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Abstract	
	
	 Lepidosaurs	as	a	group	are	known	for	their	tough,	scaled	integument	and	low	

rates	of	evaporative	water	loss.	Whether	or	not	there	is	a	causal	relationship	

between	the	two	has	been	a	contentious	issue.	There	also	remains	the	question	of	

whether	the	lepidosaur	scale	forms	a	barrier	to	ultraviolet	(UV)	light.	Thirdly,	there	

is	evidence	to	suggest	that	rate	of	evaporative	water	loss	influences	behavioural	

thermoregulation	in	lepidosaurs.	Lepidosaurs	with	higher	rates	of	evaporative	

water	loss	should	be	expected	to	choose	cooler	temperatures	than	lepidosaurs	with	

lower	rates	of	evaporative	water	loss	in	order	to	reduce	water	loss.	To	investigate	

these	ideas,	I	used	three	captive-occurring	phenotypes	of	the	bearded	dragon	

(Pogona	vitticeps	Ahl	1926):	Wild	Type,	animals	exhibiting	scales	of	reduced	

prominence	(“Leatherback”),	and	scaleless	animals	(“Silkback”).	I	a	priori	expected	

that	Silkbacks	would	have	the	highest	rates	of	evaporative	water	loss,	the	lowest	

thermal	preferences,	and	the	lowest	UV	light	intensity	preferences.	By	the	same	

token,	I	expected	Wild	Types	to	be	at	the	opposite	end	of	the	spectrum	from	

Silkbacks	for	each	of	these	measurements,	and	I	expected	Leatherbacks	to	be	

intermediate	between	the	two.	I	used	respirometry	to	measure	the	animals’	rates	of	

evaporative	water	loss,	a	thermal	gradient	to	measure	their	thermal	preferences,	

and	a	UV	light	intensity	gradient	to	measure	their	UV	light	intensity	preferences.	

Silkbacks	on	average	lost	water	at	about	twice	the	rate	that	Wild	Types	did,	with	

Leatherbacks	being	intermediate	in	their	water	loss	rates.	The	three	phenotypes	did	

not	visibly	differ	in	their	thermal	preference.	Silkbacks	had	lower	UV	light	intensity	

preferences	than	either	Leatherbacks	or	Wild	Types.	These	results	suggest	that	the	
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lepidosaur	scale	is	indeed	a	barrier	to	evaporative	water	loss	and	suggest	that	it	is	

also	a	barrier	to	UV	light.	However,	the	lack	of	obvious	difference	in	thermal	

preference	suggests	that	thermal	preference	in	bearded	dragons	is	not	plastic	

enough	to	respond	to	a	phenotype	that	increases	the	animal’s	rate	of	evaporative	

water	loss.	In	addition	to	answering	basic	questions	about	lepidosaur	biology,	my	

data	have	relevance	to	the	fields	of	animal	welfare	and	conservation.	
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1.1 Water	Loss	and	Lepidosaur	Scales	
	
	 Scales	are	a	ubiquitous	feature	of	wild	lepidosaurs	(Superorder	Lepidosauria:	

the	lizards,	snakes,	amphisbaenians,	and	tuatara).	To	my	knowledge	there	are	no	

wild	lepidosaur	populations	where	individuals	are	naturally,	routinely	scaleless	

(although	see	below	for	a	note	on	dermal	armour).	Scientists	have	postulated	

numerous	adaptive,	functional	roles	for	lepidosaur	scales.	These	variously	include	

mechanical	protection	from	the	environment	(Chang	et	al.,	2009),	a	thermal	radiator	

(Soulé,	1966),	a	thermal	“shield”	(Regal,	1975),	a	barrier	that	reduces	cutaneous	

evaporative	water	loss	(Spearman,	1966),	and	a	barrier	that	reduces	the	penetration	

of	ultraviolet	(UV)	light	into	the	tissues	(Chang	et	al.,	2009).	In	some	lepidosaurs,	

scales	serve	a	documented	physiological	function	in	that	they	funnel	droplets	of	

water	from	the	body	to	the	mouth	to	enable	drinking	rainwater	(Sherbrooke,	1990).		

Lepidosaur	scales	can	also	serve	anti-predatory	functions,	for	example	when	they	

are	rubbed	together	by	certain	lepidosaurs	to	produce	a	noise	to	deter	predators	

(Gans	and	Maderson,	1973;	Gans	and	Richmond,	1957;	Gholamifard	et	al.,	2015).	

	 Of	these	scale-related	functional	hypotheses,	that	the	scale	forms	a	barrier	

that	reduces	cutaneous	evaporative	water	loss	is	probably	the	most	heavily	

investigated.	Cutaneous	resistance	to	evaporative	water	loss	in	lepidosaurs	is	

generally	speaking	higher	than	in	other	amniote	taxa	(Lillywhite,	2006).	“Stripping”	

the	scales	of	lepidosaurs	with	adhesive	tape	increases	the	animals’	rate	of	cutaneous	

evaporative	water	loss,	which	recovers	as	the	integument	heals	itself	(Maderson	et	

al.,	1978).	Additionally,	some	eco-morphological	studies	have	found	inter	or	

intraspecific	correlations	between	scale	size	or	scale	number	and	environmental	
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humidity	in	wild	lepidosaurs,	wherein	lepidosaurs	inhabiting	drier	areas	have	more	

or	larger	(longer	and/or	wider)	scales	and	lepidosaurs	inhabiting	moister	areas	

have	fewer	or	smaller	(shorter	and/or	narrower)	scales	(Calsbeek	et	al.,	2006;	

Hellmich,	1951;	Malhotra	and	Thorpe,	1994;	Malhotra	and	Thorpe,	1997;	Sanders	et	

al.,	2004;	Soulé	and	Kerfoot,	1972;	Wegener	et	al.,	2014).	A	similar	correlation	exists	

for	at	least	some	lepidosaurs	that	possess	a	highly	derived	integumental	condition	

wherein	the	skin	is	covered	in	dermally-derived	plates	of	armour;	the	more	arid	the	

environment,	the	thicker	the	plates	(Broeckhoven	et	al.,	2018).	Additionally,	

experimental	evolutionary	work	conducted	by	releasing	animals	onto	islands	

suggests	that	hot	and	dry	conditions	exert	selection	pressure	on	lepidosaur	scale	

number	(Calsbeek	et	al.,	2006).	These	are	all	reasonable	analyses	in	light	of	the	fact	

that	rate	of	evaporative	water	loss	is	correlated	with	environmental	moisture	level	

in	squamate	lepidosaurs:	species	and	populations	from	drier	habitats	tend	to	have	

lower	rates	of	evaporative	water	loss	than	species	and	populations	from	moister	

habitats	(Cox	and	Cox,	2015;	Dmi’el	et	al.,	1997;	Mautz,	1982;	Perry	et	al.,	1999).	

	 However,	the	pattern	of	correlation	is	not	entirely	straightforward.	Some	

research	has	found	that	environmental	aridity	is	correlated	with	metrics	of	scalation	

in	some	regions	of	the	body	but	not	in	others	(Malhotra	and	Thorpe,	1997;	Sanders	

et	al.,	2004)	or	the	relationship	was	different	in	direction	for	different	areas	of	the	

body	(Sanders	et	al.,	2004).	Certain	scalation	metrics	and	habitat	aridity	are	

significantly	correlated	across	some	habitats	but	not	across	others	(Calsbeek	et	al.,	

2006)	or	in	one	sex	but	not	the	other	(Malhotra	and	Thorpe,	1997;	Sanders	et	al.,	

2004).	Calsbeek	et	al.	(2006)	also	found	the	relationship	to	be	different	in	direction	
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between	intraspecific	comparison	and	interspecific	comparison.	Oufiero	et	al.	

