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Abstract
Post‐copulatory	sexual	selection,	and	sperm	competition	in	particular,	is	a	powerful	se‐
lective	force	shaping	the	evolution	of	sperm	morphology.	Although	mounting	evidence	
suggests	that	post‐copulatory	sexual	selection	influences	the	evolution	of	sperm	mor‐
phology	among	species,	recent	evidence	also	suggests	that	sperm	competition	influences	
variation	in	sperm	morphology	at	the	intraspecific	level.	However,	contradictory	empiri‐
cal	results	and	limited	taxonomic	scope	have	led	to	difficulty	in	assessing	the	generality	of	
sperm	morphological	responses	to	variation	in	the	strength	of	sperm	competition.	Here,	
we	use	phylogenetically	controlled	analyses	to	explore	the	effects	of	sperm	competition	
on	sperm	morphology	and	variance	in	sharks,	a	basal	vertebrate	group	characterized	by	
wide	variation	in	rates	of	multiple	mating	by	females,	and	consequently	sperm	compe‐
tition	risk.	Our	analyses	reveal	that	shark	species	experiencing	greater	levels	of	sperm	
competition	produce	sperm	with	longer	flagella	and	that	sperm	flagellum	length	is	less	
variable	in	species	under	higher	sperm	competition	risk.	In	contrast,	neither	the	length	
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1  | INTRODUC TION

Sperm	exhibit	extraordinary	morphological	diversity	and	are	among	
the	most	variable	of	all	known	cell	types	(Pitnick,	Hosken,	&	Birkhead,	
2009).	However,	the	evolutionary	processes	that	promote	sperm	di‐
versification	remain	hotly	debated	(Lüpold	&	Pitnick,	2018).	Although	
fertilization	environments	and	phylogenetic	effects	undoubtedly	in‐
fluence	sperm	evolution	(Lüpold	&	Pitnick,	2018;	Pitnick	et	al.,	2009;	
Simpson,	Humphries,	Evans,	Simmons,	&	Fitzpatrick,	2014),	 sexual	
selection	is	now	recognized	as	a	particularly	powerful	selective	force	
driving	the	evolution	of	sperm	morphological	diversity	(Fitzpatrick	&	
Lüpold,	2014;	Pizzari	&	Parker,	2009;	Simmons	&	Fitzpatrick,	2012).	
When	 females	mate	with	multiple	males,	 the	 temporal	 and	 spatial	
overlap	of	 sperm	 from	 rival	males	within	 the	 fertilization	environ‐
ment	can	result	in	sperm	competition,	where	sperm	from	different	
males	compete	to	fertilize	the	available	ova	(Parker,	1970),	and	cryp‐
tic	female	choice,	where	females	bias	the	outcome	of	sperm	compe‐
tition	in	favour	of	preferred	males	(Eberhard,	1996).	These	episodes	
of	post‐copulatory	sexual	selection	therefore	 impose	strong	selec‐
tive	pressures	on	males	to	produce	more	effective	ejaculates.	When	
male	fertility	is	influenced	by	the	number	of	sperm	present	at	the	site	
of	 fertilization,	 sperm	competition	 is	expected	 to	 favour	 increases	
in	 the	 number	 of	 sperm	 that	males	 produce	 (Parker,	 1998;	Pizzari	
&	Parker,	2009).	Indeed,	evolutionary	increases	in	sperm	number	in	
response	to	sperm	competition	are	commonly	observed	across	spe‐
cies	(Rowley,	Daly‐Engel,	&	Fitzpatrick,	2019;	Simmons	&	Fitzpatrick,	
2012).	However,	sperm	number	 is	not	the	only	target	of	post‐cop‐
ulatory	 sexual	 selection,	 as	 sperm	competition	 and	 cryptic	 female	
choice	 can	 also	 influence	 the	evolution	of	 sperm	morphology	 and	
size	(Pitnick	et	al.,	2009;	Simmons	&	Fitzpatrick,	2012).	If	trade‐offs	
exist	between	sperm	number	and	size	(Parker,	1982),	then	post‐cop‐
ulatory	sexual	selection	for	increased	sperm	production	may	result	
in	evolutionary	reductions	in	sperm	size	(Immler	et	al.,	2011),	making	
it	challenging	to	predict	how	selection	will	shape	sperm	morphology.

Each	component	of	 the	 sperm	cell	 (i.e.	 the	head,	midpiece	and	
flagellum)	influences	sperm	function,	and	therefore,	post‐copulatory	
sexual	selection	may	act	on	each	or	all	of	these	components	provided	
they	influence	male	fertilization	success	(Gage	et	al.,	2004;	Simmons	
&	Fitzpatrick,	2012).	For	example,	the	size	of	the	sperm	midpiece	is	
expected	 to	 increase	 in	 response	 to	sperm	competition	 to	provide	
the	cell	with	more	energy	(Anderson,	Nyholt,	&	Dixson,	2005),	and	

