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Abstract
Ecological	character	displacement	between	the	sexes,	and	sexual	selection,	integrate	
into	a	convergent	set	of	factors	that	produce	sexual	variation.	Ecologically	modulated,	
sexually	mediated	variation	within	and	between	sexes	may	be	a	major	contributor	to	
the	amount	of	total	variation	that	selection	can	act	on	in	species.	Threespine	stick-
leback (Gasterosteus aculeatus)	display	rapid	adaptive	responses	and	sexual	variation	
in	many	phenotypic	traits.	We	examined	phenotypic	variation	 in	the	skull,	pectoral	
and	pelvic	girdles	of	threespine	stickleback	from	two	freshwater	and	two	coastal	ma-
rine	sites	on	the	Sunshine	Coast	of	British	Columbia,	Canada,	using	an	approach	that	
avoids	a	priori	assumptions	about	bimodal	patterns	of	variation.	We	quantified	shape	
and	size	of	the	cranial,	pectoral	and	pelvic	regions	of	sticklebacks	in	marine	and	fresh-
water	habitats	using	3D	geometric	morphometrics	and	an	index	of	sexually	mediated	
variation.	We	show	that	the	expression	of	phenotypic	variation	is	structured	in	part	
by	the	effects	of	both	habitat	marine	vs	freshwater	and	the	effects	of	individual	sites	
within	each	habitat.	Relative	size	exerts	variable	influence,	and	patterns	of	phenotypic	
variation	associated	with	sex	vary	among	body	regions.	This	fine-	grained	quantifica-
tion	of	sexually	mediated	variation	in	the	context	of	habitat	difference	and	different	
anatomical	structures	indicates	a	complex	relationship	between	genetically	inferred	
sex	and	environmental	factors,	demonstrating	that	the	interplay	between	shared	ge-
netic	background	and	sexually	mediated,	ecologically	based	selective	pressures	struc-
tures	the	phenotypic	expression	of	complex	traits.
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1  |  INTRODUC TION

Variation	 between	 genetic	 sexes	 occurs	 in	many	 traits	 (e.g.,	 body	
size,	coloration	and	shape)	and	has	long	intrigued	biologists.	Studies	
of	sexual	differences	in	phenotype	often	focus	on	distinctly	dimor-
phic traits within species (Berns, 2013),	or	traits	such	as	male–	male	
competition	 and	 female	 mating	 preferences	 (Darwin,	 1859).	 As	
Lande (1980)	 noted,	 however,	 the	 integrated	 genetic	 influence	on	
the	phenotypic	traits	of	both	males	and	females	produces	correlated	
responses	even	in	the	face	of	strong	selection	on	only	one	sex,	or	
even	divergent	selection	on	both	sexes	(Fairbairn	&	Preziosi,	1994). 
Previous	 research	shows	 that	different	male	and	 female	ecologies	
correlate with divergence between the sexes (Ronco et al., 2019; 
Temeles et al., 2010),	 and	 some	 studies	 point	 to	 this	 divergence	
as	 driven	 by	 both	 sexual	 selection	 and	 ecological	 differentiation	
(Butler	&	Losos,	2002;	 Slatkin,	1984). This phenomenon has been 
used	to	argue	that	ecological	character	displacement	between	the	
sexes	and	sexual	selection	formulate	an	integrated	and	convergent	
set	of	factors	that	produce	sexual	variation	(De	Lisle,	2019; De Lisle 
&	Rowe,	2015).	 Indeed,	ecologically	modulated,	 sexually	mediated	
variation	both	within	and	between	sexes	may	be	a	major	contributor	
to	the	amount	of	total	variation	that	selection	can	act	on	in	species	
(Aguirre	et	al.,	2008;	Bolnick	&	Doebeli,	2003;	Butler	et	al.,	2007). 
Sexual	variation	within	and	between	sexes	and	adaptive	speciation	
may	go	hand	in	hand,	particularly	with	sexually	mediated	differen-
tial	 evolutionary	 pressures	 and	 occupation	 of	 different	 adaptive	
landscapes.	For	example,	sex	differences	in	red-	spotted	newts	have	
been	linked	with	resource	partitioning	between	the	sexes	(De	Lisle	
&	Rowe,	2015),	and	multiple	selective	pressures	can	simultaneously	
produce	disruptive	 selection	 acting	on	 complex	 traits,	 resulting	 in	
sexual	variation	driving	population	divergence	(Cooper	et	al.,	2011). 
Conversely,	it	has	been	argued	that	since	sexual	selection	and	eco-
logical	 differentiation	 occur	 in	 an	 often	 integrated	 tandem,	 the	
shared	genes	controlling	the	phenotypic	expression	of	the	traits	in	
question	potentially	mediate	the	drive	to	differentiate	the	sexes	and	
serve	as	a	limiting	factor	to	both	sexual	variation	and	the	overall	vari-
ation	of	the	species	(Punzalan	&	Hosken,	2010).

Threespine	 stickleback	 fish	 (Gasterosteus aculeatus) are a pow-
erful	 tool	 for	exploring	 sexual	variation.	The	 species	exhibits	 con-
siderable	number	of	sexually	variable	traits	coupled	with	existence	
in	 a	 diverse	 range	 of	 aquatic	 habitats.	 These	 small	 (body	 length	
5–	11 cm)	fish	native	to	the	coastal	waters	of	the	northern	latitudes	
colonized	saltwater,	brackish	and	freshwater	habitats	in	conjunction	
with	Pleistocene	glaciation	events.	Anadromous	marine	stickleback	
populations	diverged	to	produce	numerous	isolated	and	phenotyp-
ically	unique	populations	(Bell	&	Foster,	1994).	This	phenotypic	di-
versity	includes	differences	in	armor,	trophic	morphology	and	body	
shape,	 among	 others	 (Hendry	 et	 al.,	 2013).	 Different	 stickleback	

morphotypes	 also	 display	 different	 levels	 of	 variation	 at	 the	 pop-
ulation	 level,	 with	 solitary	 lake	 forms	 displaying	 greater	 variation	
than	marine	or	 sympatric	 lake	 forms	 (Svanbäck	&	Schluter,	2012). 
However,	 coastal	 marine	 forms	 also	 exhibit	 genetic	 and	 morpho-
logical	diversity	(Leinonen	et	al.,	2006).	The	capacity	of	G. aculeatus 
to	 rapidly	 diversify	 and	 adapt	 makes	 this	 species	 a	 model	 organ-
ism	 for	 studying	 evolutionary	 mechanisms	 and	 speciation	 (Bell	 &	
Foster, 1994;	McKinnon	&	Rundle,	2002). In addition to their over-
all	phenotypic	diversity,	sticklebacks	exhibit	considerable	variation	
in	 the	 expression	 of	 sexually	 variable	 traits,	 including	 body	 shape	
and	size,	external	plate	number,	head	and	fin	bone	length,	and	jaw	
shape	and	function	(Reimchen	et	al.,	2016).	Sexual	variation	patterns	
also	 vary	 between	 wild	 and	 lab-	reared	 sticklebacks,	 and	 among	
and	within	ecosystems	across	a	number	of	morphological	 features	
(Albert	et	al.,	2008;	Bell	&	Foster,	1994; Kitano et al., 2012; Leinonen 
et al., 2011;	Spoljaric	&	Reimchen,	2008).	Sexual	variation	and	dif-
ferentiation	in	whole-	body	morphology	of	threespine	sticklebacks	is	
well	documented	(Albert	et	al.,	2008; Kitano et al., 2007; Leinonen 
et al., 2011;	Spoljaric	&	Reimchen,	2008).	Although	such	studies	pro-
vide	considerable	understanding	of	patterns	of	overall	variation	and	
difference	 in	 the	entire	stickleback	body,	understanding	how	 indi-
vidual	(although	highly	developmentally	and	functionally	integrated)	
morphological	units	vary	and	differ	provides	additional	context	for	
previously	observed	patterns.

In	the	present	study,	we	focus	on	skeletal	variation	in	the	skull	
and	girdles.	Previous	work	demonstrates	that	overall	skull	shape	and	
the	shapes	of	individual	skull	elements	vary	widely	both	within	and	
between	habitats	(e.g.,	(Barry,	2019;	Jamniczky	et	al.,	2015; Kimmel 
et al., 2012;	Willacker	et	al.,	2010).	Sexually	mediated	shape	varia-
tion	in	the	skull	is	less	well	understood	but	is	present	in	the	whole	
skull	(Pistore	et	al.,	2016),	with	a	particular	focus	on	the	trophic	ap-
paratus	 (Caldecutt	 &	 Adams,	 1998;	McGee	 &	Wainwright,	 2013). 
The	 threespine	 stickleback	 pectoral	 girdle	 contributes	 to	 locomo-
tion	 (Webster	et	al.,	2011)	 and	 functions	 in	parental	care	 (Künzler	
&	Bakker,	2000).	 Prior	work	posits	 that	 variation	 in	 this	 structure	
correlates	 with	 habitat	 (Bell	 &	 Foster,	 1994;	 Dalziel	 et	 al.,	 2012). 
Other	studies	document	sexual	variation	in	the	size	and	position	of	
the	 fin	 (Aguirre	et	al.,	2008; Kitano et al., 2007).	Additionally,	 the	
pectoral	 girdle's	 morphological	 plasticity	 appears	 to	 be	 seasonal	
and	 responsive	 to	 rearing	environments	 (Hoffmann	&	Borg,	2006; 
Sharpe	et	al.,	2008).	The	pelvic	girdle,	considered	particularly	well	
developed	in	sticklebacks	(Bell	&	Foster,	1994), also exhibits consid-
erable	variability.	Variation	in	its	size	and	presence	was	hypothesized	
to	 be	 potentially	 associated	 with	 calcium	 availability	 (reduction/
loss	only	occurs	in	freshwater	environments	(Klepaker	et	al.,	2013) 
and	predator	presence/absence	such	 that	pelvic	girdle	dimensions	
become	 reduced	 in	 low	 calcium	 concentration	 environments	 and	
in	the	absence	of	predatory	fishes	(Bell	et	al.,	1993). However, the 
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involvement	of	the	Pitx1	gene	 is	also	well	documented	 in	most	 in-
stances	of	pelvic	girdle	and	fin	reduction	or	loss	in	this	species	and	
the	correlation	between	their	absence	and	reduction	with	predators	
and	calcium	availability	 is	not	universal	 in	the	populations	that	ex-
hibit this trait (Klepaker et al., 2013).	Additionally,	 there	 is	marked	
variation	in	pelvic	fin	morphology	between	marine	and	freshwater	
populations,	where	marine	forms	exhibit	longer	pelvic	spines	relative	
to	freshwater	forms	(Bell	et	al.,	1993).	Pervasive	sexual	variability	of	
the	pelvic	girdle	also	occurs,	with	 females	 tending	 to	have	 signifi-
cantly	longer	pelvic	bases	than	males	and,	in	some	populations,	lon-
ger	pelvic	spines	(Aguirre	et	al.,	2008).