(2011)	found	the	opposite	trend	entirely:	lizards	in	the	genus	Sceloporus	had	larger	

and	fewer	scales	in	moister	areas	compared	to	in	drier	areas.	Similarly,	Malhotra	

and	Thorpe	(1994)	found	lizards	in	the	genus	Anolis	had	more	scales	in	drier	

environments	compared	to	in	moister	environments,	although	it	is	unclear	what	

connection	this	had	to	scale	size.	If	one	first	excludes	both	Oufiero	et	al.	(2011)	and	

Malhotra	and	Thorpe	(1994)	and	the	aforementioned	studies	where	the	relationship	

varied	in	direction	depending	on	body	region,	the	remaining	findings	indicate	that	

the	more	arid	the	habitat,	the	larger	(and	thus	fewer)	the	scales	(Hellmich,	1951;	

Malhotra	and	Thorpe,	1997;	Soulé	and	Kerfoot,	1972;	Wegener	et	al.,	2014).	

	 There	has	been	some	speculation	as	to	the	source	of	this	variation	in	

correlation.	Malhotra	and	Thorpe	(1997)	contend	that	in	some	cases	larger	scales	

may	increase	body	surface	area	from	the	surface	area	of	the	scale	itself	and	thus	

increase	water	loss,	whereas	in	other	cases,	larger	scales	would	decrease	the	surface	

area	of	the	inter-scale	area	due	to	scaling	effects	and	thus	decrease	water	loss.	

However,	Horton	(1972)	rebuts	this	line	of	thinking	by	pointing	out	there	is	no	

reason	to	think	the	relationship	between	scales	and	water	loss	should	suddenly	

switch	when	examining	different	lizard	taxa,	and	the	hardened	scale	itself	is	unlikely	

to	be	a	source	of	water	loss.	There	appear	to	be	sources	of	variation	in	scalation	that	

are	unrelated	to	environmental	aridity	(e.g.,	Penner	et	al.,	2013;	Rand,	1954;	Scherz	

et	al.,	2017)	and	there	are	clearly	other	physiological	mechanisms	at	play	that	help	

lepidosaurs	resist	cutaneous	evaporative	water	loss	(e.g.,	Mautz,	1982;	Roberts	and	

Lillywhite,	1980).	Together	these	make	resolving	any	relationship	between	scales	
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and	evaporative	water	loss	difficult.	The	best	possible	way	to	ascertain	whether	or	

not	lepidosaur	scales	are	barriers	to	evaporative	water	loss	would	be	using	scaleless	

lepidosaurs	and	comparing	evaporative	water	loss	in	these	animals	to	evaporative	

water	loss	in	wild	type	animals.	

	 This	very	approach	was	tried	by	Licht	and	Bennett	(1972)	and	Bennett	and	

Licht	(1975):	the	rates	of	evaporative	water	loss	from	the	bodies	of	aberrant,	

partially	scaleless	snakes	captured	in	the	wild	were	compared	to	those	of	wild	type	

snakes	of	the	same	species	or	genus.	It	was	found	that	the	rate	of	evaporative	water	

loss	in	these	partially	scaleless	snakes	was	comparable	to	or	even	lower	than	that	of	

the	wild	type	snakes	(Bennett	and	Licht,	1975;	Licht	and	Bennett,	1972).	However,	

these	two	studies	are	constrained	by	their	sample	sizes:	one	partially	scaleless	and	

one	wild	type	snake	(Licht	and	Bennett,	1972)	and	two	partially	scaleless	snakes	

and	six	wild	type	snakes	(Bennett	and	Licht,	1975),	respectively.	Also,	it	is	unclear	

whether	Bennett	and	Licht	(1975)	used	conspecifics	of	the	partially	scaleless	snakes	

as	their	wild	type	control	animals	or	merely	congeners	(i.e.,	same	genus	but	

different	species).	Subsequent	authors	have	cited	Bennett	and	Licht	(1975)	and	

Licht	and	Bennett	(1972)	as	being	demonstrations	that	scales	do	not	have	an	effect	

on	evaporative	water	loss	(Landmann	et	al.,	1981;	Winne	et	al.,	2001).	Roberts	and	

Lillywhite	(1980)	compared	evaporative	water	loss	across	in-vitro	patches	of	

naturally	shed	skin	between	wild	type	and	scaleless	water	snakes	(Nerodia	sipedon	

L.	1758)	from	the	same	litter,	and	found	that	the	rates	were	comparable	and	actually	

slightly	lower	for	the	scaleless	samples.	However,	it	is	unclear	whether	or	not	all	of	

their	samples	came	from	the	same	individual	animals.	It	is	also	unclear	whether	
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using	the	portion	of	the	integument	that	is	naturally	periodically	sloughed	off	and	

not	the	whole	integument	may	have	affected	their	results.	Therefore,	the	question	as	

to	whether	or	not	scales	truly	have	an	influence	on	evaporative	water	loss	in	

lepidosaurs	has	remained	heretofore	unsatisfactorily	resolved.	

1.1 Water	Loss	and	Thermal	Preference	
	
	 Many	ectothermic	terrestrial	tetrapods	respond	to	dehydration	by	lowering	

their	thermal	preference	(Anderson	and	Andrade,	2017;	Bradshaw	et	al.,	2007;	

Crowley,	1987;	Ladyman	and	Bradshaw,	2003;	Sannolo	and	Carretero,	2019;	

Shoemaker	et	al.,	1989;	Tracy	et	al.,	1993),	including	lepidosaurs	(Bradshaw	et	al.,	

2007;	Crowley,	1987;	Ladyman	and	Bradshaw,	2003;	Sannolo	and	Carretero,	2019).	

Lower	body	temperatures	reduce	the	rate	of	evaporative	water	loss	by	affecting	the	

water	vapour	deficit	across	the	external	surfaces	of	the	body.	However,	how	much	

this	is	an	adaptive,	regulatory	response	and	how	much	this	is	merely	a	physiological	

side	effect	of	dehydration	is	still	unclear.	For	instance,	some	previous	research	

shows	dehydrated	lepidosaurs	also	move	less	often	than	hydrated	lepidosaurs	when	

placed	in	a	thermal	shuttle	box	(da	Silveira	Scarpellini	et	al.,	2015).	However,	shuttle	

box	studies	measure	upper	escape	temperatures	and	lower	escape	temperatures	

and	thus	measure	motivation	to	thermoregulate	as	well	as	thermal	preference,	and	

thus	it	is	possible	that	dehydration	evokes	a	suppression	of	the	normal	drive	to	

thermoregulate	rather	than	altering	the	preferred	temperature	itself.		

	 Although	the	evidence	is	comparatively	minimal,	evidence	suggests	that	

thermal	preference	in	hydrated	lepidosaurs	is	connected	to	their	rate	of	evaporative	

water	loss,	but	in	a	different	way.	In	two	closely	related	European	viper	species	
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(genus	Vipera)	in	an	area	where	their	ranges	overlap,	the	species	with	the	higher	

rate	of	evaporative	water	loss	prefers	cooler	microhabitats	than	the	species	with	the	

lower	rate	of	evaporative	water	loss	(Guillon	et	al.,	2014).	Conversely,	Sannolo	et	al.	