can	influence	the	beat	frequency	of	the	flagellum	(Cardullo	&	Baltz,	
1991),	which	may	in	turn	be	targeted	by	selection	to	increase	thrust	
(Fitzpatrick	et	al.,	2009;	Gomendio	&	Roldan,	1991).	Sperm	compe‐
tition	is	also	hypothesized	to	select	for	smaller	relative	sperm	head	
size	 to	 reduce	drag	 that	opposes	 the	 thrusting	 force	of	 the	 flagel‐
lum	 (Humphries,	 Evans,	&	 Simmons,	 2008).	However,	 comparative	
studies	 evaluating	 how	 sperm	morphology	 respond	 to	 variation	 in	
the	 strength	 of	 sperm	 competition	 show	mixed,	 and	 often	 taxon‐
specific,	 results	 (Immler	&	Birkhead,	2007;	Simmons	&	Fitzpatrick,	
2012).	Moreover,	 post‐copulatory	 sexual	 selection	 may	 also	 influ‐
ence	sperm	production	efficiency	(Birkhead,	Pellat,	Brekke,	Yeates,	
&	Castillo‐Juarez,	 2005),	 filtering	 out	 sperm	with	 suboptimal	mor‐
phologies	during	spermatogenesis	(Lüpold,	Wistuba,	Damm,	Rivers,	
&	 Birkhead,	 2011).	When	 sperm	 competition	 risk	 and/or	 intensity	
are	high,	 selection	should	 favour	consistent	production	of	an	opti‐
mal	sperm	phenotype	and	correspondingly	act	to	erode	variation	in	
sperm	morphology	within	the	ejaculate	(Birkhead	et	al.,	2005;	Parker,	
1993).	Indeed,	the	evidence	to	date	from	phylogenetically	controlled	
studies	has	revealed	consistent	negative	relationships	between	intra‐
specific	variation	in	sperm	morphology	and	the	level	of	sperm	com‐
petition,	although	such	relationships	have	been	evaluated	in	only	a	
handful	 of	 studies	 of	 passerine	 birds,	 social	 insects	 and	 rodents	
(Calhim,	Immler,	&	Birkhead,	2007;	Fitzpatrick	&	Baer,	2011;	Immler,	
Calhim,	&	Birkhead,	2008;	Kleven,	Laskemoen,	Fossøy,	Robertson,	&	
Lifjeld,	2008;	Varea‐Sánchez,	Montoto,	Tourmente,	&	Roldan,	2014).	
However,	the	way	in	which	selection	acts	on	sperm	morphology	and	
sperm	variation	across	a	broader	taxonomic	scale	remains	unclear.

Here,	 we	 examine	 how	 sperm	 competition	 shapes	 sperm	mor‐
phology	in	sharks,	an	internally	fertilizing,	ancestral	vertebrate	group.	
Observations	of	matings	in	the	wild	suggest	that	female	sharks	com‐
monly	mate	with	more	 than	 one	male	within	 a	 reproductive	 cycle	
(e.g.	Carrier,	Pratt,	&	Martin,	1994;	Whitney,	Pratt,	&	Carrier,	2004).	
However,	multiply‐sired	litters	occur	at	vastly	different	frequencies	
across	a	wide	variety	of	species,	 ranging	 from	 infrequent	 (e.g.	11%	
multiple	paternity	in	the	shortspine	spurdog,	Squalus	cf. mitsukurii)	to	
frequent	 (e.g.	92%	multiple	paternity	 in	the	small‐spotted	catshark,	
Scyliorhinus canicula)	 (reviewed	 in	Byrne	&	Avise,	2012;	Fitzpatrick,	
Kempster,	 Daly‐Engel,	 Collin,	 &	 Evans,	 2012;	 Rowley	 et	 al.,	 2019).	
Moreover,	 sharks	 are	 one	 of	 the	 few	 taxonomic	 groups	 in	 which	
relative	testes	mass	has	been	validated	against	genetic	estimates	of	
sperm	competition	risk	(the	percentage	of	litters	sired	by	more	than	

of	the	sperm	head	and	midpiece	nor	variation	in	sperm	head	and	midpiece	length	was	
associated	with	sperm	competition	risk.	Our	findings	demonstrate	that	selection	influ‐
ences	both	the	inter‐	and	intraspecific	variation	in	sperm	morphology	and	suggest	that	
the	flagellum	is	an	important	target	of	sexual	selection	in	sharks.	These	findings	provide	
important	insight	into	patterns	of	selection	on	the	ejaculate	in	a	basal	vertebrate	lineage.
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one	male)	and	intensity	(the	mean	number	of	sires	per	litter)	(Rowley	
et	al.,	2019),	thereby	allowing	broad	comparative	studies	to	be	con‐
ducted	using	validated	proxy	measures	for	the	level	of	sperm	compe‐
tition.	In	addition,	female	sharks	retain	sperm	in	specialized	storage	
organs	 (i.e.	 oviducal	 glands).	Although	 the	 length	of	 sperm	 storage	
may	vary	 (Pratt,	1993),	 in	 some	species	offspring	can	be	produced	
using	sperm	stored	 for	up	 to	 four	years	after	mating	 (Bernal	et	al.,	
2015).	The	potential	for	long‐term	sperm	storage	uncouples	mating	
from	 fertilization,	 increasing	 competition	 between	 rival	 ejaculates,	
and	imposes	selection	on	sperm	morphology	to	enter	and	remain	vi‐
able	in	sperm	storage	organs	(Fitzpatrick	et	al.,	2012;	Orr	&	Brennan,	
2015;	Orr	&	Zuk,	2014).	We	take	advantage	of	the	considerable	vari‐
ation	in	sperm	competition	risk	and	intensity	observed	among	sharks	
to	consider	how	post‐copulatory	 sexual	 selection	 influences	 sperm	
morphology	and	variance.	Specifically,	we	examine	the	relationship	
between	the	size	of	each	sperm	component	(head,	midpiece	and	fla‐
gellum)	and	the	level	of	sperm	competition	and	consider	how	sperm	
competition	acts	on	within‐male	variation	in	sperm	component	size.