Many	previous	 studies,	 although	documenting	 important	 com-
ponents	of	phenotypic	variation,	did	not	explicitly	approach	these	
phenotypes	 as	 consisting	 of	 complex	 traits	 that	 vary	 in	 all	 three	
spatial	dimensions.	Although	2D	morphometric	 analyses	based	on	
photographs	sample	most	of	the	form	of	fishes	and	are	much	more	
accessible	and	cost-	effective	for	sampling	large	numbers	of	individ-
uals,	 the	 fine-	grained	depictions	of	 shape	 available	 from	3D	anal-
yses	contribute	essential	 information	on	patterns	of	variation	 that	
vary	in	three	dimensions,	such	as	those	present	in	skulls	and	girdles.	
Further,	much	of	the	previous	work	aimed	at	elucidating	differences	
among	replicate	habitats	 focused	on	the	freshwater	context,	 leav-
ing	variation	among	stickleback	occupying	marine	habitats	relatively	
poorly	understood.

In	 this	 study,	 we	 examine	 overall	 morphological	 variation	 and	
sexually	mediated	variation	in	the	skull,	pectoral	and	pelvic	girdles	of	
threespine	stickleback	from	two	freshwater	and	two	coastal	marine	
sites	on	the	Sunshine	Coast	of	British	Columbia,	Canada,	which	be-
long	to	one	of	five	Pacific	genetic	clusters	of	threespine	stickleback	
and	extend	from	Washington	to	Alaska	(Morris	et	al.,	2018)	using	a	
3D	approach.	We	note	that,	although	the	term	‘sexual	dimorphism’	is	
pervasive	in	the	literature	and	is	often	the	focus	of	studies	document-
ing	sexual	variation	in	phenotypes,	considerable	work	demonstrates	
the	abundance	of	overlap	between	the	phenotypes	assigned	to	ge-
netically	‘female’	and	genetically	‘male’	individuals	(see	MacLeod	and	
Kolska	Horwitz	 (2020)	 for	 a	 recent	 example).	 In	 this	 contribution,	
we	explicitly	avoid	making	any	a	priori	assumptions	about	the	pres-
ence	of	bimodal	variation	in	phenotype.	We	ground	our	study	in	the	
premise	 that	 the	 expression	 of	 sexually	mediated	 variation	within	
and	between	sexes	manifests	in	a	range	of	ways,	to	assist	in	reduc-
ing	bias	and	permitting	exploration	of	how	the	total	complement	of	
phenotypic	variation	 in	a	population	under	selection	will	structure	
adaptive	change	in	that	population	and	produce	unique	patterns.	We	
predict	 that	 ecology	 and	 organism–	environment	 interactions	 alter	
the	expression	of	sexually	mediated	variation	in	complex	traits	such	
that	different	patterns	of	variation	may	be	found	 in	different	hab-
itats	as	well	as	among	sites	within	replicate	habitat	types.	Further,	
we	 predict	 that	 sexually	 mediated	 variation	 in	 multiple	 complex	
traits	 is	present	as	a	continuum	along	which	genetically	 ‘male’	and	
‘female’	 individuals	show	both	considerable	within-	group	variation	
and	extensive	overlap	in	the	expression	of	these	traits,	rather	than	a	
bimodal	distribution	with	well-	circumscribed	phenotypes	assignable	
to genetic sex.

2  |  METHODS

2.1  |  Specimen collection

Specimens	were	collected	in	the	spring	of	2015	and	2016	from	the	
Sunshine	Coast	region	of	British	Columbia,	Canada,	within	the	tradi-
tional	territories	of	the	Squamish,	Sechelt,	and	Tla'amin	and	Klahoose	
nations.	Two	marine	habitats	along	the	Agamemnon	Channel	were	
sampled:	Bargain	Bay	Lagoon	(49°36′48.6″N,	124°1′46.9″W,	n =	49)	
and	 Hospital	 Bay	 Lagoon	 (49°37′53.4″N,	 124°1′48.0″W,	 n =	 45).	
The	 approximate	 salinity	 in	 this	 region	 ranges	 from	 20	 to	 32 ppt	
(Barry,	2019),	 and	 both	 habitats	 are	 tidally	 influenced.	 Two	 fresh-
water	 habitats	 in	 nearby	Madeira	 Park	 were	 also	 sampled:	 Hotel	
Lake	(49°38′18.8952″N,	124°2′48.9732″W,	n =	47)	and	Klein	Lake	
(49°43′50.1024″N,	 123°58′27.732″	W,	 n =	 44).	 Located	 approxi-
mately	 1000 m	 from	Hospital	 Bay	 Lagoon,	 Hotel	 Lake	 represents	
a shallow (~6	m)	 lacustrine	environment	 in	 a	populated	 setting.	 In	
contrast,	Klein	Lake,	located	approximately	12 km	from	Hospital	Bay	
Lagoon,	is	approximately	36 m	deep	and	considerably	more	remote.

Adult	 fish	 (determined	 by	 standard	 length	 ≥35 mm	 (Baker	
et al., 2015)	were	collected	using	minnow	traps.	Specimens	were	eu-
thanized	in	the	field	using	an	overdose	of	Eugenol	 (Sigma-	Aldrich).	
Fin	clips	were	collected	and	stored	in	70%	ethanol	for	genetic	sex	
determination,	and	specimens	were	 fixed	flat	 in	10%	neutral	buff-
ered	 formalin	 for	 24 h	 and	 then	 moved	 to	 70%	 ethanol	 for	 long	
term	 storage.	 Sampling	 was	 conducted	 in	 accordance	 with	 the	
standards	of	the	Canadian	Council	of	Animal	Care,	and	all	activities	
were	approved	by	the	Life	and	Environmental	Sciences	Animal	Care	
Committee	 at	 the	 University	 of	 Calgary	 (AUPs	 BI09R-	41,	 AC13-	
0040,	AC12-	0057,	AC16-	0059).

2.2  |  Genetic sex determination

Specimens	were	sexed	by	genotyping	the	isocitrate	dehydrogenase	
locus	 following	 Peichel	 et	 al.	 (2004).	 Fin	 clip	 DNA	was	 extracted	
using	a	DNEasy	Blood	and	Tissue	Kit	(Qiagen)	and	stored	at	−20°C	
before	use,	and	PCR	products	were	visualized	on	a	2%	agarose	gel.	
Sex	was	assigned	based	on	banding	patterns	as	described	by	Peichel	
et al. (2004).

2.3  |  Computed tomography, modeling and 
landmarking

Specimens	 were	 subjected	 to	 micro-	computed	 tomography	 using	
either	a	Scanco	uCT35	(Scanco	Medical	AG)	or	a	Skyscan	1173	High	
Energy	MicroCT	 (Bruker)	 instrument.	Fish	were	 scanned	 from	 the	
snout	to	the	distal	tips	of	the	pelvic	spines	at	a	resolution	of	20 μm 
using	standardized	parameters	(70 KvP,	114 μA).	Fish	were	wrapped	
in	plastic	in	a	standardized	position	with	spines	and	fins	flat	against	
the	body	wall	and	mouths	closed,	and	packed	in	foam	to	prevent	any	
movement	during	scanning.	Raw	data	were	reconstructed	into	image	
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stacks	 and	output	 from	each	 system	 in	either	 .aim	 (Scanco)	or	 .tif	
(Skyscan)	formats	and	then	imported	into	Amira	v.	5.4	(ThermoFisher	
Scientific	 EM	 Solutions),	 where	 the	 Isosurface	 tool	 was	 used	 to	
produce	a	three-	dimensional	mesh	representation	of	 the	skeleton.	
Landmarks	with	 XYZ	 coordinates	were	 collected	 from	 178	 speci-
mens:	 70	 from	 the	 skulls	 (Figure 1a),	 14	 from	 the	pectoral	 girdles	
(Figure 1b),	 and	 18	 from	 the	 pelvic	 girdles	 (Figure 1c). Landmarks 
were	collected	in	Amira	and	exported	for	further	analyses	in	R.

2.4  |  Phenotypic analysis

All	 analyses	 described	 below	 were	 conducted	 using	 R	 v.	 4.1.3	
(RStudio	 Team,	 2020, 2020),	 running	 in	 RStudio	 v.	 2022.02.1	
(RStudio	Team,	2020).	Analyses	and	plots	were	produced	using	base	

R	as	well	as	the	following	packages:	geomorph	v.	4.0.3	and	RRPP	v.	
1.2.3	(Collyer	&	Adams,	2018),	ggplot2	v.	3.3.5	(Wickham,	2016),	plyr	
v.	1.8.6	(Wickham,	2011),	and	vegan	v.	2.5-	7	(Oksanen	et	al.,	2019). 
The	annotated	code	is	available	as	a	file	uploaded	to	Dryad.

2.5  |  Composition of the final dataset

Each	landmark	set	(pectoral,	pelvic,	skull)	was	independently	aligned	
using	 Generalized	 Procrustes	 Transformation	 (GPA;	 Dryden	 &	
Mardia, 1998)	 to	 remove	 the	 effects	 of	 scale,	 rotation	 and	 trans-
lation.	These	data	were	then	examined	for	the	presence	of	outlier	
landmarks,	as	determined	by	extreme	positional	variability.	This	pro-
cedure	 led	 to	 the	 removal	of	 two	 landmarks	 located	on	 the	pelvic	
spines (Figure 1b; open circles), leaving 16 on the pelvic girdle. The 
remaining	data	were	then	realigned	using	GPA,	and	each	dataset	was	
assessed	 for	 the	 presence	 of	 outliers	 using	 the	 plotOutliers	 func-
tion	in	geomorph.	This	function	identifies	specimens	that	fall	above	
the	upper	quartile	in	their	Procrustes	distance	from	the	mean	shape.	
No	outlier	 specimens	were	 found	 in	any	of	 the	datasets	based	on	
this	method,	and	we	therefore	chose	a	conservative	approach	and	
removed	none.	The	composition	of	the	final	dataset	is	presented	in	
Table 1.	These	aligned	datasets	were	used	for	further	analyses.