(2018)	found	that	in	two	sympatric	wall	lizards	(genus	Podarcis)	the	species	with	

the	higher	thermal	preference	had	a	higher	rate	of	evaporative	water	loss	than	its	

sympatric	congener,	a	difference	which	was	most	apparent	at	32	°C	and	37	°C.	The	

reason	for	the	difference	between	these	two	studies	is	unclear,	though	there	is	some	

speculation	by	the	authors	of	the	latter	study	that	the	Podarcis	species	with	the	

lower	rate	of	evaporative	water	loss	has	evolved	to	exploit	windier	microhabitats	

than	the	Podarcis	species	with	the	higher	rate	of	evaporative	water	loss	(Sannolo	et	

al.,	2018).	Increased	wind	speed	increases	the	evaporation	rate	of	water,	markedly	

so	when	the	wind	speed	is	sufficient	to	cause	a	transition	between	laminar	and	

turbulent	flow	(Jones,	1992).	Higher	winds	would	also	result	in	the	microhabitats	

being	cooler	due	to	convective	cooling	(Kreith	and	Bohn,	1997).	Therefore,	the	wall	

lizards	from	Sannolo	et	al.	(2018)’s	study	that	putatively	inhabit	the	windier	

microhabitats	may	have	adapted	to	cooler	microhabitats	where	they	also	have	to	

contend	with	water	being	lost	more	readily.	This	would	explain	why	the	species	

with	the	lower	thermal	preference	also	loses	water	at	a	lower	rate	as	opposed	to	the	

species	with	the	higher	thermal	preference	losing	water	at	a	lower	rate.	

	 Having	a	higher	rate	of	evaporative	water	loss	might	proximately	cause	a	

change	in	preferred	temperature.	In	other	words,	species	with	a	higher	rate	of	

evaporative	water	loss	might	choose	different	temperatures	from	species	with	a	

lower	rate	of	evaporative	water	loss	as	a	direct	result.	If	this	is	the	case	then	this	
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effect	should	also	be	apparent	during	intraspecific	comparisons:	individuals	within	

a	species	with	higher	rates	of	evaporative	water	loss	should	have	different	thermal	

preferences	from	individuals	with	lower	rates	of	evaporative	water	loss.	

Alternatively,	preferred	temperature	and	evaporative	water	loss	might	be	traits	that	

have	co-evolved	over	time	in	response	to	one	another.	In	other	words,	is	the	thermal	

preference	of	species	with	higher	rates	of	evaporative	water	loss	a	result	of	

phenotypic	plasticity	in	the	face	of	a	higher	rate	of	evaporative	water	loss,	or	have	

species	with	a	certain	thermal	preference	evolved	a	certain	rate	of	evaporative	

water	loss?	

1.2 Ultraviolet	Light	and	Lepidosaur	Scales	
	
	 There	also	remains	the	question	as	to	whether	lepidosaur	scales	are	adaptive	

as	a	barrier	to	reduce	the	penetration	of	UV	light	through	the	integument.	Diurnal	

lepidosaurs	will	routinely	be	exposed	to	wavelengths	of	light	in	the	UV	spectrum	in	

the	wild	(Edmonds	et	al.,	2018;	Ferguson	et	al.,	2010;	Ferguson	et	al.,	2013;	

Ferguson	et	al.,	2014;	Ferguson	et	al.,	2015a).	UV	light	catalyzes	a	reaction	in	the	

skin	of	lepidosaurs	which	converts	provitamin	D3	into	previtamin	D3	(Klaphake,	

2010).	Previtamin	D3	is	then	isomerized	into	cholecalciferol,	which	is	hydroxylated	

into	calcidiol,	which	is	finally	hydroxylated	into	calcitriol	(Klaphake,	2010).	

Calcitriol,	the	active	form	of	vitamin	D3,	then	promotes	physiological	processes	like	

the	uptake	of	ingested	calcium	from	the	gut	(Klaphake,	2010).	However,	UV	light	can	

also	be	harmful	to	lepidosaurs,	causing	tissue	damage	(Chang	and	Zheng,	2003).	

Therefore,	it	would	be	adaptive	for	a	lepidosaur	to	maintain	its	level	of	exposure	to	

UV	light	within	a	certain	safe	range,	where	a	mechanism	allowing	for	such	exists.	
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	 There	are	two	ranges	of	wavelengths	of	UV	light	that	animals	encounter	to	a	

biologically	relevant	degree	in	the	wild:	UVA	(315	nm-400	nm)	and	UVB	(280	nm-

315	nm)	(Cronin	and	Bok,	2016).	UVA	is	likely	the	only	UV	light	that	animals	can	

see,	with	most	vertebrates	being	able	to	see	it	(Cronin	and	Bok,	2016).	This	is	

because	vertebrate	ocular	photoreceptors	are	sensitive	to	UVA,	with	comparatively	

low	sensitivity	to	UVB	(Cronin	and	Bok,	2016).	It	is	only	in	a	minority	of	species,	

such	as	humans,	where	the	eye’s	lens	filters	out	UVA	before	it	can	hit	the	

photoreceptors	(Cronin	and	Bok,	2016).	However,	the	lack	of	ocular	sensitivity	to	

UVB	does	not	necessarily	mean	that	lepidosaurs	are	unable	to	detect	UVB	using	

some	other	mechanism,	like	vitamin	D	receptors	in	the	brain	(Ferguson	et	al.,	2003).	

Vitamin	D	receptors	in	the	brain	could	allow	a	lepidosaur	to	assess	the	effect	that	

their	photic	environment	is	having	on	their	internal	vitamin	D	status	and	thus	

indirectly	detect	UVB.	

	 In	humans,	UVB	is	better	at	catalyzing	the	aforementioned	conversion	of	

provitamin	D3	into	previtamin	D3	than	UVA	is	(Sallander	et	al.,	2013).	UVB	is	also	

more	damaging	to	biological	structures	than	UVA	is	(Rouzaud	et	al.,	2005).	

Lepidosaur	species	that	are	heliothermic	(sun-seeking,	or	basking)	are	able	to	adjust	

their	levels	of	UV	self-exposure	in	response	to	their	vitamin	D	status,	exposing	

themselves	to	UV	light	more	if	their	vitamin	D	levels	are	low	than	if	their	vitamin	D	

levels	are	high	(Ferguson	et	al.,	2003;	Ferguson	et	al.,	2013;	Ferguson	et	al.,	2015b).	

However,	it	is	unclear	to	what	degree	various	species	distinguish	between	UVA,	

UVB,	and	visible	light	and	respond	accordingly	to	maximize	photobiosynthesis	of	

vitamin	D3	(Ferguson	et	al.,	2003;	Ferguson	et	al.,	2013).	
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1.3 The	Bearded	Dragon	
	
	 The	bearded	dragon	(Pogona	vitticeps	Ahl	1926)	is	a	lizard	in	the	family	

Agamidae	native	to	the	eastern	interior	of	Australia	(Wilson	and	Swan,	2017).	It	is	

found	living	in	semi-arid	and	arid	woodlands	(Wilson	and	Swan,	2017)	as	well	as	

scrublands	(MacMillen	et	al.,	1989)	and	temperate	grasslands	(Pelgrim	et	al.,	2014).	