2  | MATERIAL S AND METHODS

2.1 | Sample collection

Sperm	 was	 collected	 opportunistically	 from	 122	 individuals	 rep‐
resenting	 25	 shark	 species	 (mean	 ±	 SE	 number	 of	males	 per	 spe‐
cies	=	4.88	±	1.10,	range	=	1–19,	Table	S1).	Only	individuals	caught	
previously	as	part	of	commercial	and	artisanal	fisheries,	during	sci‐
entific	surveys,	for	research	purposes,	or	as	bycatch	were	sampled.	
Samples	were	collected	at	10	field	sites	spanning	7	countries	across	
five	continents	over	a	12‐year	period	(Table	S1).	We	assessed	males	
for	maturity	by	examining	the	claspers,	with	fully	calcified	claspers	
indicating	 a	 sexually	mature	 individual	 (Hamlett,	 2005).	 Immature	
males	were	not	sampled.	Semen	(sperm	and	seminal	fluid)	was	ex‐
tracted	from	mature	males	in	breeding	condition	(defined	as	those	
males	 currently	 producing	 sperm)	 by	 manually	 applying	 pressure	
to	 the	 sperm	 sac	 or	 claspers	 (Figure	 1a).	 Whenever	 possible,	 we	
measured	the	total	length	(mm)	and	body	mass	(g)	of	each	individual	
prior	to	dissection,	and	the	testes	of	mature	males	were	excised	and	
weighed	to	the	nearest	0.01	g.	However,	we	were	unable	to	collect	
body	and	testes	mass	data	directly	from	all	individuals	sampled	in	the	
field	due	to	logistical	constraints	(e.g.	when	sharks	were	too	large	to	
be	weighed	or	could	not	be	dissected	because	they	were	being	sold	
at	market).	In	cases	where	we	lacked	body	or	testes	mass	data,	we	
searched	the	literature	using	the	species	name	in	combination	with	
the	words	‘testes	mass’,	‘body	mass’	or	‘gonadosomatic	index’	(GSI).	
If	raw	data	were	not	reported	in	the	studies	examined,	we	contacted	
the	 authors	 directly	 to	 request	 the	 data,	 or	 calculated	 body	 and	
testes	mass	from	GSI,	using	the	program	GraphClick	v3.0.3	(Boyle,	
Samaha,	Rodewald,	&	Hoffmann,	2012)	to	extract	data	from	figures	
(summarized	in	Table	S1).	In	this	way,	we	supplemented	the	data	we	
collected	in	the	field	with	data	on	male	body	mass	and	testes	mass	
from	an	additional	two	and	four	species,	respectively	(Table	S1).

2.2 | Sperm analysis

Semen	samples	were	either	examined	fresh	or	preserved	in	1	ml	of	
10%	neutral	 buffered	 formalin	 for	 subsequent	 examination.	 Fresh	
ejaculates	were	processed	at	field	sites	within	a	few	hours	of	extrac‐
tion,	whereas	preserved	samples	were	taken	back	to	the	laboratory	
where	 they	were	examined.	 Sperm	component	 length	did	not	dif‐
fer	between	 fresh	and	preserved	samples	 (Figure	S1,	paired	 t	 test	
performed	 on	 six	 species	where	 sperm	was	 preserved	 using	 both	
methods:	head	+	midpiece:	 t = 0.43,	p = .68;	head	+	midpiece	CV:	
t = 0.66,	p = .53;	flagellum:	t = 0.74,	p = .49;	flagellum	CV:	t = 0.24,	
p = .82;	note	that	we	were	not	able	to	apply	mixed‐effects	models	
to	compare	fresh	and	preserved	samples	as	four	of	the	six	species	
had	only	one	male	represented	in	either	of	the	sampling	methods).	
Microscope	slides	were	loaded	with	10	μl	of	sea	water‐diluted	(for	
fresh	 samples)	 or	 formalin‐diluted	 (for	 preserved	 samples)	 semen	
samples	and	covered	with	a	coverslip.	Slides	were	left	for	up	to	two	
hours	after	 loading	to	allow	sperm	to	settle	onto	a	single	plane	of	
focus	prior	to	viewing	under	the	microscope.	For	each	male	sample,	
we	haphazardly	selected	and	photographed	between	20–30	individ‐
ual	morphologically	normal	sperm	cells.	Within‐ejaculate	variation	in	
sperm	length	stabilizes	after	~20	sperm	cells	are	measured	(Figure	
S2).	All	sperm	images	were	captured	at	400×	magnification.