2.6  |  Principal components of variance

Each	 landmark	 set	 was	 subjected	 to	 principal	 components	 analy-
sis	(PCA)	in	geomorph,	to	identify	linear	combinations	of	landmark	

F I G U R E  1   3D	landmarks	collected	on	the	skull	(white	circles),	
pectoral	(gray	circles)	and	pelvic	(black	circles)	girdles	and	shown	
in two views to best showcase landmark position. (a) Lateral view; 
(b) Ventral view. Landmarks on the pelvic spines (X) were removed 
following	preliminary	analysis.	OP:	Opercle.	Landmarks	adapted	in	
part	from	Albert	et	al.	(2008),	Barry	(2019), Bell and Foster (1994) 
and Morris et al. (2018).	Skull	landmarks:	1,	anterior	tip	of	dentary,	
2,	anterior	tip	of	premaxilla,	3,	anterior	tip	of	maxilla,	4,	anterior	
corner	of	nasal	ventrolateral	process,	5,	dorsal	corner	of	nasal-	
lateral	ethmoid	suture,	6,	dorsal	maximum	of	lacrimal,	7,	lacrimal-	
prefontal	suture	on	orbital,	8,	anterior	tip	of	articular,	9,	ventral	
maximum	of	lacrimal,	10,	dorsal	tip	of	articular,	11,	ventral-	most	
tip	of	articular,	12,	lacrimal-	second	orbital	suture,	13,	anterior	tip	
of	preopercle,	14,	dorsal-	most	extent	of	supraorbital,	15,	ventral-	
most	tip	of	sphenotic,	16,	dorsal-	most	tip	of	third	suborbital,	17,	
posterior	minimum	of	third	suborbital,	18,	ventral-	most	tip	of	third	
suborbital,	19,	anterior	minimum	of	preopercle,	20,	anterior	dorsal-	
most	tip	of	preopercle,	21,	posterior	maximum	of	preopercle,	first	
ridge,	22,	posterior	dorsal-	most	tip	of	preopercle,	23,	dorsal-	most	
tip	of	interopercle,	24,	ventral	maximum	of	preopercle,	second	
ridge,	25,	ventral-	most	tip	of	interoperculum,	26,	dorsal-	most	tip	of	
subopercle,	27,	ventral	maximum	of	subopercle,	28,	posterior	tip	of	
subopercle,	29,	dorsal-	most	tip	of	opercle,	30,	anterior	maximum	
of	opercle,	31,	anterior	minimum	of	opercle,	32,	ventral-	most	tip	of	
opercle,	33,	posterodorsal	tip	of	opercle,	34,	opercular	hinge	angle,	
35,	posterior	tip	of	pterotic.	Pectoral	and	pelvic	girdle	landmarks:	1,	
anterior	junction	between	ectocoracoid	and	coracoid	at	the	caudal-	
most	projection	of	the	coracoid	foramen,	2,	cranial-		and	dorsal-	
most	maximum	of	curvature	of	cleithrum	on	the	inferior	edge,	3,	
caudal-	most	extension	of	the	cleithrum,	4,	dorsal	caudal-	most	
extension	of	ectocoracoid,	5,	posterior	extension	of	ectocoracoid,	
6,	anterior	tip	of	ectocoracoid,	7,	posterior-	most	point	of	the	
anterior	contact	between	left	and	right	ectocoracoid	8,	anterior	
caudal-	most	curvature	on	anterior	process	of	pelvic	plate	at	
junction	with	ventral	base	of	ascending	branch	of	the	pelvic	plate,	
9,	dorsal	most	tip	of	ascending	branch	of	pelvic	plate,	10,	dorsal	
most intersection between pelvic spine and ascending branch 
of	the	pelvic	plate,	11,	ventral	most	intersection	between	pelvic	
spine	and	ascending	branch	of	the	pelvic	plate,	12,	medial	edge	of	
cranial	most	point	of	the	anterior	process	of	the	pelvic	plate,	13,	
intersection	between	ventral	point	of	pelvic	spine	and	anterior	
process	of	the	pelvic	plate,	14,	medial	most	point	of	junction	
between	the	anterior	process	and	posterior	processes	of	the	pelvic	
plate	at	trochlear	joint,	15,	posterior	tip	of	posterior	process	of	the	
pelvic	plate,	16,	caudal	tip	of	pelvic	spine.
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coordinates	responsible	for	the	major	axes	of	variation	among	indi-
viduals	present	in	the	complete	dataset.	Additional	PCAs	were	per-
formed	for	each	habitat	separately,	with	components	and	principal	
component	(PC)	scores	retained	from	these	analyses	based	on	the	
broken	 stick	 model	 (Jackson,	 1993;	 Legendre	 &	 Legendre,	 2012), 
and	implemented	using	the	bstick	function	in	the	vegan	package	and	
used	for	statistical	modeling	of	shape	and	size.	PCs	were	also	used	to	
conduct	further	statistical	analyses	(see	below)	and	to	aid	in	visuali-
zation	of	the	range	of	variation	present	at	each	site	within	a	habitat.

2.7  |  Statistical models

Linear	 models	 were	 constructed	 for	 each	 dataset	 and	 sequen-
tially	 evaluated	 for	 statistical	 significance,	 using	 high-	dimensional	
Procrustes	 Analysis	 of	 Variance	 with	 randomization	 of	 residuals	
using	permutation	(RRPP;	Collyer	et	al.,	2015) to investigate varia-
tion	in	size	and	shape	between	habitats	and	sexes,	and	the	possibility	
of	interactions	between	size	and	shape.	Shape	was	included	in	these	
models	represented	by	PC	scores	(see	above),	and	size	was	included	
as	a	covariate	and	represented	as	the	natural	log	of	the	centroid	of	
the	 landmark	configuration	 for	each	dataset.	Models	of	 increasing	
complexity	were	sequentially	compared	to	determine	best	fit	using	
multivariate	ANOVA	in	the	lm.rrpp	package,	where	the	null	hypoth-
esis	of	 common	allometry	among	habitats	and	sexes	was	 rejected	
if	a	significant	 interaction	between	size	and	habitat	was	detected.	
If	 a	 significant	 main	 effect	 of	 habitat	 was	 detected,	 each	 habitat	
was	then	assessed	separately	following	a	new	superimposition	and	
PCA	as	described	above	 to	determine	 if	 sexual	variation	was	site-	
dependent	within	habitat.	All	models	used	Type	III	sums	of	squares,	
and	the	statistical	significance	of	all	comparisons	in	this	section	was	
determined	via	the	nonparametric	procedure	in	RRPP,	using	10,000	
permutations.	3D	datasets	provide	additional	 information	on	com-
plex	shapes,	but	due	to	the	complexity	of	their	acquisition	both	with	
regard	to	cost	and	time	as	well	as	their	production	of	a	high	num-
ber	of	variables,	statistical	methods	that	can	accommodate	datasets	
where	variables	outnumber	observations	are	needed.	Permutation	
procedures	such	as	those	available	in	RRPP	are	an	effective	means	
of	managing	such	datasets	where	acquisition	of	larger	sample	sizes	
and	the	reduction	of	variables	 is	simply	not	pragmatically	possible	
(Collyer	&	Adams,	2018).	We	note	that	modeling	site	within	habitat	
as	a	nested	random	effect	may	provide	an	alternative	approach	to	
this	analysis;	however,	our	sample	size	does	not	provide	sufficient	
statistical	power	for	this	approach	and	we	have	thus	chosen	the	sim-
pler	analysis	described	above.

2.8  |  Index of sexual dimorphism

The	 index	 of	 sexual	 shape	 dimorphism	 developed	 by	 Schutz	
et al. (2009)	 was	 used	 to	 quantify	 the	 relative	 amount	 of	 dif-
ferentiation	 between	 genetically	 identified	 males	 and	 females	
from	each	habitat	in	this	dataset.	Briefly,	the	index	compares	the	
squared	Procrustes	distances	for	two	groups	 in	a	dataset	against	
the	 sum	of	 the	 variance	of	 the	 squared	Procrustes	distances	 for	
each	group	within	that	dataset.	In	this	case,	our	groups	were	males	
and	females	within	either	an	entire	habitat	(freshwater	or	marine)	
or	males	and	females	within	sites	in	each	habitat.	An	index	value	of	
zero	 indicates	no	differentiation,	and	 increasingly	positive	values	
correspond	to	increased	magnitudes	of	shape	differentiation	(see	
Schutz	et	 al.	 (2009)	 for	details).	This	 index	measures	differences	
between	groups	but	more	 importantly,	 also	 adjusts	 those	differ-
ences	by	the	collective	variances	of	each	group	such	that	increased	
variance	in	the	sample	reduces	the	measured	magnitude	of	differ-
ence	between	groups	and	as	 such,	 the	dimorphism	metric	varies	
depending	 on	 variance.	 For	 the	 purposes	 of	 this	 study,	we	 con-
sider	 this	 adjustment	 critical	 as	 it	 showcases	how	variation	both	
within	the	sexes	and	across	a	sample	can	profoundly	affect	levels	
of	differentiation.

3  |  RESULTS

3.1  |  Statistical and heuristic assessments of size 
and shape variation

Although	size	often	contributes	to	shape	variation,	and	many	stud-
ies	attempt	to	address	the	effects	of	size	on	shape	through	regres-
sion	or	other	standardization	approaches	(see	Klingenberg	(2016) 
for	a	discussion),	we	chose	not	to	make	any	such	adjustments	here,	
as	the	effects	of	size	on	shape	in	this	study	vary	by	sex	and	habitat	
within	 each	 body	 region.	 Consequently,	 size	 adjustments	 would	
require	that	specific	adjustments	be	made	for	each	subset	of	the	
dataset.	Instead,	we	chose	to	include	size	as	a	covariate	in	our	or-
dination	and	statistical	analyses.	Linear	models	of	increasing	com-
plexity	were	evaluated	for	each	dataset	to	determine	the	relative	
contribution	of	 size	 (as	measured	by	 the	natural	 log	of	 landmark	
configuration	centroid	size	for	each	element),	sex,	habitat	and	site	
within	habitat	 (analyzed	 separately)	 to	 shape	variance.	We	 show	
the	best-	fit	models	for	each	dataset	in	Tables 2–	4	and	discuss	them	
below,	 and	 provide	 graphical	 representations	 of	 these	 results	 in	
Figures 2–	7.

Fresh Marine
Hotel 
Lake

Klein 
Lake

Bargain Bay 
Lagoon

Hospital 
Bay Lagoon

Female 37 37 9 28 14 23

Male 53 52 37 16 26 26

Total 90 89

Note:	Numbers	represent	sample	sizes.

TA B L E  1 Final	dataset	for	phenotypic	
analysis
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3.2  |  Skull

The	broken	 stick	methodology	 identified	 eleven	PCs	 for	 inclusion	
in	 the	 analysis,	 including	 all	 skulls,	 and	 seven	 PCs	 for	 inclusion	 in	
each	of	 the	marine	and	freshwater	analyses	 (Table 2).	The	best	 fit	
model	 for	 all	 skulls	 revealed	main	effects	of	 size,	 sex	 and	habitat,	
and	no	interactions.	We	then	modeled	marine	and	freshwater	skulls	

separately.	Size,	sex	and	site	were	the	main	effects	in	marine	skulls,	
but	there	were	again	no	significant	interactions.	The	same	was	true	
for	freshwater	skulls,	but	here,	as	in	other	freshwater	datasets,	site	
had	a	much	larger	effect	on	shape	than	did	sex.