They	are	diurnal	(MacMillen	et	al.,	1989)	and	semi-arboreal	(Melville	and	Schulte,	

2001),	frequently	perching	on	shrubs	(MacMillen	et	al.,	1989),	rocks,	tree	limbs,	

fence	posts,	and	tree	stumps	(MacMillen	and	MacMillen,	2009).	Bearded	dragons	are	

omnivorous	(MacMillen	et	al.,	1989;	Oonincx	et	al.,	2015).	Bearded	dragons	have	

been	bred	in	captivity	since	at	least	the	1980s	(Sherriff,	1989;	Stahl,	1999)	and	

today	are	one	of	the	most	popular	species	of	pet	lizard	(Howell	and	Bennett,	2017;	

Prestridge	et	al.,	2011;	Wakao	et	al.,	2018).	Additionally,	bearded	dragons	have	been	

used	for	years	as	model	organisms	for	studies	of	how	terrestrial	ectotherms	can	

cope	with	a	complex	physical	environment	and	changing	physiological	states.	These	

studies	include	studies	on	physiological	gaping	behaviour	(da	Silveira	Scarpellini	et	

al.,	2015;	Tattersall	and	Gerlach,	2005),	behavioural	thermoregulation	(Black	and	

Tattersall,	2017;	Cadena	and	Tattersall,	2009a;	Cadena	and	Tattersall,	2009b;	da	

Silveira	Scarpellini	et	al.,	2015;	Khan	et	al.,	2010),	and	colour	change	(Cadena	et	al.,	

2017;	Cadena	et	al.,	2018;	de	Velasco	and	Tattersall,	2008;	Fan	et	al.,	2014;	Smith	et	

al.,	2016a;	Smith	et	al.,	2016b).	

1.4 The	Mutant	Sca	Allele	
	
	 A	mutation	has	arisen	in	the	bearded	dragon	captive	breeding	population	

that	affects	the	animal’s	scalation	(de	Vosjoli	et	al.,	2017;	Di-Poï	and	Milinkovitch,	
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2016).	The	mutant	allele	exhibits	incomplete	dominance	over	the	wild	type	allele.	

One	copy	of	the	mutant	allele	(genotype	Sca/sca)	results	in	an	animal	termed	a	

“Leatherback,”	exhibiting	scales	of	reduced	prominence	compared	to	the	Wild	Type	

phenotype	(de	Vosjoli	et	al.,	2017).	Two	copies	of	the	mutant	allele	(genotype	

Sca/Sca)	results	in	a	completely	scaleless	animal	(de	Vosjoli	et	al.,	2017;	Di-Poï	and	

Milinkovitch,	2016),	termed	a	“Silkback”	(de	Vosjoli	et	al.,	2017).	However,	certain	

Silkbacks	seem	to	still	exhibit	some	patterned	epidermal	structures	covering	

approximately	5-10%	of	the	surface	of	their	skin,	the	developmental	and	

histological	nature	of	which	are	unknown	(N.	Sakich,	pers.	obs.).	Wild	Type	and	

Leatherback	bearded	dragons	shed	their	skin	periodically	in	large	chunks	covering	

large	regions	of	their	body	(N.	Sakich,	pers.	obs.).	Silkbacks	shed	their	skin	more	

continuously,	with	it	peeling	off	in	smaller	flakes	(A.	Liendo,	pers.	comm.;	N.	Sakich,	

pers.	obs.).	

	 The	Sca	mutation	was	characterized	in	detail	by	Di-Poï	and	Milinkovitch	

(2016).	It	is	a	mutation	in	the	gene	encoding	for	Ectodysplasin-A	(EDA),	a	ligand	of	

the	EDA	receptor	(EDAR)	(Di-Poï	and	Milinkovitch,	2016).	The	mutation	was	caused	

by	a	transposon	inserting	itself	into	the	gene	and	producing	a	new	splice	donor	site	

42	bases	upstream	of	the	original	(Di-Poï	and	Milinkovitch,	2016).	This	in	turn	

deletes	14	amino	acids	from	the	EDA	protein	produced	by	transcription	of	this	gene	

(Di-Poï	and	Milinkovitch,	2016).	Unlike	Wild	Type	bearded	dragons,	during	

embryonic	development	Silkbacks	do	not	exhibit	anatomical	placodes,	a	

developmental	phenomenon	characteristic	of	the	formation	of	feathers,	hair,	and	

certain	types	of	scales	(Di-Poï	and	Milinkovitch,	2016).	This	suggests	that	the	Sca	
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mutation	interferes	with	signalling	mechanisms	involved	in	the	development	of	

bearded	dragon	scales	(Di-Poï	and	Milinkovitch,	2016).	

	 Histologically,	Silkback	skin	mostly	lacks	the	upper	β-keratin	layer	

characteristic	of	the	scales	of	the	Wild	Type,	as	well	as	the	upper	layer	of	the	dermis	

(the	“superficial	loose	dermis”)	(Figure	1-1;	Di-Poï	and	Milinkovitch,	2016).	

Furthermore,	the	basal	membrane	cell	layer	of	the	epidermis	in	Silkbacks	is	highly	

twisted	and	convoluted	(Figure	1-1;	Di-Poï	and	Milinkovitch,	2016).	Although	there	

is	evidence	of	Silkbacks	having	some	skin	texture,	their	skin	can	be	said	to	be	

histologically	similar	to	the	“hinge	regions,”	or	the	regions	between	the	scales,	of	

Wild	Type	bearded	dragons	(Figure	1-1;	Di-Poï	and	Milinkovitch,	2016).	Silkbacks	

also	lack	the	femoral	pores	characteristic	of	the	Wild	Type	(Di-Poï	and	Milinkovitch,	

2016).	Di-Poï	and	Milinkovitch	(2016)	also	make	claims	of	differences	in	sizes	of	

teeth	and	claws	in	Silkbacks	compared	to	Wild	Types,	but	provide	limited	evidence	

to	support	such	claims.	Di-Poï	and	Milinkovitch	(2016)	do	not	characterize	the	

phenotype	exhibited	by	Leatherbacks,	but	presumably	it	is	developmentally	and	

histologically	intermediate	between	that	of	Silkbacks	and	that	of	Wild	Types.	

	 It	is	possible	that	there	are	other	development-related	allelic	variants	

present	in	the	captive	bearded	dragon	population	that	produce	Leatherback	and	

Silkback	phenotypes	besides	just	the	variant	characterized	by	Di-Poï	and	

Milinkovitch	(2016).	However,	it	can	be	reasonably	inferred	that	these	would	still	

have	to	be	at	the	EDA	locus	and	not	at	other	loci	and	that	these	would	possess	the	

same	incomplete	dominance	pattern	of	inheritance.	The	size	of	the	bearded	dragon	

breeding	community	being	what	it	is,	if	multiple	Leatherback	and	Silkback-
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producing	alleles	that	were	entirely	co-dominant	to	one	another	(i.e.,	at	different	

loci)	existed	in	the	captive	breeding	population,	simple	breeding	experiments	(i.e.,	

offspring	phenotype	ratios)	would	by	now	have	uncovered	their	existence.	For	

instance,	under	the	model	where	the	Leatherback	and	Silkback	phenotypes	are	the	

result	of	a	mutation	at	a	single	locus,	the	breeding	of	a	Leatherback	to	another	

Leatherback	should	result	in	an	offspring	ratio	of	2	Leatherback:	1	Silkback:	1	Wild	

Type.	These	ratios	would	be	altered	by	any	other	loci	coming	into	play.	Pet	reptile	

breeders	tend	to	be	acutely	aware	of	the	genetics	surrounding	the	production	of	

unusual	phenotypes	and	have	an	understanding	of	Mendelian	ratios	(N.	Sakich,	pers.	

obs.).	If	the	ratios	of	offspring	of	the	three	different	phenotypes	to	one	another	did	

not	conform	to	our	expectations	of	a	single	gene	trait	exhibiting	incomplete	

dominance,	this	is	something	that	would	be	known	by	now.		

