 greatly	 affect	pairwise	 fixation	 indexes	461	
ΦST	 (average	 <5%	 absolute	 difference	 in	 ΦST),	 demonstrating	 the	 observed	462	
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population	 differentiation	 was	 due	 to	 female	 reproductive	 philopatry	 and	 not	463	
bias	from	family	sampling.	464	
	465	
In	contrast	to	the	mitogenome	data,	the	presence	of	close	relatives	in	the	nuclear	466	
SNP	 dataset	 substantially	 increased	 the	 signal	 of	 population	 sub-division	467	
revealed	 by	 FST	 and	 STRUCTURE	 analyses.	 The	 presence	 of	 FS	 and	 HS	 in	 the	468	
sample	 created	an	upwards	bias	 in	 the	estimation	of	FST	between	 the	Adelaide	469	
and	 Alligator	 rivers	 and	 an	 overestimation	 of	 the	 number	 of	 populations	470	
identified	 by	 STRUCTURE,	 as	 predicted	 by	 Allendorf	 and	 Phelps	 (14)	 and	471	
Anderson	 and	 Dunham	 (16)	 respectively.	 The	 significant	 population	472	
differentiation	 initially	 identified	 in	 the	 full	 dataset	 between	 the	 Adelaide	 and	473	
Alligator	 Rivers	 was	 due	 entirely	 to	 bias	 from	 FS	 and	 HS.	 Similarly,	 the	474	
STRUCTURE	 analysis	 overestimated	 the	 sample	 partitioning	with	 groups	 of	 FS	475	
and	HS	forming	independent	cluster	(16).	476	
	477	
The	 contrast	 between	 nuclear	 and	 mtDNA	 markers	 indicates	 sex-biased	478	
dispersal.	Sex-biased	dispersal	has	previously	been	reported	in	other	sharks	(52,	479	
53)	 and	 has	 important	 implications	 for	 management.	 Daly-Engel	 et	 al.	 (2012)	480	
stated	 that	 the	 use	 of	 female	 or	 biparentally-inherited	 loci	 only	 can	 mislead	481	
conclusions	 with	 regards	 to	 management	 units.	 While	 mitochondrial	 markers	482	
showed	structuring	between	the	Adelaide	and	Alligator	Rivers,	the	use	of	nuclear	483	
SNP	loci	indicated	that	these	rivers	are	part	of	the	same	gene	pool.	Importantly	484	
though,	as	 females	exhibit	river	specific	reproductive	philopatry,	 this	gene	flow	485	
could	not	compensate	for	the	loss	of	females	from	a	specific	river,	so	the	female	486	
population	 of	 each	 river	 stills	 needs	 to	 be	managed	 as	 though	 it	 is	 an	 isolated	487	
population.	The	Van	Diemen	Gulf	 population	 should	be	managed	as	 a	 separate	488	
unit	 to	 the	 isolated	 Wenlock	 River	 population.	 The	 relationship	 of	 these	489	
populations	to	the	species	in	Papua	New	Guinea	(PNG)	should	be	examined.	490	
	491	
	492	
Direct	versus	indirect	connectivity	estimates	and	management	implications	493	
	494	
The	contrasted	FST	and	STRUCTURE	results	between	the	ALL	and	No_Sib	datasets	495	
highlight	 the	 importance	 of	 inferring	 sibship	 when	 juveniles	 are	 sampled	 for	496	
population	 structure	 studies.	 Both	 direct	 and	 indirect	 estimates	 of	 population	497	
connectivity	 support	 the	 Adelaide	 and	 Alligator	 Rivers	 as	 part	 of	 the	 same	498	
nuclear	 gene	 pool,	 whereas	 the	 Wenlock	 River	 likely	 has	 a	 strong	 degree	 of	499	
demographic	 independence,	at	 least	 for	 the	generation	of	adults	who	produced	500	
the	 juveniles	 included	 in	 this	 study.	 FST	 values	 between	 Wenlock	 and	501	
Adelaide/Alligator	Rivers	was	low	but	significant,	whereas	little	evidence	for	the	502	
Wenlock	River	to	host	a	different	population	was	found	using	STRUCTURE.	This	503	
highlights	 the	 limited	 ability	 of	 the	 STRUCTURE	 clustering	 approach	 to	 detect	504	
demographically	meaningful	breaks.	505	
	506	
Direct	 estimates	 of	 connectivity	 have	 two	 main	 advantages	 over	 indirect	507	
methods.	The	first	one	is	a	known	timeframe	for	the	movements.	FS	and	same-508	
cohort	HS	provide	information	for	the	current	generation	of	juveniles.	The	exact	509	
period	of	 time	 covered	depends	 on	 the	 age	 of	 the	 juveniles.	 Given	 appropriate	510	
sampling,	 potential	 between	 river	movements	 could	 be	 inferred	 for	 each	 year	511	
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class.	 Cross-cohort	 HS	 provide	 information	 about	 their	 parents’	 movements	512	
between	breeding	events.	513	
	514	
The	 second	 advantage	 is	 the	 information	 about	 migration	 rate	 between	515	
populations	 that	 lies	 in	 the	distribution	of	HS	pairs.	 In	 the	non-spatial	 context,	516	
Bravington,	Skaug	and	Anderson	(29)	have	outlined	how	these	data	can	be	used	517	