PC1	in	the	analysis	of	all	skulls	(Figure 2a,c) represented 32.1% 
of	the	total	variance	and	described	an	axis	of	variation	that	sepa-
rated	fresh	and	marine	forms	into	distinct	groups.	The	positive	end	

TA B L E  2 Best-	fit	ANOVA	models	for	the	skull	(Figures 2 and 3)

Element df SS MS Rsq F Z p

Skull logSize 1 0.0336 0.0336 0.0597 20.1591 5.6002 .0001

Sex 1 0.0080 0.0080 0.0142 4.7859 3.1511 .0006

Habitat 1 0.1731 0.1731 0.3073 103.7449 7.3433 .0001

Residuals 175 0.2921 0.0017 0.5184

Total 178 0.5634

Marine	skull logSize 1 0.0098 0.0098 0.0581 6.4637 3.0582 .0003

Sex 1 0.0064 0.0064 0.0380 4.2337 2.5047 .0030

Site 1 0.0041 0.0041 0.0242 2.6927 1.7522 .0319

Residuals 85 0.1294 0.0015 0.7636

Total 88 0.1695

Fresh	skull logSize 1 0.0127 0.0127 0.0744 12.2120 4.2471 .0001

Sex 1 0.0034 0.0034 0.0197 3.2283 2.1341 .0061

Site 1 0.0373 0.0373 0.2184 35.8629 5.6157 .0001

Residuals 86 0.0896 0.0010 0.5238

Total 89 0.1710

Abbreviations:	Df	=	degrees	of	freedom;	F	=	F-	statistic;	MS	=	mean	square;	p = p-	value	(derived	from	permutation	testing);	RSq	=	R-	squared;	
SS	=	sum	of	squares;	Z	=	effect	size.

TA B L E  3 Best-	fit	ANOVA	models	for	the	pectoral	girdle	(Figures 4 and 5)

Element df SS MS Rsq F Z p

Pectoral	Girdle logSize 1 0.0140 0.0140 0.0196 4.6554 2.4526 .0019

Sex 1 0.0123 0.0123 0.0172 4.0897 2.2773 .0048

Habitat 1 0.0109 0.0109 0.0153 3.6283 2.1279 .0097

Sex:Habitat 1 0.0077 0.0077 0.0108 2.5740 1.6309 .0389

Residuals 174 0.5223 0.0030 0.7325

Total 178 0.7131

Marine pectoral girdle logSize 1 0.0052 0.0052 0.0178 2.0999 1.2599 .0910

Sex 1 0.0059 0.0059 0.0202 2.3891 1.4578 .0584

Site 1 0.0186 0.0186 0.0639 7.5501 2.8691 .0003

Sex:Site 1 0.0073 0.0073 0.0253 2.9882 1.7218 .0288

Residuals 84 0.2064 0.0025 0.7111

Total 88 0.2903

Fresh pectoral girdle logSize 1 0.0065 0.0065 0.0192 1.9552 1.3498 .0824

Sex 1 0.0084 0.0084 0.0248 2.5298 1.7635 .0347

Site 1 0.0335 0.0335 0.0995 10.1348 3.9407 .0001

Residuals 86 0.2843 0.0033 0.8444

Total 89 0.3367

Abbreviations:	df	=	degrees	of	freedom;	F = F-	statistic;	MS	=	mean	square;	p = p-	value	(derived	from	permutation	testing);	RSq	= R-	squared;	
SS	=	sum	of	squares;	Z =	effect	size.
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of	 the	 axis	was	 occupied	 primarily	 by	 freshwater	 individuals	 and	
depicted	 antero-	posteriorly	 elongated,	 dorso-	ventrally	 flattened	
and	medio-	laterally	narrowed	skulls,	whereas	the	negative	end	of	
the	axis	was	occupied	primarily	by	marine	individuals	and	depicted	
antero-	posteriorly	shortened,	dorso-	ventrally	expanded	and	more	
medio-	laterally	broadened	skulls.	PC2	in	this	analysis	represented	
14.4%	of	the	total	variance	and	described	an	axis	of	variation	that	
somewhat	separated	males	and	females,	particularly	in	the	marine	
forms.	 The	 subtle	 shape	 differences	 along	 this	 axis	were	 primar-
ily	 in	 the	 medio-	lateral	 breadth,	 some	 elements	 of	 skull	 length	
and	dorso-	ventral	extent	of	the	skull	with	females	having	shorter	
broader	skulls	than	males	and	this	effect	was	most	pronounced	in	
marine	forms.

Plots	of	skull	size	trends	(Figure 2b)	showed	that	skulls	of	marine	
forms	were	 larger	 than	 freshwater	 forms,	 but	 that	 difference	was	
primarily	driven	by	relatively	smaller	freshwater	female	skulls.

PC1	 in	 the	 analysis	of	marine	 skulls	 (Figure 3a,c) represented 
26.8%	of	the	total	variance	and	showed	minimal	differentiation	be-
tween	either	the	two	sites	or	males	and	females,	although	Bargain	
Bay	Lagoon	females	were	the	most	frequently	represented	on	the	
positive	end	of	PC1.	This	axis	described	variation	in	which	the	pos-
itive	 end	 of	 the	 axis	was	 occupied	 by	 antero-	posteriorly	 shorter	
and	medio-	laterally	broader	skulls,	whereas	the	negative	end	of	the	
axis	was	occupied	by	medio-	laterally	narrower	and	slightly	antero-	
posteriorly	elongated	skulls.	PC2	in	this	analysis	represented	9.04%	

of	the	total	variance,	provided	no	differentiation	between	groups,	
and	described	an	axis	of	variation	 in	 that	 is	primarily	a	 slight	dif-
ferentiation	 in	medio-	lateral	 breadth	 and	 dorso-	ventral	 height	 of	
the	skull.

Size	difference	trends	in	marine	skulls	(Figure 3b) were seen be-
tween	sites	such	that	Hospital	Bay	Lagoon	individuals	tended	to	be	
larger	than	Bargain	Bay	Lagoon	individuals	and	males	tended	to	be	
slightly	larger	than	females.

PC1	in	the	analysis	of	freshwater	skulls	(Figure 3d,f) represented 
26.1%	of	the	total	variance,	differentiated	between	the	two	freshwa-
ter	sites	and	described	an	axis	of	variation	where	antero-	posteriorly	
longer,	 dorsoventrally	 flatter,	 and	 medio-	laterally	 narrower	 skulls	
primarily	 from	Hotel	Lake	 individuals	occupied	the	positive	end	of	
the	 axis.	 Antero-	posteriorly	 shorter,	 dorsoventrally	 more	 vaulted	
and	medio-	laterally	wider	skulls,	primarily	from	Klein	Lake	 individ-
uals,	occupied	the	negative	end	of	the	axis.	PC2	in	this	analysis	rep-
resented	9.38%	of	 the	total	variance	and	differentiated	somewhat	
between	males	and	females	but	not	uniformly	across	both	sites.	The	
positive	and	negative	ends	of	the	axis	showed	slight	differentiation	
in	the	 length	and	dorso-	ventral	expansion	and	compression	of	the	
skull,	and	potentially	 indicated	some	minor	curvature	artifacts	 in	a	
small	number	of	specimens.

Size	difference	trends	in	the	skull	(Figure 3e) were minimal over-
all	between	freshwater	sites	although	males	tended	to	be	larger	and	
with	more	constrained	size	variation	than	females.

TA B L E  4 Best-	fit	ANOVA	models	for	the	pelvic	girdle	(Figures 6 and 7)

Element df SS MS Rsq F Z p

Pelvic	girdle logSize 1 0.0435 0.0435 0.0313 8.9371 3.3979 .0001

Sex 1 0.0124 0.0124 0.0089 2.5458 1.6698 .0312

Habitat 1 0.0160 0.0160 0.0115 3.2896 2.0111 .0082

logSize:Sex 1 0.0106 0.0106 0.0076 2.1732 1.4378 .0601

logSize:Habitat 1 0.0175 0.0175 0.0125 3.5855 2.1447 .0051

Sex:Habitat 1 0.0103 0.0103 0.0074 2.1228 1.4108 .0620

logSize:Sex:Habitat 1 0.0102 0.0102 0.0073 2.0871 1.3930 .0634

Residuals 171 0.8328 0.0049 0.5985

Total 178 1.3914

Marine pelvic girdle logSize 1 0.0169 0.0169 0.0425 4.5261 2.6737 .0010

Sex 1 0.0154 0.0154 0.0389 4.1375 2.5825 .0015

Site 1 0.0115 0.0115 0.0290 3.0857 2.0813 .0084

Sex:Site 1 0.0100 0.0100 0.0252 2.6867 1.8901 .0170

Residuals 84 0.3135 0.0037 0.7889

Total 88 0.3974

Fresh pelvic girdle logSize 1 0.0181 0.0181 0.0210 3.0075 1.9187 .0118

Sex 1 0.0272 0.0272 0.0315 4.5177 2.5586 .0005

Site 1 0.0738 0.0738 0.0855 12.2394 4.0058 .0001

Residuals 86 0.5183 0.0060 0.6005

Total 89 0.8632

Abbreviations:	df	=	degrees	of	freedom;	F = F-	statistic;	MS	=	mean	square;	p = p-	value	(derived	from	permutation	testing);	RSq	= R-	squared;	
SS	=	sum	of	squares;	Z =	effect	size.
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3.3  |  Pectoral girdle

Six	PCs	were	 identified	 for	 retention	by	 the	broken	stick	method	
and	retained	and	included	in	the	analysis	including	all	pectoral	gir-
dles,	whereas	five	PCs	were	retained	and	included	for	the	marine	
analysis,	and	eight	were	retained	and	 included	for	 the	freshwater	
analysis	(Table 3).	The	best	fit	model	for	all	pectoral	girdles	revealed	
the	main	effects	of	size,	sex	and	habitat,	and	a	significant	interac-
tion	between	sex	and	habitat,	confirming	differential	sexual	dimor-
phism	in	pectoral	girdles.	We	then	modeled	marine	and	freshwater	

pectoral	 girdles	 separately.	 In	marine	 pectoral	 girdles,	 size	was	 a	
significant	main	effect	but	did	not	interact	with	other	factors,	and	
site	was	a	more	important	main	effect	than	sex	(the	latter	was	not	
significant).	A	significant	sex-	by-	site	interaction	indicated	that	the	
nature	of	the	effect	of	sex	on	shape	differed	between	sites,	but	we	
interpret	this	result	with	caution	given	that	sex	was	nearly	but	not	
actually	significant	as	a	main	effect.	In	freshwater	pectoral	girdles,	
size	was	not	a	significant	main	effect,	but	both	sex	and	site	were	
significant,	with	site	having	a	greater	effect	size	than	sex,	and	there	
was no interaction between site and sex.