	 With	regards	to	EDA’s	function,	the	relatively	limited	amount	of	cellular	and	

molecular	research	conducted	on	bearded	dragons	necessitates	examination	of	

other	species.	In	mice	and	humans,	alternative	splicing	of	the	EDA	gene	produces	

multiple	isoforms	of	the	EDA	protein,	those	of	which	that	have	apparent	functional	

roles	bind	variously	to	the	receptors	EDAR,	XEDAR,	and	TROY	(Hashimoto	et	al.,	

2006;	Kowalczyk-Quintas	and	Schneider,	2014).	All	of	these	receptors	activate	the	

NF-κB	signalling	pathway	(Hashimoto	et	al.,	2006;	Kowalczyk-Quintas	and	

Schneider,	2014)	and	may	additionally	activate	the	JNK/c-jun/c-fos	pathway	(Cui	et	

al.,	2002).	In	mammals,	EDAR,	XEDAR,	and/or	TROY-based	signalling	variously	

regulates	the	development	of	skin,	hair,	teeth,	eyelids,	and	body	glands	(Cui	and	

Schlessinger,	2006;	Hill	et	al.,	2002;	Kere	et	al.,	1996;	Mikkola	and	Thesleff,	2003;	
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Newton	et	al.,	2004;	Ohazama	et	al.,	2004;	Pispa	et	al.,	2008).	In	birds	EDAR,	XEDAR,	

and/or	TROY-based	signalling	regulates	the	development	of	feathers	(Drew	et	al.,	

2007).	In	teleost	fishes	(infraclass	Teleostei)	EDAR,	XEDAR,	and/or	TROY-based	

signalling	regulates	the	development	of	teeth,	scales,	skulls,	gill	rakers,	fin	rays,	and	

armour	plates	(Colosimo	et	al.,	2005;	Harris	et	al.,	2008;	Knecht	et	al.,	2007;	Kondo	

et	al.,	2001).	Taken	together,	these	studies	suggest	EDA	primarily	regulates	the	

development	of	external	body	structures.	

	 It	is	unclear	whether	an	unusual	variant	of	EDA	has	pleiotropic	effects	on	

non-ectodermal	structures.	It	has	been	claimed	that	the	EDA	pathway	uses	elements	

of	the	NF-κB	signalling	pathway	only	for	the	purposes	of	regulating	ectodermal	

development,	as	EDA’s	receptor	EDAR	and	its	signalling	adaptor1	EDARADD	are	

only	present	in	skin	appendages	(Cui	and	Schlessinger,	2006).	There	is	some	

literature	that	suggests	an	unclear	role	for	XEDAR	signalling	in	muscle	(Newton	et	

al.,	2004).	There	is	also	some	evidence	to	suggest	a	role	for	EDA	itself	in	skeletal	

development	in	mammals	(Hill	et	al.,	2002;	Montonen	et	al.,	1998).	This	is	further	

supported	by	reports	of	human	patients	with	anhidrotic	ectodermal	dysplasia	

having	some	mild	deformities	(Reed	et	al.,	1970),	as	anhidrotic	ectodermal	dysplasia	

is	now	known	to	be	caused	by	a	mutation	at	the	EDA-encoding	locus	(Kere	et	al.,	

1996).	These	same	human	patients	also	sometimes	suffer	from	respiratory	tract	

diseases,	possibly	due	to	reduction	or	absence	of	associated	mucous	glands	

throughout	the	respiratory	system	(Kere	et	al.,	1996;	Reed	et	al.,	1970).	There	is	

human	research	evidence	that	the	EDA	gene	is	expressed	and/or	the	EDA	protein	is	
																																																								
1	A	signalling	adaptor	helps	facilitate	the	transduction	of	cellular	signals	(Pawson	
and	Scott,	1997).	
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present	in	the	skin,	nervous	system,	heart,	lung,	placenta,	kidney,	oesophagus,	

prostate,	liver,	muscle,	pancreas,	and	thymus,	either	in	adults	or	during	

development	(Kere	et	al.,	1996;	Montonen	et	al.,	1998;	Srivastava	et	al.,	1996).	

However,	this	does	not	necessarily	implicate	EDA	in	the	development	or	

maintenance	of	all	of	these	organs.	For	example,	in	the	skin	during	the	embryonic	

development	of	what	will	eventually	become	adult	mouse	hair	EDA	is	expressed	

outside	the	placodes	during	placode	formation,	whereas	expression	of	its	associated	

receptor	EDAR	is	upregulated	inside	the	placodes	but	downregulated	elsewhere	in	

the	skin	(Laurikkala	et	al.,	2002).	By	analogy,	EDA	may	be	widely	expressed	in	the	

body	and	then	only	come	into	play	in	certain	tissues	based	on	their	expression	of	

EDAR,	XEDAR,	and/or	TROY	(or	lack	thereof).	Histological	examination	of	non-

ectodermal	tissues	of	Silkbacks	and	Leatherbacks	has	not	been	done.	However,	it	is	

noteworthy	that	from	a	general	observation	standpoint	Silkbacks	and	Leatherbacks	

appear	to	be	phenotypically	normal	in	all	ways	unrelated	to	ectodermal	structures	

(M.	Milinkovitch,	pers.	comm.;	N.	Sakich,	pers.	obs.).		

	 In	light	of	the	existence	of	the	Silkback	and	Leatherback	phenotypes	in	the	

bearded	dragon,	the	following	experiments	were	undertaken	to	address	three	major	

hypotheses.	

1) The	lepidosaur	scale	is	a	barrier	that	reduces	cutaneous	evaporative	water	

loss.	

2) Lepidosaurs	experiencing	higher	rates	of	evaporative	water	loss	as	the	result	

of	a	single	gene	mutation	will	choose	cooler	temperatures,	which	will	lower	

their	rate	of	evaporative	water	loss	and	thus	compensate	for	this	effect.	This	
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effect	is	hypothesized	to	be	independent	of	hydration	status,	as	it	is	in	wild	

lepidosaurs	with	both	lower	thermal	preferences	and	higher	rates	of	

evaporative	water	loss	(Guillon	et	al.,	2014).	This	hypothesis	instead	

presumes	that	lepidosaurs	have	some	physiological	mechanism	that	allows	

them	to	detect	their	rate	of	evaporative	water	loss.	Identification	of	any	such	

mechanism	is	beyond	the	scope	of	this	study.	

3) The	lepidosaur	scale	is	a	barrier	that	reduces	the	penetration	of	UV	light	

through	the	skin.	
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Figure	1-1.	Stained	sections	and	microstructural	images	of	the	skin	of	Wild	Type	

(WT)	and	Silkback	(“Sca”)	bearded	dragons	(Pogona	vitticeps	Ahl	1926).	H&E=	

haematoxylin	and	eosin,	α-k=	α-keratin,	β-k=	β-keratin,	lam=laminin,	TB=	toluidine	

blue,	SEM=	scanning	electron	micrograph,	is=	inter-scale	region,	os=	outer	scale	

region.	The	scanning	electron	micrographs	are	of	shed	skin.	The	arrowhead	

indicates	the	convoluted	basal	membrane	cell	layer	of	the	Silkback	epidermis.	Scale	

bars=	50	μm.	Figure	originally	appeared	in	Di-Poï	and	Milinkovitch	(2016).	