The	number	of	field	sites,	number	of	years	of	data	collection	and	
the	logistical	constraints	of	sampling	sharks	introduced	some	differ‐
ences	in	how	images	were	captured.	Images	of	sperm	taken	for	later	
use	in	standardized	downstream	analyses	(see	below)	were	collected	
using	different	microscope	and	camera	systems	depending	on	field	
sites	 and	 sampling	 conditions.	 Specifically,	when	 collecting	 semen	
samples	at	 field	stations,	sperm	 images	were	captured	using	three	
different	microscope	and	camera	systems,	which	differed	based	on	
sampling	locations	(Adriatic	Sea:	a	Leica	DMLB30	light	microscope	
fitted	with	a	Leica	DFC	420	camera	 (n =	3	species);	Sardinian	Sea:	
a	Zeiss	Axioskop	light	microscope	fitted	with	a	Canon	EOS	1100D	
camera	(n =	4	species);	Azores:	a	Leica	DM	6000B	light	microscope	
fitted	with	 a	 Leica	DFC340	 camera	 (n =	6	 species)).	When	micro‐
scopes	and	cameras	were	not	available	during	sampling	 (e.g.	 in	re‐
mote	field	 locations	or	on	boats),	we	preserved	sperm	in	the	field,	
then	performed	subsequent	analyses	in	the	laboratory	using	a	Leica	
DM750	light	microscope	fitted	with	a	Canon	600D	camera	(n =	18	
species;	 note	 that	 six	 species	 were	 sampled	 in	 multiple	 locations	
and	thus	our	total	sample	of	field‐collected	samples	remains	at	25	
species).	Importantly,	although	differences	in	microscope	and	cam‐
era	systems	may	add	noise	to	the	overall	dataset,	there	is	no	a priori 
reason	to	assume	that	the	variation	 in	sampling	will	systematically	
bias	the	results	in	favour	of	the	hypotheses	being	tested,	but	rather	
will	attenuate	regression	coefficients	towards	zero	 (Hansen,	2016;	
Hansen	&	Bartoszek,	2012).	Thus,	any	error	in	our	final	dataset	on	
sperm	length	 introduced	by	our	sampling	protocol	 is	 likely	compa‐
rable	with	 error	 introduced	 by	 collecting	 data	 from	 the	 literature,	
which	is	a	common	practice	in	comparative	analyses	in	general,	and	
in	comparative	analyses	of	sperm	evolution	in	particular	(e.g.	Gage	
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&	Freckleton,	2003;	Gomendio,	Tourmente,	&	Roldan,	2011;	Lüpold	
&	Fitzpatrick,	2015).

Sperm	components	were	measured	from	digital	images	using	the	
segmented	 line	 tool	 in	 ImageJ	 (Rasband,	1997).	Mean	sperm	com‐
ponent	lengths	(μm)	were	calculated	for	each	species.	The	division	
between	the	sperm	head	and	midpiece	was	difficult	to	distinguish	in	
seven	species,	which	affected	sample	sizes	of	our	analyses	of	head	
and	midpiece	length	(see	below).

2.3 | Phylogenetic linear models

We	used	 phylogenetically	 controlled	 general	 least	 squares	 (PGLS)	
multiple	 regressions	 to	examine	associations	between	 sperm	mor‐
phology	and	relative	testes	mass,	a	proxy	measure	of	sperm	compe‐
tition	risk	and/or	intensity.	All	analyses	were	performed	in	R	version	
3.4.1	(R	Core	Team	2017).	Phylogenetic	relationships	were	derived	
from	 a	 recent	 elasmobranch	 phylogeny	 constructed	 using	 genetic	
data	from	610	species	 (Stein	et	al.,	2018).	Using	the	original	set	of	
500	phylogenetic	 trees,	we	 generated	 a	 consensus	 tree	 using	 the	
function	 consensus.tree	 with	 the	 function	 consensus.edges	 to	 set	
branch	 lengths	 in	 the	 package	 phytools	 (Revell,	 2012).	 	To	 assess	
phylogenetic	 dependence	 of	 the	 data,	 likelihood	 ratio	 tests	 were	
used	to	calculate	the	phylogenetic	scaling	parameter	λ	(Freckleton,	
Harvey,	&	Pagel,	2002;	Pagel,	1999),	where	a	value	of	0	indicates	no	
phylogenetic	signal,	and	1	indicates	total	phylogenetic	dependence.	
All	 data	were	 log10	 transformed	prior	 to	 analysis,	which	 improved	
the	distribution	of	model	 residuals	 (see	Mundry,	2014).	Of	 the	25	
species	 for	which	 sperm	components	were	measured,	19	had	 tes‐
tes	 and	 body	mass	 data	 available,	 allowing	 for	 tests	 of	 the	 effect	
of	sperm	competition	on	component	 length.	One	of	 these	species	
(Squalus blainville)	was	not	present	in	phylogeny,	reducing	the	sam‐
ple	size	of	phylogenetically	controlled	analyses	of	flagellum	length	to	
18.	In	two	of	these	18	species,	the	head	and	midpiece	could	not	be	
distinguished,	reducing	the	sample	size	to	16	for	analyses	examining	
the	head	and	midpiece	length.