F I G U R E  2 Size	and	shape	analysis	of	the	skull	for	marine	and	freshwater	habitats.	(a)	Scatterplot	of	all	specimens	on	the	first	two	
principal	components.	(b)	Violin	plot	summarizing	skull	centroid	size	variation	for	all	specimens.	(c)	Wireframe	deformations	describing	
morphological	changes	along	the	first	and	second	principal	components	with	black	dots	and	lines	representing	the	deformation	and	gray	
dots	and	lines	representing	the	mean	form.
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F I G U R E  3 Size	and	shape	analysis	of	the	skull	for	marine	and	freshwater	sites.	(a)	Scatterplot	of	all	marine	specimens	on	the	first	
two	principal	components.	(b)	Violin	plot	summarizing	skull	size	variation	for	marine	specimens.	(c)	Wireframe	deformations	describing	
morphological	changes	in	marine	specimens	along	the	first	and	second	principal	components	with	black	dots	and	lines	representing	the	
deformation	and	gray	dots	and	lines	representing	the	mean	form.	(d)	Scatterplot	of	all	freshwater	specimens	on	the	first	two	principal	
components.	(e)	Violin	plot	summarizing	skull	size	variation	for	freshwater	specimens.	(f)	Wireframe	deformations	describing	morphological	
changes	in	freshwater	specimens	along	the	first	and	second	principal	components	with	black	dots	and	lines	representing	the	deformation	
and	gray	dots	and	lines	representing	the	mean	form.
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PC1	in	the	analysis	of	all	pectoral	girdles	(Figure 4a,c) represented 
25.4%,	and	PC2	represented	22.4%	of	the	total	variance.	Individuals	
on	 the	positive	end	of	PC1	displayed	antero-	posterior	 shortening,	
dorso-	ventral	 vaulting	 and	medio-	lateral	 expansion,	whereas	 indi-
viduals	on	the	negative	end	of	this	axis	displayed	antero-	posterior	
lengthening,	 slight	 dorso-	ventral	 compression	 and	 medio-	lateral	
constriction.	Individuals	on	the	positive	end	of	PC2	displayed	slight	
antero-	posterior	 lengthening,	 dorso-	ventral	 compression	 and	
medio-	lateral	expansion,	whereas	individuals	on	the	negative	end	of	
this	axis	displayed	antero-	posterior	shortening,	slight	dorso-	ventral	

vaulting	 and	medio-	lateral	 constriction.	 Neither	 axis	 solely	 differ-
entiated	 between	 marine	 and	 freshwater	 forms,	 but	 together,	 a	
somewhat	distinct	freshwater	shape	space	emerged	on	the	positive	
end	of	PC	1	and	negative	end	of	PC2,	whereas	marine	forms	filled	
the	quadrant	that	was	more	negative	on	PC1	and	positive	on	PC2.	
Differentiation	by	sex	along	these	two	axes	was	minimal.

Size	difference	trends	in	the	pectoral	girdle	(Figure 4b) were seen 
between	marine	and	freshwater	forms	such	that	marine	forms	were	
larger	 than	 freshwater	 forms	 but	 with	 minimal	 sex	 differences	 in	
size.	In	the	freshwater	forms,	females	were	smaller	than	males.

F I G U R E  4 Size	and	shape	analysis	of	the	pectoral	girdle	for	marine	and	freshwater	habitats.	(a)	Scatterplot	of	all	specimens	on	the	first	
two	principal	components.	(b)	Violin	plot	summarizing	pectoral	girdle	size	variation	for	all	specimens.	(c)	Wireframe	deformations	describing	
morphological	changes	along	the	first	and	second	principal	components	with	black	dots	and	lines	representing	the	deformation	and	gray	
dots	and	lines	representing	the	mean	form.

-0.05 0.00 0.05

-0.05

0.00

0.05

PC 1 (25.4%)

P
C

 2
 (2

2.
4%

)

2.50

2.75

3.00

S
iz

e

(b)

(a) (c)

PC 1 min max

ventral

lateral

lateral

PC 2 min max

ventral

Freshwater F
Freshwater M
Marine F
Marine M

Male (M)Female (F)

F I G U R E  5 Size	and	shape	analysis	of	the	pectoral	girdle	for	marine	and	freshwater	sites.	(a)	Scatterplot	of	all	marine	specimens	on	the	
first	two	principal	components.	(b)	Violin	plot	summarizing	pectoral	girdle	size	variation	for	marine	specimens.	(c)	Wireframe	deformations	
describing	morphological	changes	in	marine	specimens	along	the	first	and	second	principal	components	with	black	dots	and	lines	
representing	the	deformation	and	gray	dots	and	lines	representing	the	mean	form.	(d)	Scatterplot	of	all	freshwater	specimens	on	the	first	
two	principal	components.	(e)	Violin	plot	summarizing	pectoral	girdle	size	variation	for	freshwater	specimens.	(f)	Wireframe	deformations	
describing	morphological	changes	in	freshwater	specimens	along	the	first	and	second	principal	components	with	black	dots	and	lines	
representing	the	deformation	and	gray	dots	and	lines	representing	the	mean	form.
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PC1	 in	 the	analysis	of	marine	pectoral	girdles	 (Figure 5a,c) rep-
resented	28.2%	of	 the	 total	 variance	 and	 somewhat	 differentiated	
between	the	two	marine	sites,	while	providing	little	to	no	differenti-
ation	between	the	sexes.	The	positive	end	of	PC	1	showed	anterior–	
posterior	 compression	 and	 some	 medio-	lateral	 expansion	 of	 the	
girdle,	while	the	negative	end	showed	anterior–	posterior	expansion	
and	mediolateral	compression,	particularly	on	the	cranial	end	of	the	
structure.	PC2	in	this	analysis	represented	24.1%	of	the	total	variance	
and	primarily	involved	medio-	lateral	compression	and	expansion.

Plots	of	size	difference	trends	in	the	pectoral	girdle	(Figure 5b) 
between	marine	sites	showed	that	Hospital	Bay	Lagoon	individuals	
were	 larger	 than	 those	 in	Bargain	Bay	 Lagoon,	 but	 neither	 shows	
distinct	size	differences	between	the	sexes.

PC1	 in	 the	analysis	of	 freshwater	pectoral	 girdles	 (Figure 5d,f) 
represented	 31.5%,	 and	 PC2	 represented	 12%	 of	 the	 total	 vari-
ance.	 Differentiation	 between	 groups	 occurred	 primarily	 along	
PC2,	with	Klein	Lake	clustered	more	positively	and	displaying	slight	
anterior–	posterior	compression	and	dorso-	ventral	vaulting,	whereas	

F I G U R E  6 Size	and	shape	analysis	of	the	pelvic	girdle	for	marine	and	freshwater	habitats.	(a)	Scatterplot	of	all	specimens	on	the	first	
two	principal	components.	(b)	Violin	plot	summarizing	pelvic	girdle	size	variation	for	all	specimens.	(c)	Wireframe	deformations	describing	
morphological	changes	along	the	first	and	second	principal	components	with	black	dots	and	lines	representing	the	deformation	and	gray	
dots	and	lines	representing	the	mean	form.
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F I G U R E  7 Size	and	shape	analysis	of	the	pelvic	girdle	for	marine	and	freshwater	sites.	(a)	Scatterplot	of	all	marine	specimens	on	the	
first	two	principal	components.	(b)	Violin	plot	summarizing	pelvic	girdle	size	variation	for	marine	specimens.	(c)	Wireframe	deformations	
describing	morphological	changes	in	marine	specimens	along	the	first	and	second	principal	components	with	black	dots	and	lines	
representing	the	deformation	and	gray	dots	and	lines	representing	the	mean	form.	(d)	Scatterplot	of	all	freshwater	specimens	on	the	first	
two	principal	components.	(e)	Violin	plot	summarizing	pelvic	girdle	size	variation	for	freshwater	specimens.	(f)	Wireframe	deformations	
describing	morphological	changes	in	freshwater	specimens	along	the	first	and	second	principal	components	with	black	dots	and	lines	
representing	the	deformation	and	gray	dots	and	lines	representing	the	mean	form.
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Hotel	Lake	clustered	more	negatively	and	displayed	slight	anterior–	
posterior	lengthening	and	dorso-	ventral	shortening.

Plots	of	size	difference	trends	in	the	pectoral	girdle	(Figure 5e) 
between	freshwater	sites	showed	that	Hospital	Bay	Lagoon	individ-
uals	tended	to	be	larger	than	those	in	Bargain	Bay	Lagoon,	but	nei-
ther	site	showed	distinct	sex	size	differences.

3.4  |  Pelvic girdle

Six	PCs	were	 identified	 for	 retention	via	 the	broken-	stick	method	
and	included	in	the	analysis,	including	all	pelvic	girdles,	while	seven	
PCs	were	retained	and	included	for	the	marine	analysis	and	six	for	
the	 freshwater	 analysis	 (Table 4).	 The	best	 fit	model	 for	 all	 pelvic	
girdles	revealed	the	main	effects	of	size,	sex	and	habitat	as	well	as	
interactions	 between	 size	 and	 sex	 as	well	 as	 a	 significant	 interac-
tion	between	 size	 and	habitat,	 and	a	nearly	 significant	 interaction	
between	sex	and	habitat,	which	we	cautiously	interpret	to	indicate	
the	 likely	presence	of	differential	sexual	variation	 in	pelvic	girdles.	
We	then	modeled	marine	and	freshwater	pelvic	girdles	separately.	
Size,	sex	and	site	were	the	main	effects	in	marine	pelvic	girdles,	with	
sex	having	a	slightly	larger	effect	size	than	site,	and	there	were	no	
interactions	between	size	and	other	factors.	There	was	a	significant	
interaction	between	sex	and	site,	indicating	differential	sexual	vari-
ation	in	marine	pelvic	girdles.	In	freshwater	pelvic	girdles,	we	found	
main	effects	of	size,	sex	and	site	but	no	significant	interactions.	As	
in	the	pectoral	girdle,	site	had	a	larger	effect	than	sex	on	freshwater	
girdle shape.

PC1	 in	 the	 analysis	 of	 all	 pelvic	 girdles	 (Figure 6a,c) repre-
sented	 32.2%	 of	 the	 total	 variance	 and	 differentiated	 between	
the	marine	and	freshwater	 forms,	primarily	due	to	 the	more	dis-
tinctive	shape	space	of	marine	forms	and	showed	differentiation	
between	 freshwater	 females	 and	males.	 Along	 the	 PC	 1	 axis	 of	
variation,	 the	 positive	 end	 of	 the	 axis	 was	 mostly	 occupied	 by	
freshwater	 individuals	and	displayed	antero-	posterior	shortening	
and	medio-	lateral	expansion.	The	negative	end	of	PC1	was	occu-
pied	primarily	by	marine	individuals	and	some	overlap	with	fresh-
water	specimens,	and	displayed	antero-	posterior	lengthening	and	
medio-	lateral	compression.	PC2	in	this	analysis	represented	15%	
of	the	total	variance	and	described	an	axis	of	variation	where	the	
positive	end	of	the	axis	was	occupied	mostly	by	males	from	both	
groups,	with	 a	 large	 number	 of	 freshwater	males	 occupying	 the	
most	extreme	positive	end	of	this	axis.	This	axis	described	slight	
antero-	posterior	shortening,	dorso-	ventral	expansion	and	medio-	
lateral	 compression	 on	 the	 positive	 end	 and	 antero-	posterior	
lengthening,	dorso-	ventral	compression	and	medio-	lateral	expan-
sion on the negative end.

Plots	 of	 size	 difference	 trends	 in	 the	 pelvic	 girdle	 (Figure 6b) 
showed	 that	 specimens	 from	marine	 sites	were	 larger	 than	 those	
from	freshwater	sites.	However,	only	freshwater	sites	showed	size	
differences	 between	 the	 sexes,	 where	 males	 tended	 to	 be	 larger	
than	females	with	overlap	in	size	variation	between	the	two.