Comparable	images	of	Leatherback	skin	were	not	available.	
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Chapter	2: The	Effects	of	Scalation	Phenotype	on	Water	Loss	in	a	
Model	Lepidosaur	 	



	 19	

2.1 Chapter	Rationale	
	

	 The	purpose	of	this	chapter	was	to	address	the	hypothesis	that	the	

lepidosaur	scale	is	a	barrier	that	reduces	cutaneous	evaporative	water	loss.	Using	a	

larger	sample	size	and	a	better-understood	model	system,	and	using	statistical	

methods,	I	set	out	to	verify	or	discount	the	findings	of	Licht	and	Bennett	(1972)	and	

Bennett	and	Licht	(1975)	(namely,	that	scale	prominence	does	not	affect	the	rate	of	

evaporative	water	loss	in	lepidosaurs).	To	do	this,	the	rates	of	evaporative	water	

loss	were	compared	between	Wild	Type,	Leatherback,	and	Silkback	bearded	

dragons.	

	 If	the	hypothesis	that	scales	do	indeed	affect	the	rate	of	evaporative	water	

loss	is	accurate	then	Silkbacks	should	have	the	highest	rates	of	evaporative	water	

loss,	Leatherbacks	should	have	intermediate	rates	of	evaporative	water	loss,	and	

Wild	Types	should	have	the	lowest	rates	of	evaporative	water	loss.	Finding	as	much	

would	indicate	that	the	findings	of	Licht	and	Bennett	(1972)	and	Bennett	and	Licht	

(1975)	are	spurious.	Conversely,	a	lack	of	correlation	between	scalation	phenotype	

and	rate	of	evaporative	water	loss	would	support	the	claims	of	Licht	and	Bennett	

(1972)	and	Bennett	and	Licht	(1975)	and	suggest	that	the	scientific	community	

should	look	elsewhere	to	explain	interspecific	trends	in	evaporative	water	loss	in	

lepidosaurs.	

2.2 Methods	
	
	 Thirteen	Wild	Type,	12	Leatherback,	and	9	Silkback	bearded	dragons	were	

used	in	this	experiment.	Details	on	their	husbandry	can	be	found	in	the	Appendix	of	
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this	thesis	(A.2).	The	evaporative	water	loss	rates	of	these	animals	were	determined	

using	flow-through	open	respirometry.	To	achieve	this,	outside	air	was	drawn	

through	tubing	into	the	lab	by	an	electronic	air	pump.	The	air	was	then	passed	

through	an	analog	flow	meter	and	then	through	a	water	bath	through	Nafion™	

tubing	(Perma	Pure,	LLC.,	Lakewood,	NJ,	U.S.A.)	in	order	to	bring	its	water	vapour	

density	to	full	saturation	at	room	temperature	(water	vapour	pressure≈	2500	Pa,	

water	vapour	density≈	18	μg/mL).	The	air	was	then	passed	through	a	dewpoint	

generator	(Model	DG-4,	Sable	Systems	International,	North	Las	Vegas,	NV,	U.S.A.)	set	

to	1.5	°C.	This	meant	that	the	air	excurrent	from	the	dewpoint	generator	had	a	water	

vapour	pressure	of	680.9	Pa	and	a	water	vapour	density	of	5.4	μg/mL.	From	there	

the	air	was	split	into	two	channels,	each	running	through	one	of	the	twin	controllers	

of	a	Sable	Systems	MFC-2	Mass	Flow	Controller.	These	were	typically	set	to	a	flow	

rate	of	150	mL/min.,	except	for	during	the	trials	of	the	three	large	Silkbacks,	during	

which	the	flow	rates	were	set	to	400	mL/min.	Channel	1	went	through	another	

analog	flow	meter	and	then	into	the	glass	jar	(of	appropriate	size	for	the	individual	

animal	in	question)	that	contained	the	animal.	The	jar	was	sealed	with	a	rubber	

stopper,	with	two	syringe	barrels	wedged	into	holes	in	the	stopper	used	as	air-ports.	

A	length	of	tubing	was	wedged	into	the	intake	port,	which	helped	to	enhance	mixing	

inside	the	chamber	to	decrease	washout	time.	One	port	was	connected	to	Channel	1,	

and	the	other	brought	the	excurrent	animal	chamber	air	further	downstream	in	the	

apparatus.	The	excurrent	air	vented	to	an	open	sub-sample	chamber.	The	sub-

sample	chamber	connected	to	a	subsampler	controlled	by	a	solenoid	switch.	The	

subsampler	drew	air	through	a	Sable	Systems	RH-300	Water	Vapor	Analyzer	and	
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then	a	Sable	Systems	FoxBox	Respirometry	System,	which	measured	the	O2	and	CO2	

content	of	the	air.	Gas	values	were	recorded	at	a	rate	of	one	sample	per	second.	

When	the	solenoid	switch	was	triggered,	the	air	being	passed	through	the	RH-300	

Water	Vapor	Analyzer	and	the	FoxBox	Respirometry	System	would	switch	from	air	

from	Channel	1	(air	from	the	animal	chamber)	to	air	from	Channel	2	(“baseline”	air).	

This	provided	mostly	continuous,	precise	measurements	of	incurrent	and	excurrent	

gases.	Flow	rate	on	the	FoxBox	Respirometry	System	was	set	to	100	ml/min.	Except	

for	saturation/pre-conditioning	of	the	air,	all	tubing	used	in	the	system	was	Bev-A-

Line®	IV	Tubing	(Thermoplastic	Processes,	Georgetown,	DE,	U.S.A.).	The	RH-300	

Water	Vapor	Analyzer	was	periodically	calibrated.	Nitrogen	gas	was	used	as	a	“zero”	

value.	Air	bubbled	through	an	aquarium	air	stone	inside	a	sealed	Erlenmeyer	flask	

partially	filled	with	water	of	known	temperature.	This	was	used	as	saturated	air.	

The	O2	value	on	the	FoxBox	Respirometry	System	was	periodically	“spanned”	to	a	

value	of	20.95%	O2	concentration	prior	to	a	trial	to	adjust	for	potential	sensor	drift.	

	 	During	the	trial,	the	chamber	containing	the	animal	was	held	inside	an	

incubator	with	a	pulse-proportional	thermostat	set	to	35	°C.	This	has	previously	

been	determined	to	be	approximately	the	preferred	temperature	of	Wild	Type	

bearded	dragons	(Cadena	and	Tattersall,	2009b).	The	incubator	had	its	own	internal	

fan	to	circulate	air	to	help	maintain	equal	temperature	throughout	the	incubator	

and	light	so	that	the	animal	was	not	in	the	dark.	Trials	were	run	for	approximately	3	

hours.	Animals	were	monitored	using	a	webcam	inside	the	incubator	and	actual	

disturbance	of	the	incubator	itself	was	kept	to	a	bare	minimum.	If	the	animal	

defecated	whilst	inside	the	chamber,	it	was	removed,	dried	off	thoroughly	with	
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paper	towel,	and	returned	to	the	chamber	in	a	clean,	dry	jar,	and	the	trial	was	re-

started.	Faeces	rarely	got	onto	the	stopper	or	the	intake	port	or	its	length	of	tubing,	

but	if	it	did	it	was	thoroughly	wiped	off	with	paper	towel.	Sometimes	the	animals	

were	encouraged	to	defecate	prior	to	the	trial.	One	way	this	was	accomplished	was	

by	placing	them	in	a	ventilated	plastic	box	inside	the	incubator	and	then	cleaning	

any	excess	faeces	off	of	the	animal	with	paper	towel.	Another	way	this	was	

accomplished	was	by	bathing	the	animal	in	a	ventilated	plastic	box	partially	filled	

with	warm	water	and	then	cleaning	the	animal	and	drying	the	animal	off	with	paper	

towel.	Trials	were	conducted	in	a	randomized	order	as	much	as	was	possible.	