To	 investigate	evolutionary	 responses	 in	sperm	morphology	 to	
sperm	competition	in	sharks,	we	examined	the	relationship	between	
each	sperm	component	(head,	midpiece	and	the	length	of	the	flagel‐
lum)	and	relative	testes	mass	(to	control	for	the	allometric	relation‐
ship	between	testes	mass	and	body	size,	body	mass	was	included	as	
a	covariate	in	all	models).	Relative	testes	mass	was	used	as	a	proxy	
for	sperm	competition	risk/intensity,	due	to	the	close	association	be‐
tween	relative	testes	mass	and	the	level	of	sperm	competition	across	
a	 wide	 range	 of	 taxa	 (Simmons	 &	 Fitzpatrick,	 2012).	 Specifically,	
relative	testes	mass	 is	correlated	positively	with	multiple	paternity	
rates	 (i.e.	 sperm	 competition	 risk)	 and	 the	 number	 of	males	 siring	
offspring	in	a	brood	(i.e.	sperm	competition	intensity)	among	shark	
species	(Rowley	et	al.,	2019),	supporting	the	assertion	that	relative	
testes	mass	 represents	 a	 valid	 estimate	 of	 the	 sperm	 competition	
risk/intensity	in	our	analyses.

We	 calculated	 the	 mean	 within‐male	 coefficient	 of	 variation	
(CV)	 for	 head	 and	 midpiece	 length	 and	 flagellum	 length	 using	 the	
formula	 CV	 =	 (standard	 deviation/mean)*100.	We	 did	 not	 evaluate	

between‐male	CV,	as	16	of	the	25	species	we	examined	had	≤	2	indi‐
viduals	sampled	per	species	and	only	six	species	had	≥	10	individuals	
sampled,	above	which	point	between‐male	CV	begins	to	stabilize	(see	
Figure	S3).	We	used	PGLS	regressions	to	test	the	relationship	between	
the	 within‐male	 CV	 of	 each	 sperm	 component	 and	 relative	 testes	
mass.	Although	CV	is	commonly	used	to	assess	standardized	variation	
in	 sperm	morphology	 (e.g.	 Calhim	 et	 al.,	 2007;	 Immler	 et	 al.,	 2008;	
Kleven	et	al.,	2008;	Malo	et	al.,	2006),	the	use	of	CV	as	an	estimate	of	
variation	has	been	criticized	for	potentially	yielding	biased	results	 in	
the	absence	of	an	isometric	relationship	between	the	mean	and	vari‐
ance	(Fitzpatrick	&	Baer,	2011;	Tomkins	&	Simmons,	2002).	Therefore,	
we	performed	additional	analyses	to	examine	the	association	between	
the	standard	deviation	of	sperm	component	length	and	relative	testes	
mass	while	accounting	for	mean‐variance	relationships	by	adding	the	
mean	sperm	component	length	as	a	covariate	in	the	model	(Fitzpatrick	
&	Baer,	2011).	All	results	remained	consistent	when	we	assessed	vari‐
ance	by	 inspecting	the	response	of	 the	standard	deviation	of	sperm	
component	length	to	relative	testes	mass	while	controlling	for	mean	
sperm	component	length	(Table	S2).

A	clear	limitation	of	our	dataset	is	the	low	number	of	within‐spe‐
cies	sampling.	To	address	this	issue,	we	performed	an	additional	set	
of	analyses	using	the	gls	function	in	the	nlme	package,	where	model	
effects	were	weighted	by	 the	sample	size	of	 the	number	of	males	
assessed	per	species.	We	assessed	various	phylogenetic	correlation	
structures	in	these	weighted	regressions	(i.e.	corPagel,	corBrownian,	
corMartins)	 and	used	AIC	model	 comparisons	 to	 identify	 the	best	
fitting	correlation	structure	for	the	models.	 In	all	models,	corPagel	
and	corBrownian	best	fit	to	our	data	(see	Table	S3).

For	all	models,	the	strength	of	the	effects	of	the	predictor	vari‐
ables	on	the	dependent	variables	was	generated	by	calculating	the	
effect	sizes,	r	and	noncentral	95%	confidence	from	model	t	values	
following	Nakagawa	and	Cuthill	(2007).