PC1	 in	 the	 analysis	 of	 marine	 pelvic	 girdles	 (Figure 7a,c) rep-
resented	21.7%	and	PC2	represented	18.2%	of	 the	 total	variance.	
Neither	axis	delineated	any	particular	morphospace,	with	individuals	
representing	both	sites	and	both	sexes	present	in	all	four	quadrants	
of	the	plot	but	clustered	primarily	negatively	on	PC1	and	positively	
on	PC	2.

Plots	 of	 size	 difference	 trends	 in	 the	 marine	 pelvic	 girdle	
(Figure 7b)	showed	that	specimens	from	Hospital	Bay	Lagoon	were	
larger	 than	 those	 from	 Bargain	 Bay	 Lagoon	 with	 some	 overlap,	
and	 minimal	 size	 differentiation	 between	 the	 sexes	 at	 either	 site	
occurred.

PC1	in	the	analysis	of	freshwater	pelvic	girdles	(Figure 7d,f) rep-
resented	 36%	of	 the	 total	 variance	 and	 separated	 the	Hotel	 Lake	
and	Klein	Lake	individuals	into	distinct	groups.	The	positive	end	of	
the	PC1	axis	displayed	slight	antero-	posterior	expansion	and	medio-	
lateral	compression	(representing	most	Hotel	Lake	individuals).	The	
negative	end	of	the	axis	displayed	antero-	posterior	compression	and	
dorso-	ventral	and	mediolateral	expansion.	PC2	in	this	analysis	rep-
resented	13%	of	the	total	variance	but	did	not	differentiate	either	
between	the	two	freshwater	sites	or	between	the	sexes	within	sites.

Plots	 of	 size	 difference	 trends	 in	 the	 pelvic	 girdle	 (Figure 7e) 
between	freshwater	sites	showed	that	specimens	from	Hotel	Lake	
were	 larger	 than	 those	 from	Klein	Lake	with	minimal	 size	overlap.	
As	with	the	marine	forms,	there	was	minimal	size	differentiation	be-
tween the sexes at either site.

3.5  |  Index of sexual dimorphism

Calculating	the	index	of	sexual	dimorphism	for	each	dataset	which	
adjusts	 group	 differences	 by	 variance	 such	 that	 greater	 variance	
results	 in	 a	 lower	 differentiation	 score	 between	 groups	 (Table 5), 
revealed	that	overall,	the	freshwater	habitat	had	greater	sexual	dif-
ferentiation	than	the	marine	habitat	in	two	of	the	three	regions	(skull	
and	pelvic	girdle),	and	the	pattern	was	the	opposite	for	the	pectoral	
girdle,	where	 the	marine	habitat	was	more	sexually	differentiated.	
This	 pattern	 seemed	driven	 by	 a	 considerable	 reduction	 in	 sexual	
differentiation	of	the	pectoral	girdle	relative	to	the	skull	and	pelvic	
girdle	 in	 the	entire	 freshwater	habitat	 and	within	both	 freshwater	
sites.

In	 the	 skull,	 the	 freshwater	 habitat	 contained	marginally	more	
sexually	differentiated	 individuals	 than	did	the	marine	habitat,	but	
this	difference	was	driven	largely	by	Klein	Lake,	which	was	1.3	times	
as	differentiated	as	Hotel	Lake.	When	the	marine	habitat	was	con-
sidered	separately,	however,	marine	skulls	were	also	variably	differ-
entiated,	with	Bargain	Bay	Lagoon	having	more	than	twice	as	much	
sexual	differentiation	as	Hospital	Bay	Lagoon.	For	the	pectoral	girdle,	
individuals	from	marine	habitats	were	more	sexually	differentiated	
than	those	from	freshwater	habitats,	and	this	difference	was	again	
driven	by	Bargain	Bay	Lagoon,	which	was	more	than	three	times	as	
differentiated	as	Hospital	Bay	Lagoon.	For	the	pelvic	girdle,	in	con-
trast,	the	freshwater	habitat	contained	more	sexually	differentiated	
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individuals,	and	this	difference	was	driven	by	Hotel	Lake,	which	was	
nearly	1.5	times	as	differentiated	as	Klein	Lake.

4  |  DISCUSSION

In	this	study,	we	sought	to	quantify	sexually	mediated	variation	 in	
the	three-	dimensional	morphology	of	skull,	pectoral	and	pelvic	gir-
dles	of	threespine	sticklebacks,	within	and	between	genetic	sexes,	
from	 replicate	 sites	 in	 both	 coastal	 marine	 and	 freshwater	 habi-
tats.	We	 found	 that	 the	expression	of	phenotypic	variation	corre-
lates	with	our	assessment	of	genetic	 sex,	but	 is	variably	 impacted	
by	 the	 effects	 of	 both	 habitat	 (marine	 vs	 freshwater)	 and	 of	 indi-
vidual	 sites	 within	 each	 habitat.	 Additionally,	 relative	 size	 exerts	
variable	 influence	and	patterns	of	phenotypic	variation	associated	
with	sex	vary	among	body	regions.	Taken	together,	these	results	in-
dicate	a	complex	relationship	between	genetically	inferred	sex	and	
environmental	factors,	supporting	our	prediction	that	the	interplay	
between	shared	genetic	background	and	sexually	mediated,	ecologi-
cally	based	 selective	pressures	variably	 structures	 the	phenotypic	
expression	of	complex	traits.	The	novelty	of	this	fine-	grained	quan-
tification	of	sexually	mediated	variation	in	the	context	of	habitat	dif-
ference	and	different	anatomical	structures	lies	in	the	comparisons	
of	how	genetic	sex	structures	phenotypic	variation	under	the	dispa-
rate	functional	contexts	of	different	morphological	structures,	sex,	
and	environment	at	both	macro-		and	micro-	levels.

4.1  |  Sexual variation and macro- level 
environmental effects

We	first	examined	each	body	region	for	the	effects	of	sex	and	inter-
actions	between	sex	and	macro-	level	environmental	effects,	repre-
sented	by	marine	or	freshwater	habitats	and	including	replicate	sites	
within	habitats.	We	found	clear	differences	in	skull	shape	attribut-
able to both habitat and sex (Table 2),	with	effect	 sizes	 indicating	
that	habitat	was	most	important	in	structuring	phenotypic	variation	
but	that	sex	also	contributed	significantly.	Marine	forms	tend	to	have	
shorter,	taller	and	broader	skulls	than	freshwater	forms,	and	there	
is	a	distinct	separation	in	morphospace	between	the	two	groups.	In	
general,	females	tend	to	have	somewhat	shorter	and	broader	skulls	
than	males,	 but	 an	 overlap	 exists	with	male	morphology,	 particu-
larly	in	the	marine	environment.	The	freshwater	fish	also	exhibited	
the	 smallest	 skull	 centroid	 size	 for	 all	 females	 potentially	 driving	
the	size	effect	 in	all	body	 regions	given	 the	small	 size	of	 freshwa-
ter	 females	 (Figures 2 and 3).	Additionally,	 this	 freshwater	 size	ef-
fect	 is	potentially	specifically	driven	by	the	relatively	smaller	Klein	
Lake	fish	overall	and	the	specifically	small	size	of	Klein	Lake	female	
skulls	and	pectoral	girdles	(pelvic	girdles	showed	more	male–	female	
size	overlap).	These	findings	support	prior	work	summarized	in	the	
Introduction.	We	further	 found	that	 in	 the	skull,	 freshwater	 forms	
had	greater	sexual	differentiation	than	saltwater	forms,	both	as	as-
sessed	 by	 our	 statistical	 analyses,	 which	 demonstrated	 that	 mor-
phology	varies	by	habitat	and	sex,	and	by	the	magnitude	of	the	index	

Habitat and sites Index
Female 
variance

Male 
variance

Procrustes 
distance

Skull

Fresh 0.1584 0.0028 0.0032 0.0309

Klein Lake 0.1641 0.0021 0.0033 0.0298

Hotel Lake 0.1266 0.0028 0.0024 0.0257

Marine 0.1304 0.0030 0.0032 0.0284

Hospital	Bay	Lagoon 0.0930 0.0026 0.0029 0.0226

Bargain	Bay	Lagoon 0.1981 0.0027 0.0035 0.0349

Pectoral girdle

Fresh 0.0639 0.0050 0.0044 0.0246

Klein Lake 0.0768 0.0044 0.0041 0.0255

Hotel Lake 0.0846 0.0058 0.0041 0.0290

Marine 0.1354 0.0058 0.0056 0.0407

Hospital	Bay	Lagoon 0.0902 0.0044 0.0037 0.0271

Bargain	Bay	Lagoon 0.2878 0.0040 0.0030 0.0450

Pelvic girdle

Fresh 0.1616 0.0135 0.0108 0.0626

Klein Lake 0.1043 0.0121 0.0126 0.0507

Hotel Lake 0.1427 0.0098 0.0053 0.0465

Marine 0.1451 0.0030 0.0032 0.0284

Hospital	Bay	Lagoon 0.1997 0.0051 0.0051 0.0453

Bargain	Bay	Lagoon 0.2060 0.0054 0.0058 0.0481

TA B L E  5 Indices	of	sexual	dimorphism	
along	with	mean	male-	female	Procrustes	
distances	and	female	and	male	variance	
for	each	dataset
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of	sexual	dimorphism.	This	increased	level	of	sexual	differentiation	
in	the	skulls	of	freshwater	sticklebacks	appears	driven	by	Klein	Lake	
and	the	fact	that	it	tends	to	have	low	total	variance	relative	to	Hotel	
Lake,	 meaning	 that	 although	 the	 mean	 male–	female	 Procrustes	
distances	in	the	two	sites	are	quite	similar,	the	high	variance	of	the	
Hotel	 Lake	 population	 reduces	 its	 index	 value.	 These	 results	 are	
congruent	with	 previous	work	hinting	 at	 the	 complex	 relationship	
between	sex	and	phenotypic	variation	 (Caldecutt	&	Adams,	1998; 
Pistore	et	al.,	2016, 2019).