	 Every	20-30	minutes	during	a	respirometry	trial	the	solenoid	switch	was	

triggered	so	that	the	air	being	delivered	to	the	RH-300	Water	Vapor	Analyzer	and	

the	FoxBox	Respirometry	System	was	air	from	Channel	2	(“baseline”	air)	instead	of	

air	from	the	animal	chamber.	These	“baseline”	measurements	were	run	for	three	to	

five	minutes.	The	first	90	seconds	after	the	switch	from	animal	chamber	air	to	

baseline	air	or	vice	versa	was	discarded	due	to	dead-space	gas	transit	time.	A	time-

based	read-shift	correlation	function	was	used	to	make	sure	that	water	vapour	

density,	O2	concentration,	and	CO2	concentration	readings	were	properly	temporally	

aligned.	This	was	necessary	to	account	for	the	time	delays	for	gas	samples	to	reach	

each	sensor.	The	mean	of	the	value	for	water	vapour	density,	O2	concentration,	or	

CO2	concentration	was	taken	for	each	baseline.	A	linear	regression	was	then	fit	

through	these	baselines	for	each	of	the	three	measured	parameters.	This	

interpolation	was	used	to	interpolate	baseline	values	throughout	each	respirometry	
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trial	in	order	to	determine	the	amount	of	O2	consumed	or	CO2	or	water	vapour	

produced	by	each	animal.	

	 The	following	equations	were	used	to	calculate	the	rate	of	O2	consumption	

(VO2),	rate	of	CO2	production	(VCO2),	and	rate	of	water	vapour	production	(VH2O),	

respectively.	These	equations	were	sourced	from	Lighton	(2008).	

For	VO2:	

𝑉𝑂! = 𝐹𝑅! 𝐹!𝑂! − [
𝐹!𝑂! 1− 𝐹!𝑂! − 𝐹!𝐶𝑂! − 𝐹!𝐻!𝑂
(1− 𝐹!𝑂! − 𝐹!𝐶𝑂! − 𝐹!𝐻!𝑂)

] 	

For	VCO2:	

𝑉𝐶𝑂! = 𝐹𝑅!{
𝐹!𝐶𝑂! 1− 𝐹!𝑂! − 𝐹!𝐶𝑂! − 𝐹!𝐻!𝑂
(1− 𝐹!𝑂! − 𝐹!𝐶𝑂! − 𝐹!𝐻!𝑂)

− 𝐹!𝐶𝑂!}	

	

For	VH2O:	 	

𝑉𝐻!𝑂 = 𝐹𝑅!{
𝐹!𝐻!𝑂 1− 𝐹!𝑂! − 𝐹!𝐶𝑂! − 𝐹!𝐻!𝑂

1− 𝐹!𝑂! − 𝐹!𝐶𝑂! − 𝐹!𝐻!𝑂
− 𝐹!𝐻!𝑂}	

Where:	

FRi=	flow	rate	of	the	incurrent	air	

FiO2=	the	fractional	O2	concentration	of	the	incurrent	air	

FiCO2=	the	fractional	CO2	concentration	of	the	incurrent	air	

FiH2O=	the	fractional	water	vapour	concentration	of	the	incurrent	air	

FeO2=	the	fractional	O2	concentration	of	the	excurrent	air	

FeCO2=	the	fractional	CO2	concentration	of	the	excurrent	air	

FeH2O=	the	fractional	water	vapour	concentration	of	the	excurrent	air	
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	 The	data	traces	of	VO2,	VCO2,	and	water	vapour	produced	by	each	animal	

were	examined	visually.	I	then	selected	a	period	of	time	from	each	animal’s	trial	

from	which	to	use	data	for	the	purposes	of	statistical	analysis.	These	time	periods	

were	chosen	by	examining	all	three	data	traces	and	choosing	a	period	of	time	with	

readings	as	flat	and	stable	as	possible,	as	close	to	the	end	of	the	trial	exposure	

period	as	possible.	The	chosen	time	periods	were	approximately	1000	seconds	long.	

If	no	suitable	time	period	of	this	length	was	available	for	a	given	trial,	the	next	

longest	suitable	region	was	used	instead.	The	median	value	for	VCO2	and	VH2O	were	

taken	for	each	animal	over	this	period	to	minimize	influence	of	extreme	data	points.	

These	median	values	were	used	as	each	animal’s	VCO2	or	VH2O	value	for	subsequent	

statistical	analysis.	Although	VO2	values	were	used	to	aid	in	the	selection	of	time	

periods,	VCO2	was	used	in	subsequent	statistical	analysis	as	a	proxy	for	animal	

metabolic	rate	instead	of	VO2.	This	is	because	VCO2	measurements	made	with	the	

FoxBox	Respirometry	System	tend	to	be	very	precise	even	in	situations	where	an	

animal	has	a	relatively	low	metabolic	rate	and	air	flow	rate	is	relatively	high.	

	 Animal	external	body	surface	areas	were	estimated	following	the	method	of	

Belasen	et	al.	(2017).	For	the	purposes	of	this,	snout-vent	length	and	tail	length	

were	measured	to	the	nearest	mm	using	a	ruler.	Mid-body	girth	and	pelvic	girth	

were	measured	using	a	length	of	string	that	was	then	measured	to	the	nearest	mm	

using	a	ruler.	These	surface	area	estimates	(in	mm2)	correlated	very	highly	with	

animal	mass	(in	g)	(R2=	0.96).	

	 A	linear	model	was	created	with	phenotype	as	the	predictor	variable,	rate	of	

evaporative	water	loss	(converted	to	mg/h)	as	the	response	variable,	and	body	
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surface	area	(in	mm2)	and	CO2	produced	(converted	to	mL/h)	as	covariates.	One	

large	Silkback’s	data	were	excluded	from	the	model	on	account	of	its	residual	being	

an	extreme	outlier	(Cook’s	distance	>1).	Examination	of	the	residuals	of	the	final	

model	using	a	Q-Q	plot	revealed	no	excessive	deviation	from	the	assumption	of	

normality.	Comparison	of	the	linear	model	with	a	linear	mixed	effects	model	

including	clutch	as	a	random	effect	revealed	no	evidence	of	a	clutch	effect	(χ2=0,	

df=1,	p=1).	Post-hoc	tests	(Tukey’s	HSD)	were	employed	to	isolate	specific	

phenotype	differences.	Data	handling	and	statistical	analysis	were	performed	in	

either	Excel	2011	for	Mac	Version	14.7.7	(Microsoft	Corporation,	Redmond,	WA,	

U.S.A.)	or	R	Version	3.5.1	(The	R	Foundation	for	Statistical	Computing,	Vienna,	

Austria).	

2.3 Results	
	
	 Evaporative	water	loss	differed	between	the	phenotypes	(Figure	2-1;	Table	

2-1;	F4,28=33.09,	p<0.0001).	Silkbacks	on	average	lost	water	at	a	slightly	higher	rate	

than	Leatherbacks	and	at	a	rate	about	double	that	of	Wild	Types	(Figure	2-1).	Post	

hoc	tests	suggested	the	only	statistically	significant	difference	between	the	three	

phenotypes	was	between	Wild	Types	and	Silkbacks	(t=2.84,	p=0.02),	with	neither	

the	difference	between	Wild	Types	and	Leatherbacks	(t=2.31,	p=0.07)	nor	the	

difference	between	Silkbacks	and	Leatherbacks	(t=0.79,	p=0.71)	being	statistically	

significant.	