to	 estimate	 sex-specific	 abundance	 and	 survival	 rates	 in	 a	 modified	 mark-518	
recapture	 framework	 called	 close-kin	mark-recapture	 (CKMR).	An	extension	of	519	
this	 framework	 into	 the	 spatial	 domain	would	 be	 able	 to	 utilise	 the	migratory	520	
and	abundance	related	information	in	these	data	to	separate	the	two,	and	obtain	521	
quantitative	estimates	of	between	river	migration	rates.	522	
	523	
As	presented	here,	one	advantage	of	the	indirect	estimate	over	direct	estimates	524	
of	connectivity	is	the	ability	to	provide	information	about	sex	biased	gene	flow.	525	
However,	 given	mitochondrial	 DNA	 is	maternally	 inherited,	 if	 all	 HS	 had	 their	526	
mitogenomes	 sequenced	 and	 sufficient	 haplotypic	 diversity	 was	 uncovered,	 it	527	
would	be	possible	to	determine	if	there	was	a	bias	in	the	sex	of	the	parent	shared	528	
by	 the	 HS	 pair	 distributed	 in	 different	 rivers.	 Genetic	 markers	 located	 on	 sex	529	
specific	chromosomes	could	also	help	in	this	task.	For	example,	in	heterogametic	530	
organisms,	markers	 on	 the	 sex	 chromosomes	 can	 be	 used	 to	 identify	whether	531	
male	 HS	 pairs	 have	 different	 fathers	 (29).	 This	 approach	 can	 provide	 direct	532	
evidence	 of	 which	 parent	 has	 been	 moving	 and	 sex	 specific	 movement	 rates,	533	
whereas	indirect	estimates	only	provide	evidence	of	sex	biased	gene	flow.	534	
	535	
Combined	information	from	direct	and	indirect	connectivity	estimates	enables	us	536	
for	 the	 first	 time	 to	 detect	 intergenerational	 between	 river	 movement	 and	537	
breeding	 patterns	 from	 a	 single	 contemporaneous	 sample.	 For	 G.	 glyphis	 in	538	
northern	 Australia:	 (i)	 juveniles	 do	 not	 move	 between	 river	 systems	 during	539	
riverine	 residencies	 (possibly	>6	years);	 (ii)	 females	predominantly	pup	 in	 the	540	
same	 river;	 but	 (iii)	 reproducing	 males	 may	 move	 between	 breeding	541	
aggregations	for	river	systems	closer	than	150km	apart,	although	data	on	where	542	
breeding	 aggregations	 occur	 are	 lacking.	 This	 has	 implications	 for	 the	543	
conservation	of	this	Critically	Endangered	species,	in	both	the	management	and	544	
potential	mitigation	of	increasing	demands	on	their	environment.		545	
	546	
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Table	 1.	 Intra	 and	 inter	 river	 number	 of	 full-sibling	 pairs	 (above)	 and	 cross-717	
cohort	half-sibling	pairs	+	same-cohort	half-sibling	pairs	(below).	718	
	719	
Rivers	 Adelaide	 Alligators	 Wenlock	
Adelaide	 42+2\	12	 0	 0	
Alligators	 18+0	 9+5\	11	 0	
Wenlock	 0+0	 0+0	 52+17	\	49	
	720	
Table	 2.	 Mitogenome-based	 pairwise	 ΦST	 for	 all	 individuals	 (above)	 and	 the	721	
dataset	without	full-sibling	and	half-sibling	pairs	(below).	722	
	723	
Rivers	 Adelaide	 Alligators	 Wenlock	
Adelaide	 	 0.24705**	 0.70517**	
Alligators	 0.24352**	 	 0.23768*	
Wenlock	 0.67673**	 0.25928*	 	
*	P-value	<	0.01;	**	P-value	<	0.0001	724	
	725	
Table	 3.	 Nuclear	 SNP-based	 pairwise	 FST	 for	 all	 individuals	 (above)	 and	 the	726	
dataset	without	full-sibling	and	half-sibling	pairs	(below).	727	
	728	
Rivers	 Adelaide	 Alligators	 Wenlock	
Adelaide	 	 0.00095**	 0.00458**	
Alligators	 0.00008NS	 	 0.00493**	
Wenlock	 0.00279**	 0.00285**	 	
NS	P-value	>	0.05;	**	P-value	<	0.0001	729	
	730	
	 	731	
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	732	

	733	
Figure	 1.	 Glyphis	 glyphis	 sampling	 locations	 and	 sample	 size	 in	 northern	734	
Australia.	735	
	 	736	
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	737	
Figure	 2.	 Glyphis	 glyphis	 STRUCTURE	 admixture	 analysis.	 Each	 cluster	 (K)	 is	738	
designated	 by	 a	 different	 colour.	 Each	 vertical	 bar	 represents	 one	 individual,	739	
partitioned	according	to	admixture	proportion	from	each	cluster.	a)	Analysis	of	740	
dataset	 with	 all	 samples,	 most	 likely	 K=7.	 b)	 Analysis	 of	 dataset	 without	 full-741	
sibling	and	half-sibling	pairs,	most	likely	K=2.	742	
	 	743	
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	744	
Figure	 3.	 Schematic	 representation	 of	 Glyphis	 glyphis	 movements	 as	 inferred	745	
from	spatial	distribution	of	 full-	and	half-sibling	pairs	and	population	structure	746	
analyses	of	whole	mitogenomes	and	nuclear	genome	scans.	747	