In	the	pectoral	girdle,	we	again	found	clear	differences	 in	phe-
notype	attributable	to	habitat	and	sex	(Table 3),	but	here,	the	two	
habitats	were	less	clearly	differentiated	than	in	the	analysis	of	skull	
morphology,	 and	 effect	 sizes	 did	 not	 indicate	 that	 either	 factor	
was	more	 important	 in	 structuring	variation.	At	 first	glance,	 these	
findings	 appear	 to	 contradict	much	 prior	work	 showing	 definitive	
differences	 between	 the	 sexes	 (Aguirre	 et	 al.,	 2008;	Hoffmann	&	
Borg, 2006; Kitano et al., 2007;	 Sharpe	 et	 al.,	 2008).	 Conversely,	
these	results	also	appear	to	support	other	work	demonstrating	that	
sexual	dimorphism	may	be	substantially	reduced	in	freshwater	pop-
ulations	(Albert	et	al.,	2008).	Differences	 in	sampling	and	mode	of	
phenotypic	quantification	complicate	these	comparisons,	and	others	
have	noted	the	importance	of	taking	a	circumspect	approach	to	the	
interpretation	and	comparison	of	morphometric	shape	differences	
(Klingenberg, 2013).	First,	prior	observed	differences	were	in	linear	
measurements	(sampling	either	the	length	or	breadth	of	the	fin)	of	
this	 structure	 or	 in	 shape	 differences	 using	 two	 two-	dimensional	
landmarks	that	sampled	the	fin	as	part	of	a	whole-	body	landmark-
ing	protocol.	Our	study,	in	contrast,	used	seven	landmarks	per	side	
to	 sample	 the	 structure	 in	 three	 dimensions,	 and	 assess	 it	 inde-
pendently	from	the	skull	and	pelvic	girdle	landmarks.	We	did	not	in-
corporate	these	into	a	whole-	body	shape	analysis.	Consequently,	we	
may	be	observing	patterns	not	apparent	 in	classical	 size	measure-
ments	such	as	length	and	area	or	in	the	2D	morphometric	analyses	
listed	above.	Analysis	of	landmarks	focusing	solely	on	one	region	is	
also	unaffected	by	variation	 in	 landmarks	sampling	other	body	re-
gions	(when	whole	body	landmarking	is	used).	Since	these	landmarks	
sample	the	structure	separately	and	in	greater	detail	 (via	a	greater	
number	 of	 landmarks	 in	 an	 additional	 dimension),	 they	 ultimately	
show	more	subtle	sexual	differentiation	in	the	overall	structure	than	
previously	reported.

In	the	pelvic	girdle,	we	observed	a	much	more	complex	pattern	
of	variation	influenced	by	both	habitat	and	sex,	but	even	more	so	by	
size	variation.	Here,	in	contrast	to	the	skull	and	pectoral	girdle	mor-
phospaces, the pelvic girdle morphospace was partitioned into a re-
stricted	marine	region	and	a	much	more	expanded	freshwater	region	
(Figure 6),	indicating	the	presence	of	greater	variation	in	phenotype	
among	the	freshwater	specimens.	This	portion	of	the	analysis	there-
fore	provides	the	first	indication	that	the	role	of	sex,	defined	by	a	ge-
netic	diagnostic	in	this	paper,	is	indeed	influenced	by	environmental	
context	and	that	these	interacting	effects	are	not	uniform	across	the	
organism	but	rather	are	potentially	subject	to	a	diverse	and	disparate	
set	of	functional	constraints.

Prior	work	shows	that	pelvic	girdle	dimensions	and	presence/ab-
sence	of	the	structure	in	threespine	stickleback	correlate	with	lower	
calcium	concentrations	and	variation	in	predators	(Bell	et	al.,	1993; 
Bell	&	Foster,	1994)	but	appear	primarily	associated	with	deletions	of	
the Pitx1 gene (Chan et al., 2010).	However,	these	reductions,	when	
present,	 are	 always	 found	 in	 freshwater	 forms	 (Bell	 et	 al.,	 1993). 
For	all	of	the	sites	we	sampled,	we	saw	no	evidence	that	any	group	
experienced	reduction	of	the	pelvic	girdle	overall,	although	we	did	
see	a	trend	whereby	the	pelvic	girdle	of	the	freshwater	specimens	
was	smaller	than	that	of	the	saltwater	individuals	(Figure 6).	This	size	
difference	 is	minimal	 and	 likely	 driven	by	 the	overall	 small	 size	 of	
freshwater	females	across	all	elements,	indicating	an	overall	smaller	
body	size.	This	pattern	also	occurs	in	freshwater	males	(except	in	the	
skull,	where	they	are	approximately	similar	in	size	to	marine	males),	
and	as	such,	freshwater	stickleback	in	this	study	tended	to	be	smaller	
overall than marine stickleback.

Our	 3D	 sampling	 of	 the	 pelvic	 girdle	 also	 captured	 difference	
trends	in	the	pelvic	plate	whereby	marine	forms	had	shorter	pelvic	
plates	 relative	 to	 freshwater	 forms	even	 though	 they	have	overall	
smaller	pelves,	as	discussed	above.	Additionally,	our	observed	shape	
trends	contradict	prior	work	showing	that	females	generally	tend	to	
have	 longer	 pelvic	 plates	 than	males	 (Aguirre	 et	 al.,	 2008; Kitano 
et al., 2007).	However,	this	contradiction	may	be	due	to	the	consid-
erable	amount	of	age-	related	variation	seen	in	this	region	(Aguirre	
et al., 2008),	a	component	we	did	not	investigate	in	this	study.

4.2  |  Sexually mediated variation and micro- level 
environmental effects

Given	 our	 observation	 that	macro-	level	 environmental	 effects	 in-
fluenced	 how	 sex	 structured	 phenotypic	 variation,	we	 proceeded	
to	examine	how	local	variation,	represented	here	by	replicate	sites	
within	the	same	global	habitat,	potentially	contributed	to	modulating	
the	effects	of	sex	on	phenotypic	variation.	This	was	accomplished	
via	the	examination	of	different	functional	contexts	as	represented	
by	different	body	regions,	where	we	once	again	found	diverse	pat-
terns,	speaking	to	the	complexity	of	the	traits	and	interactions	under	
study.

Across	 functional	 regions	 in	 threespine	sticklebacks,	 sex	 tends	
to	 exert	 a	 greater	 influence	 on	 phenotypic	 variation	 within	 the	
marine	 environment,	 whereas	 in	 the	 freshwater	 context,	 micro-	
environment	(site)	is	generally	more	important	than	sex	in	structur-
ing	phenotypic	variation.	Our	results	support	previous	findings	(e.g.,	
Albert	et	al.,	2008; Kitano et al., 2012;	Spoljaric	&	Reimchen,	2008), 
namely	 that	 sexual	 differentiation	 patterns	 vary	 among	 different	
populations	 within	 ecologically	 similar	 marine	 and	 freshwater	 en-
vironments.	 However,	 the	 independent	 examination	 of	 functional	
traits	 allowed	 us	 to	 show	 that	 variation	 in	 sexual	 differentiation	
patterns	among	body	regions	is	mosaic.	Further,	our	results	contra-
dict	the	notion	of	morphologically	conserved	marine	forms	(Bell	&	
Foster, 1994)	and	add	further	nuance	to	our	understanding	of	 the	
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patterning	 of	 sexual	 differentiation	 among	 ecologically	 replicate	
populations,	by	contributing	knowledge	about	the	relative	contribu-
tion	of	sex	in	these	different	environments.

Earlier	work	indicated	that	ecological	forces,	not	sexual	selec-
tion,	primarily	drive	mean	differences	between	males	and	females	
(De Lisle, 2019;	 De	 Lisle	&	 Rowe,	 2015). Here, we showed that 
the	nature	of	the	relative	contribution	of	ecological	and	sexually	
mediated	 variation	 fluctuates	 and	 is	 sensitive	 to	 context.	 The	
well-	studied	 gene	 flow	 effects	 between	 proximate	 marine	 and	
freshwater	sites	consistently	showcase	a	capacity	for	gene	flow	to	
overcome trends toward adaptation to environmental conditions 
(Ferchaud	&	Hansen,	2016;	Pedersen	et	al.,	2017).	Consequently,	
for	marine	 sites	 specifically,	 their	even	greater	 reduction	of	bar-
riers	 to	 interchange	 produces	 the	 potential	 for	 substantial	 gene	
flow	among	marine	sites	and	 likely	allows	genetic	 sex	 to	exert	a	
stronger	 effect	 on	 phenotype,	 whereas	 in	 freshwater	 environ-
ments,	 relatively	 increased	 genetic	 isolation	 allows	 environmen-
tally	mediated	 variation	 to	 become	more	 prominent.	 This	 raises	
the	 possibility	 that	 the	 relative	 contribution	 of	 genetic	 sex	 to	
phenotypic	 variation	 changes	 over	 the	 course	 of	 adaptation	 to	
freshwater	environments	in	stickleback,	such	that	genetic	sex	be-
comes	less	and	less	important	as	populations	become	increasingly	
isolated	 from	 one	 another.	 A	 positive	 feedback	 loop	 potentially	
arises	whereby	the	reduction	of	 the	 influence	of	sex	accelerates	
evolution	to	freshwater	environments	as	populations	reach	a	new	
phenotypic	optimum.

4.3  |  The role of size in structuring sexually 
mediated variation

The	 important	 role	 of	 growth	 in	 structuring	 phenotypic	 variation	
during	organismal	development	is	known	(Hallgrímsson	et	al.,	2009), 
yet	 its	 complex	 effects	 coupled	 with	 incomplete	 characterization	
lead	 to	 difficulties	 in	 generalizing	 in	 the	 face	 of	 substantial	 previ-
ous	work	on	the	relationship	between	size	and	shape	in	the	study	of	
phenotypic	variation.	Difficulties	generalizing	occur	 in	part	due	 to	
the	variable	effects	that	size	appears	to	exert	on	shape	in	different	
organismal	 contexts,	making	comparisons	extremely	difficult	 even	
within	this	phylogenetically	restricted	sampling	design	that	benefits	
from	the	capacity	 for	comparison	across	variable	habitats	without	
long	divergence	times	and	extreme	body	size	variation.	In	this	study,	
we	made	the	decision	to	retain	size	in	our	ordinations	and	statistical	
analyses,	 treating	 it	 as	a	covariate	 to	determine	 if	 it	was	affecting	
shape	either	on	its	own	or	as	an	interacting	effect	with	other	factors.

Our	statistical	analyses	(Tables 2–	4)	revealed	that	element	size	
significantly	 contributed	 to	 overall	 shape	 variation	 in	 all	 datasets	
except	 the	 marine	 and	 fresh	 pectoral	 girdles.	 Consequently,	 size	
contributes	 to	 variation	 in	 the	 pectoral	 dataset	 potentially	 due	 to	
size	 differences	 between	 fish	 in	 the	 marine	 and	 fresh	 habitats	
(Figure 5b,e).	 Additionally,	 in	 the	macro-	environment	 datasets,	 al-
though	we	did	not	recover	a	size	by	habitat	interaction,	we	found	a	

fluctuating	relationship	between	size	and	shape	depending	on	body	
region and habitat.

Within	macro-	environments,	in	marine	skulls	and	pelvic	girdles,	
size	had	 the	 largest	effect	on	 shape.	 In	 contrast,	 for	 all	 three	ele-
ments	 in	 the	 freshwater	context,	 site	had	a	much	 larger	effect	on	
shape	than	size	(or	sex).	The	lack	of	a	size	by	habitat	interaction	in	
the	macro-	environment	datasets	 indicated	that	 the	variable	effect	
of	size	on	shape	revealed	in	the	micro-	environment	datasets	is	sub-
tle	and	contains	a	confounding	influence	attributable	to	freshwater	
site and, to a lesser degree, sex.