3  | RESULTS

Sperm	morphology	was	variable	across	sharks,	with	head	length	rang‐
ing	from	26.81	to	63.90	μm,	midpiece	length	from	5.40	to	16.77	μm 
and	flagellum	length	from	67.88	to	146.13	μm.	In	sharks,	flagellum	
length	 was	 significantly	 positively	 associated	 with	 relative	 testes	
mass	(Table	1,	Figure	1).	However,	flagellum	length	was	negatively	
associated	with	body	mass	in	sharks,	suggesting	that	larger‐bodied	
shark	species	produce	sperm	with	smaller	flagella	(Table	1).	Similarly,	
sperm	total	 length	was	positively	associated	with	 testes	mass	and	
negatively	associated	with	body	mass.	Neither	sperm	head	nor	mid‐
piece	length	was	associated	with	relative	testes	mass	(Table	1).	The	
phylogenetic	signal	(λ)	in	the	residual	covariance	in	models	assessing	
sperm	 head	 and	 midpiece	 exhibited	 strong	 phylogenetic	 depend‐
ence,	whereas	the	phylogenetic	signal	in	models	assessing	flagellum	
length	was	low,	suggesting	more	labile	evolutionary	responses	in	the	
flagellum	compared	with	the	sperm	head	and	midpiece.

There	 was	 a	 significant	 negative	 association	 between	 within‐
male	CV	of	sperm	flagellum	length	and	relative	testes	mass	(Table	1,	



     |  5ROWLEY Et aL.

Figure	1).	However,	within‐male	CV	of	sperm	head,	midpiece	length	
or	 total	 sperm	 length	was	 not	 related	with	 our	 proxy	measure	 of	
sperm	competition	 risk.	These	 results	did	not	qualitatively	 change	
when	 we	 assessed	 the	 effect	 of	 sperm	 competition	 on	 variance	
in	 sperm	 morphology	 by	 using	 within‐male	 standard	 deviation	 of	
sperm	component	 length	 as	 a	 response	 variable,	while	 controlling	
for	mean	component	length	(Table	S2).

Finally,	to	account	for	the	variation	 in	the	number	of	males	as‐
sess	for	each	species,	we	assessed	the	relationship	between	sperm	
length	and	variance	and	relative	testes	mass	 in	models	that	where	
weighted	 by	 intraspecific	 sampling	 effort	 (Table	 S3).	 These	 addi‐
tional	analyses	 revealed	broadly	similar	 results	 to	 those	presented	
in	our	main	set	of	analyses	(see	Table	1).	Specifically,	when	weight‐
ing	the	regression	models	by	sampling	effort,	flagellum	length	was	

TA B L E  1  Phylogenetically	controlled	generalized	least	squares	(PGLS)	regressions	between	sperm	traits	and	testes	mass.	Models	
assess	the	relationship	between	sperm	length	and	variance	and	testes	mass	in	sharks.	Body	mass	was	included	as	a	covariate	in	all	models	
to	control	for	the	allometric	relationship	between	body	and	testes	size.	The	phylogenetic	scaling	parameter	λ	indicates	the	level	of	
phylogenetic	dependence	of	the	data,	ranging	from	0	(low	phylogenetic	signal)	to	1	(high	phylogenetic	signal).	The	slope	of	the	regression	
with	standard	error	(SE),	t‐statistic	(t),	degrees	of	freedom	(df)	and	p‐value	are	presented	for	each	model.	The	effect	size	(r)	and	noncentral	
95%	confidence	intervals	(95%	CI)	are	also	presented	for	each	model.	Significant	effects	(i.e.	cases	where	p	<	.05	and	the	95%	CI	do	not	
overlap	zero)	are	highlighted	in	bold

Sperm trait Predictors λ Slope SE t df p r 95% CI

Head	length Testes	mass 1.00 0.04 0.07 0.53 13 .60 .14 −0.37	to	0.57

Body	mass  0.002 0.06 0.03 13 .98 .26 −0.47	to	0.48

Midpiece	length Testes	mass 1.00 0.12 0.11 1.10 13 .29 .08 −0.25	to	0.65

Body	mass  −0.08 0.09 −0.86 13 .40 .11 −0.62	to	0.30

Flagellum	length Testes	mass 0.00 0.18 0.07 2.49 15 .02 .54 0.08 to 0.77

Body	mass  −0.17 0.06 −2.86 15 .01 −.59 −0.79 to	−0.16

Total	length Testes	mass 1.00 0.15 0.05 2.75 15 .01 .57 0.13 to 0.78

Body	mass  −0.12 0.04 −2.84 15 .01 −.59 −0.79 to	−0.15

Within‐male	head	length	CV Testes	mass 0.73 0.02 0.12 0.17 13 .86 .23 −0.45	to	0.51

Body	mass  −0.03 0.10 −0.25 13 .81 −.22 −0.52	to	0.43

Within‐male	midpiece	length	CV Testes	mass 0.03 −0.27 0.19 −1.44 13 .17 −.37 −0.69	to	0.17

Body	mass  0.15 0.16 0.91 13 .38 .24 −0.29	to	0.62

Within‐male	flagellum	length	CV Testes	mass 0.00 −0.50 0.17 −2.92 15 .01 −.60 −0.80 to	−0.17

Body	mass  0.29 0.14 2.06 15 .06 .47 −0.02	to	0.73

Within‐male	total	length	CV Testes	mass 0.00 −0.20 0.20 −0.97 13 .35 −.26 −0.63	to	0.28