It	is	also	interesting	to	note	that	despite	the	general	overall	body	
size	 trend	 in	sticklebacks	where	males	 tend	to	be	smaller	 than	fe-
males (e.g., Kitano et al., 2007), when we partitioned sticklebacks 
into	separate	body	regions,	we	found	the	opposite	trend.	In	all	body	
regions	 and	 all	 sites	 examined,	we	 found	differences	 in	 the	 range	
of	 size	of	 females	 relative	 to	males	where	 female	 size	varied	con-
siderably	more	 than	male	 size,	 yet	when	mean	 differences	 in	 size	
were	found	within	sites,	males	were	always	larger.	Our	findings	mir-
ror	those	of	other	studies	showing	males	having	larger	skull	metrics	
than	females	(summary	in	Kitano	et	al.,	2007), a consistent pattern 
often	associated	with	male-	attributed	breeding	and	nesting	behav-
iors (Kitano et al., 2007).	Our	 findings	 for	 the	pectoral	 and	pelvic	
girdles	however,	contradict	those	of	other	studies.	For	example,	we	
found	that	males	tend	to	have	larger	pectoral	girdles	than	females	
in	 freshwater	 environments,	 whereas	 pectoral	 girdle	 size	 hardly	
differed	between	the	sexes	in	the	marine	environment.	Keeping	in	
mind	that	geometric	size	as	computed	via	centroid	size	and	length	
are	not	equivalent,	Aguirre	et	al.	(2008)	found	that	females	had	lon-
ger	pectoral	fins,	and	as	we	previously	discussed,	this	difference	may	
be seasonal.

4.4  |  Sexually mediated variation in skeletal traits 
considered as a continuum

In	the	present	study,	we	applied	a	different	lens	to	the	assessment	of	
sexually	mediated	phenotypic	variation	in	complex	traits.	We	chose	
to	avoid	a	priori	assumptions	regarding	the	presence	of	a	strongly	
bimodal	distribution	of	phenotypes	associated	with	bimodal	genetic	
sex,	as	is	traditionally	assumed	in	such	assessments,	including	via	the	
historical	nature	of	our	language	and	statistical	analyses,	that	inher-
ently	use	binary	codes	to	classify	sex.	When	examined	graphically	
using	 this	approach,	no	body	 region	 in	any	habitat	 showed	strong	
evidence	of	partitioning	of	morphospace	into	regions	primarily	oc-
cupied	by	one	sex	or	the	other.	Rather,	we	showed	variable	degrees	
of	partitioning	of	morphospace	by	habitat	or	 site,	but	within	each	
environment	examined,	we	found	extensive	overlap	between	male	
and	 female	 individuals	 as	 determined	 by	 the	 genotyping	 protocol	
of	Peichel	et	al.	 (2004).	Although	our	methods	constrained	us	to	a	
strictly	binary	description	of	genotypic	sex,	here	we	show	that	geno-
typic	sex	is	expressed	phenotypically	as	a	continuum	that	is	context	
dependent.
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The	results	from	our	assessment	using	the	Dimorphism	Index	of	
Schutz	et	al.	(2009)	indicated	that	within	macro-	environments,	rep-
resented	by	 replicate	marine	 and	 freshwater	habitats,	 the	expres-
sion	of	sexually	mediated	variation	itself	varies	(Table 5).	Bargain	Bay	
Lagoon	 individuals	had	skulls	with	twice	the	 level	of	sexual	differ-
entiation	 as	 those	 of	Hospital	 Bay	 Lagoon	 individuals,	 and	 pecto-
ral	girdles	 that	were	 three	 times	as	differentiated.	 In	contrast,	 the	
differences	 in	the	expression	of	sexually	mediated	variation	 in	the	
freshwater	habitat	were	not	nearly	as	pronounced.	The	presence	of	
a	significant	sex	by	site	interaction	in	the	statistical	analysis	of	the	
marine pectoral girdles (Table 3)	further	reinforces	the	presence	of	
strong	differential	 sexual	 variation	 in	 this	 dataset,	 as	 indicated	by	
the	index	result.

The	 results	 of	 the	 index	 analysis	 support	 the	 results	 of	 our	
graphical	and	statistical	analyses,	and	provide	additional	context	
around	the	presence	of	sexually	mediated	variation	in	the	marine	
environment.	We	hypothesized	above	 that	 the	presence	of	 rela-
tively	greater	gene	flow	in	the	marine	environment	allows	genetic	
sex	(as	we	categorized	it	in	this	study)	to	exert	a	relatively	stronger	
effect	 on	 phenotype.	Here,	we	 further	 show	 that	 those	 effects	
vary	within	 the	marine	context,	and	that	some	marine	sites	pro-
duce	a	much	 stronger	 signal	of	 sexually	mediated	variation	 than	
others	due	to	potential	gene	flow	limiting	both	genomic	and	phe-
notypic	diversification	(Ferchaud	&	Hansen,	2016).	The	effect	of	
gene	flow,	which	is	still	present	in	freshwater	populations,	is	less	
pronounced.

4.5  |  Limitations

Despite	 long	held	assumptions	 regarding	 the	uniformity	of	marine	
population	ancestry	(e.g.,	Bell	&	Foster,	1994), recent work implies 
multiple	 ancestral	 marine	 populations,	 and	 that	 existing	 marine	
populations	exhibit	substantial	genetic	divergence.	These	new	data	
show	 that	 some	 freshwater	 forms	 share	 closer	 relationships	 with	
geographically	distant	marine	populations	than	with	the	most	proxi-
mate	marine	 forms	 (Morris	 et	 al.,	 2018).	 Patterns	 of	 relationships	
among	 and	 within	 populations	 from	 different	 sites	 are	 likely	 also	
contributing	to	observed	patterns	of	phenotypic	variation.	Further	
work	to	produce	population-	level	phylogenies	will	allow	measured	
variation	to	be	corrected	for	patterns	of	relationship.

We	also	note	 that	although	we	 reported	definitive	patterns	of	
phenotypic	variation	in	this	contribution,	these	patterns	are	subtle,	
and	substantial	variance	occurs	in	our	dataset	at	multiple	levels	in-
cluding	fluctuations	 in	 the	degree	of	 intrasexual	variance	 in	a	site,	
producing	fluctuations	 in	mean	sex-	differences	observed.	We	also	
found	that	each	site	studied	produced	a	different	picture	of	pheno-
typic	variation.	Although	this	result	itself	speaks	to	the	complexity	
of	interactions	between	genetic	sex	and	ecology	in	structuring	phe-
notypic	variation,	it	indicates	that	further	work	making	use	of	larger	
sample	sizes	and	greater	numbers	of	replicate	sites	within	each	hab-
itat	 type	 are	 needed	 to	 better	 characterize	 the	 different	 patterns	
that are present.

Although	 beyond	 the	 scope	 of	 the	 present	 contribution,	 our	
findings	also	confirm	 the	 importance	of	 future	work	 to	consider	
the	effects	of	potential	discrepancies	between	genotypic	and	go-
nadal	sex.	For	this	study,	we	assigned	genotypic	sex	following	the	
well-	accepted	protocol	of	Peichel	et	al.	(2004),	but	we	did	not	ver-
ify	gonadal	sex	via	dissection	and	examination	of	gonads.	Recent	
work (Toli et al., 2016)	 suggests	 a	 potentially	 higher	 error	 rate	
for	 single-	locus	 assignment	 of	 sex,	 and	 although	 it	 appears	 that	
the Amh	gene	on	chromosome	Y	is	the	master	sex-	determination	
gene in G. aculeatus	 (Peichel	 et	 al.,	2020),	 this	 improved	 under-
standing	of	genetic	sex	determination	in	this	species	does	not	pre-
clude	 issues	with	 discordance	 between	 genetic	 sex	 and	 gonadal	
sex	 or	 sexual	 variation	 in	 phenotype.	 For	 instance,	 gonadal	 sex	
in	threespine	sticklebacks	may	be	as	diverse	as	that	of	mammals,	
at	 times	 contradictory	 to	 genotypic	 sex,	 and	 exhibit	 sensitivi-
ties	 to	exogenous	hormones	or	 their	mimics	 (Lewis	et	al.,	2008). 
Moreover,	gonadally	intersex	individuals	occur	in	natural	popula-
tions	of	G. aculeatus	 (Gercken	&	Sordyl,	2002), and experimental 
exposure	 to	 relatively	 low	 levels	of	 synthetic	 estrogen	 (at	 levels	
lower	than	commonly	found	in	the	field)	produces	increased	num-
bers	of	gonadally	intersex	fish	(Porseryd	et	al.,	2019).	Gonadal	de-
velopment in G. aculeatus	seems	to	experience	deleterious	effects	
in	the	presence	of	increased	water	temperature	(Hani	et	al.,	2019). 
Finally,	gonadal	morphology	is	linked	to	hormone	production	and	
whole-	body	morphological	 effects	 (Petersen	et	 al.,	 2015).	Given	
all	of	these	considerations,	it	stands	to	reason	that	using	genotype	
as	 the	 gold-	standard	 of	 sex-	classification	 may	 cause	 us	 to	 miss	
critical	 sources	of	 variation	or	 to	 ignore	 individuals	 in	 the	 zones	
of	overlap.

In	 conclusion,	 previous	 work	 showed	 that	 differential	 selec-
tion	 regimes	 between	 the	 sexes	 are	 associated	 with	 different	
ecological	 scenarios	 for	 each	 sex	within	 a	 population	 (Reimchen	
et al., 2016) and that strong correlations exist between ecological 
factors	 and	 the	 magnitude	 of	 variation	 in	 sexual	 differentiation	
(Nosil	 &	 Reimchen,	 2005; Reimchen et al., 2004)	 in	 freshwater	
sticklebacks.	Our	results	provide	additional	evidence	that	the	in-
teraction	between	ecology	and	genetic	sex	structures	phenotypic	
variation	 in	 a	 complex	 and	 variable	 fashion	 across	 body	 regions	
and	 that	 this	 scenario	 extends	 beyond	 freshwater	 habitats	 to	
the	 marine	 environment.	We	 demonstrated	 that	 the	 expression	
of	 sexually	 mediated	 intra-		 and	 intersexual	 variation	 is	 variable	
between	 macro-	environments	 (freshwater	 or	 marine	 habitat)	 as	
well	as	between	micro-	environments	(sites	within	habitat	type)	in	
threespine	stickleback.	Furthermore,	we	showed	that	the	pattern	
of	 sexually	 mediated	 variation	 in	 the	 skull	 and	 girdles	 of	 stick-
lebacks	 does	 not	manifest	 uniformly,	 but	 rather	 as	 a	 continuum	
of	 variation	 reflecting	 the	 interacting	effects	of	 genetic	 sex	 and	
ecology	as	 they	act	 to	 structure	phenotypic	variation.	We	show	
that	considering	sexually	mediated	phenotypic	variation	through	
a	different	lens,	explicitly	focusing	on	the	extent	and	variable	ex-
pression	 of	 the	 range	 of	 variation	 present	 rather	 presuming	 the	
presence	of	a	biomodal	distribution	of	phenotypes,	provides	new	
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opportunities	 to	 explore	 the	 complex	 relationships	 between	 or-
ganisms	and	their	environment	as	they	adapt	to	a	rapidly	changing	
world.
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