Body	mass  0.02 0.17 0.11 13 .91 .03 −0.46	to	0.50

F I G U R E  1  The	associations	between	sperm	morphological	traits	and	body	size‐corrected	testes	mass,	a	proxy	measure	for	sperm	
competition	risk/intensity	in	sharks.	Data	are	from	the	association	between	(a)	sperm	flagellum	length,	(b)	the	within‐male	coefficient	of	
variation	(CV)	of	flagellum	length	and	body	size‐corrected	testes	mass.	Sperm	morphological	traits	are	plotted	on	a	log‐scale,	and	body	size‐
corrected	testes	mass	values	are	residual	values	obtained	from	linear	regression	of	log‐transformed	testes	mass	on	log‐transformed	body	
mass	for	the	shark	species	present	in	the	analysis

(a) (b)
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positively	 associated	 and	within‐male	 CV	 of	 flagellum	 length	was	
negatively	 associated	 with	 relative	 testes	 mass	 (Table	 S3).	 Sperm	
head,	midpiece	 and	 total	 length	were	not	 associated	with	 relative	
testes	mass	in	weighted	models	(Table	S3).	However,	in	contrast	to	
our	main	findings,	within‐male	CV	of	sperm	head,	midpiece	and	total	
length	 were	 all	 negatively	 associated	 with	 relative	 testes	 mass	 in	
models	that	accounted	for	variation	in	intraspecific	sampling	effort	
(Table	S3).

4  | DISCUSSION

Our	results	demonstrate	that	sperm	competition	acts	to	shape	the	
evolution	of	 the	sperm	morphology	 in	sharks.	We	found	that	spe‐
cies	experiencing	higher	levels	of	sperm	competition	produce	ejacu‐
lates	with	longer	sperm	flagella	and	less	variation	in	flagellum	length.	
In	 contrast,	 sperm	 head	 and	 midpiece	 length	 and	 variance	 were	
not	associated	with	sperm	competition	 level	 in	our	main	analyses.	
However,	in	models	that	accounted	for	the	variation	in	the	number	
of	males	sampled	from	each	species,	we	detected	reductions	in	the	
variance	 of	 every	 sperm	 trait	 assessed	 as	 sperm	 competition	 risk	
increased.	 Taken	 in	 combination,	 these	 results	 provide	 evidence	
for	distinct	patterns	of	 selection	on	 the	 length	of	different	 sperm	
components	in	sharks	and	suggest	that	the	flagellum	is	an	important	
target	of	sexual	selection,	with	longer	flagella	likely	offering	an	ad‐
vantage	during	sperm	competition.

This	positive	association	between	flagellum	length	and	our	proxy	
measure	 of	 sperm	 competition	 risk/intensity	 supports	 the	 theo‐
retical	 prediction	 that	 longer	 sperm	 should	 be	 favoured	 in	 sperm	
competition	(Gomendio	&	Roldan,	1991).	Longer	flagella	can	be	ad‐
vantageous	 during	 competitive	 fertilizations	 under	 three	 possible	
mechanistic	 scenarios,	 none	 of	 which	 is	 mutually	 exclusive.	 First,	
longer	flagella	may	provide	greater	thrusting	force	to	propel	sperm	
more	quickly	as	they	swim	towards	the	egg	(Fitzpatrick	et	al.,	2009;	
Lüpold,	 Calhim,	 Immler,	 &	 Birkhead,	 2009),	 particularly	 as	 sperm	
swimming	speed	is	an	important	predictor	of	competitive	fertiliza‐
tion	success	in	a	wide	range	of	taxa	(Simmons	&	Fitzpatrick,	2012).	
Second,	 sperm	with	 longer	 flagella	may	be	better	 able	 to	displace	
rival	sperm	from	advantageous	positions	within	the	female's	repro‐
ductive	tract,	for	example	by	being	better	positioned	to	fertilize	the	
egg	or	enter	sperm	storage	organs	 (Lüpold	et	al.,	2012).	 In	sharks,	
sperm	are	commonly	retained	in	specialized	tubules	in	the	oviducal	
gland	after	mating,	which	may	 impose	specific	 selective	pressures	
on	sperm	morphology.	For	example,	sperm	with	longer	flagella	may	
be	able	to	reach—and	fill—the	oviducal	gland	more	quickly	or	be	bet‐
ter	able	to	displace	rival	sperm	from	the	storage	tubules,	although	
these	alternatives	have	yet	to	be	investigated	in	sharks.	Finally,	lon‐
ger	sperm	may	be	selected	for	if	cryptic	female	choice	favours	the	
use	and	storage	of	sperm	with	longer	flagella	(Baer,	Schmid‐Hempel,	
Høeg,	&	Boomsma,	2003;	Miller	&	Pitnick,	2002).	Regardless	of	the	
mechanistic	 explanation,	 our	 results	 suggest	 that	 post‐copulatory	
sexual	selection	selects	for	longer	flagella	in	sharks.

Variation	 in	 sperm	 component	 length	 also	 showed	 divergent	
responses	 to	sperm	competition	risk	 in	sharks.	Within‐male	vari‐
ance	in	sperm	flagellum	length—but	not	sperm	head	and	midpiece	
length—is	reduced	in	species	that	experience	higher	levels	of	sperm	
competition.	Such	variance	 reduction	 in	 response	 to	 increases	 in	
sperm	competition	 suggests	 that	 polyandrous	mating	 selects	 for	
increased	 ‘quality	 control’	 in	 male	 sperm	 production	 (Birkhead	
et	al.,	2005;	Hunter	&	Birkhead,	2002)	and	supports	 the	pattern	
of	decreasing	variation	 in	 sperm	morphology	 in	 response	 to	sex‐
ual	selection	previously	documented	 in	social	 insects	 (Fitzpatrick	
&	Baer,	2011),	passerine	birds	 (Calhim	et	al.,	2007;	 Immler	et	al.,	
2008;	 Kleven	 et	 al.,	 2008)	 and	 rodents	 (Varea‐Sánchez	 et	 al.,	
2014).	 Thus,	 post‐copulatory	 sexual	 selection	 appears	 to	 exert	
directional	 (resulting	 in	 longer	 flagellum	 lengths)	 and	 either	 di‐
rectional	or	 stabilizing	 selection	 (resulting	 in	 reduced	variance	 in	
flagellum	length)	on	the	sperm	flagellum	in	sharks.	Cryptic	female	
choice	at	the	site	of	sperm	storage	may	exert	stabilizing	selection	
for	optimal	sperm	length,	as	was	recently	demonstrated	in	a	pas‐
serine	bird	(Hemmings,	Bennison,	&	Birkhead,	2016).	Such	sperm	
selection	 may	 also	 be	 possible	 in	 sharks,	 particularly	 given	 the	
long‐term	sperm	storage	observed	 in	some	species	 (Bernal	et	al.,	
2015;	Hamlett,	 2005).	 If	 female	 sperm	 storage	 organs	 preferen‐
tially	 retain	 specific	 sperm	 morphologies,	 competition	 among	
sperm	for	access	to	the	oviducal	gland	will	 likely	drive	the	evolu‐
tion	of	 less‐variable	 sperm	 (sensu	Fitzpatrick	&	Baer,	 2011).	 It	 is	
well	known	that	female	storage	organs	impose	selective	pressures	
on	 sperm	morphology	 (Briskie,	Montgomerie,	 &	 Birkhead,	 1997;	
García‐González	 &	 Simmons,	 2007;	 Pattarini,	 Starmer,	 Bjork,	 &	
Pitnick,	 2006;	 Pitnick,	Markow,	&	 Spicer,	 1999),	 and	 variation	 in	
total	 sperm	 length	 is	negatively	 related	 to	 the	duration	of	sperm	
storage	in	passerine	birds	(Kleven	et	al.,	2009).	With	the	exception	
of	rodents	(Varea‐Sánchez	et	al.,	2014),	a	commonality	among	the	
most	taxa	where	sperm	variance	is	negatively	related	with	sperm	
competition	 risk	 (i.e.	 passerine	birds,	Calhim	et	 al.,	 2007;	 Immler	
et	al.,	2008;	Kleven	et	al.,	2008;	social	insects,	Fitzpatrick	&	Baer,	
2011;	and	sharks,	this	study)	is	that	females	retain	sperm	for	pro‐
longed	 periods	 (i.e.	 several	 days,	 weeks	 or	 years)	 in	 specialized	
storage	 organs	 after	 copulation.	 Thus,	 our	 findings	 suggest	 that	
sperm–female	interactions,	specifically	mediated	by	sperm	storage	
organs,	may	represent	a	convergent	mechanism	underpinning	re‐
ductions	 in	sperm	variation	across	phylogenetically	distinct	 taxa.	
Future	 studies	 comparing	 the	 relationships	 between	 the	 level	 of	
sperm	 competition	 and	 sperm	variance	 across	 species	 both	with	
and	without	female	sperm	storage	organs	would	represent	an	im‐
portant	test	of	this	hypothesis.

In	conclusion,	our	findings	suggest	that	sperm	competition	aris‐
ing	from	female	polyandry	influences	the	evolution	of	sperm	flagel‐
lum	length	and	variance	in	sharks.	Sharks	represent	a	useful	model	
for	studying	the	evolution	of	reproductive	traits	due	to	their	wide	
range	 of	 reproductive	 systems	 and	 behaviours	 and	 unique	 posi‐
tion	as	one	of	the	first	vertebrates	to	develop	internal	fertilization.	
Further	 work	 examining	 evolutionary	 relationships	 between	 the	
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female	sperm	storage	organ	and	patterns	of	sperm	morphology	 in	
sharks	would	be	a	logical	first	step	towards	disentangling	the	roles	of	
sperm	competition	and	cryptic	female	choice	in	shaping	selection	on	
sperm	in	this	group.	This	would	aid	in	moving	towards	a	more	com‐
prehensive	understanding	of	how	post‐copulatory	sexual	selection	
operates	in	sharks.
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