2.4 Discussion	
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	 The	fact	that	Silkbacks	lose	water	evaporatively	at	a	much	higher	rate	than	

Wild	Types	is	unremarkable	in	light	of	anecdotal	reports	from	the	reptile-keeping	

hobby	that	Silkbacks	dehydrate	if	not	kept	moist	(A.	Liendo,	pers.	comm.)	and	the	

fact	that	Silkbacks	were	observed	drinking	more	often	than	the	other	two	

phenotypes	were	(see	Appendix,	A.2,	and	Figure	A-3	and	Table	A-1).	What	is	

remarkable,	however,	is	that	these	results	differ	so	drastically	from	the	results	of	the	

studies	of	Licht	and	Bennett	(1972)	and	Bennett	and	Licht	(1975).	In	those	studies,	

partially	scaleless	snakes	were	found	to	have	comparable	rates	of	evaporative	water	

loss	to	Wild	Type	snakes	(Bennett	and	Licht,	1975;	Licht	and	Bennett,	1972).	As	

mentioned	in	the	introduction,	these	studies	possess	multiple	issues:	the	snakes	

were	still	partially	scaled,	that	the	genetic	and	developmental	causes	of	those	

snakes’	partial	scalelessness	were	completely	unknown,	and	the	fact	that	the	sample	

sizes	were	only	one	(Licht	and	Bennett,	1972)	and	two	(Bennett	and	Licht,	1975)	

partially	scaleless	snakes,	respectively.	Bennett	and	Licht	(1975)	also	divided	water	

loss	rate	by	body	mass	in	an	attempt	to	produce	mass-specific	rates	of	evaporative	

water	loss.	Dividing	by	mass	in	this	manner	sometimes	fails	to	properly	adjust	for	

body	size	effects	in	physiological	measurements	due	to	allometric	scaling	of	

physiological	parameters	(Packard	and	Boardman,	1999).	Some	combination	of	

these	factors	probably	accounts	for	the	difference	in	our	results.	

	 Visual	examination	of	the	phenotype	effect	estimated	by	the	model	(Figure	2-

3)	suggests	that	Leatherbacks	are	closer	in	their	rate	of	evaporative	water	loss	to	

Silkbacks	than	they	are	to	Wild	Types.	However,	this	is	contradicted	by	the	fact	that	

post-hoc	testing	indicated	the	difference	between	Leatherbacks	and	Wild	Types	was	
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not	statistically	significant.	It	is	noteworthy	though	that	the	difference	between	

Leatherbacks	and	Wild	Types	approaches	statistical	significance.	

	 One	criticism	that	may	arise	in	relation	to	these	data	is	that	the	digit	and	

distal	tail	tip	pathologies	that	Silkbacks	are	prone	to	may	be	causing	increased	

evaporative	water	loss	rates	in	and	of	themselves.		However,	these	would	only	

account	for	a	very	small	portion	of	a	Silkback’s	surface	area.	Based	on	a	generous	

estimate,	this	pathological	tissue	accounted	for	at	most	5%	of	an	affected	Silkback’s	

external	body	surface	area.	Additionally,	there	was	one	Silkback	in	this	study	who	

showed	no	evidence	of	current	or	past	digit	or	distal	tail	tip	pathologies,	and	this	

individual	was	not	an	outlier	within	the	Silkback	water	loss	data	set.	Furthermore,	

Leatherbacks	do	not	seem	to	suffer	from	any	of	the	shedding	issues	leading	to	digit	

and	distal	tail	tip	pathologies	that	Silkbacks	do.	Therefore,	the	fact	that	Leatherbacks	

seemed	to	lose	water	at	a	higher	rate	than	Wild	Types	is	further	evidence	that	scales	

genuinely	do	reduce	the	rate	of	cutaneous	evaporative	water	loss.	
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Figure	2-1.	Evaporative	water	loss	(model	fits	±	SE)	across	three	different	

phenotypes	of	bearded	dragon	(Pogona	vitticeps	Ahl	1926):	Wild	Type,	animals	

exhibiting	scales	of	reduced	prominence	(“Leatherback”),	and	scaleless	animals	

(“Silkback”).	Model	fits	were	taken	from	a	linear	model	with	phenotype	as	a	

predictor	variable,	rate	of	evaporative	water	loss	(mg/h)	as	a	response	variable,	and	

body	surface	area	(mm2)	and	VCO2	(mL/h)	as	covariates.	There	was	a	statistically	

significant	difference	between	phenotypes	(F4,28=33.09,	p<0.0001).	Post-hoc	tests	

indicated	that	the	only	statistically	significant	difference	(as	indicated	by	the	

asterisk)	was	between	Wild	Types	and	Silkbacks	(t=2.84,	p=0.02),	and	not	between	

Wild	Types	and	Leatherbacks	(t=2.31,	p=0.07)	or	between	Silkbacks	and	

Leatherbacks	(t=0.79,	p=0.71).	
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Table	2-1.	The	results	of	a	linear	model	comparing	rate	of	evaporative	water	loss	

between	three	different	phenotypes	of	bearded	dragon	(Pogona	vitticeps	Ahl	1926):	

Wild	Type,	animals	exhibiting	scales	of	reduced	prominence	(“Leatherback”),	and	

scaleless	animals	(“Silkback”).	Phenotype	was	the	predictor	variable	and	rate	of	

evaporative	water	loss	(mg/h)	was	the	response	variable.	Body	surface	area	(mm2)	

and	VCO2	(mL/h)	were	covariates.	

Coefficient	 Estimate	 SE	 t-value	 p-value	

Wild	Type	(Intercept)	 -7.6676139	 4.3216781	 -1.774	 0.0869	

Leatherback	 9.6572102	 4.1839595	 2.308	 0.0286	

Silkback	 	 13.4501060	 4.7435101	 2.835	 0.0084	

Surface	Area	 0.0011459	 0.0003771	 3.039	 0.0051	

VCO2	 1.4665523	 0.2665720	 5.502	 7.05e-06	
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Chapter	3: Minimal	Evidence	of	Difference	in	Thermal	Preference	
Between	Three	Different	Scalation	Phenotypes	of	Bearded	
Dragon	
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3.1 Chapter	Rationale	
	
	 The	purpose	of	this	chapter	was	to	test	the	hypothesis	that	lepidosaurs	

experiencing	a	higher	rate	of	evaporative	water	loss	as	the	result	of	a	single	gene	

mutation	will	choose	cooler	temperatures	to	compensate.	All	the	animals	in	this	

study	were	given	water	in	the	form	of	droplets	daily	and	all	but	three	Silkbacks	were	

also	provided	with	a	constant	standing	water	source.	Therefore	it	is	unlikely	that	

any	of	the	animals	were	dehydrated.	If	a	difference	in	thermal	preference	exists	

between	the	three	phenotypes,	bearded	dragons	must	have	some	mechanism	that	

allows	them	to	assess	their	rate	of	evaporative	water	loss	regardless	of	whether	or	

not	they	are	yet	dehydrated	and	adjust	their	behaviour	accordingly.	This	would	be	

adaptive	in	that	it	would	help	to	prevent	dehydration.	A	plausible	mechanism	for	

detection	of	cutaneous	evaporative	water	loss	is	the	receptor	TRPV4,	as	in	other	

animals	it	has	been	demonstrated	to	respond	to	fluid	flow	rate	(Wu	et	al.,	2007)	and	

in	other	animals	it	is	present	in	the	skin	(Suzuki	et	al.,	2003).	In	other	words,	it	is	not	

outside	of	the	realm	of	possibility	that	an	animal	could	detect	its	instantaneous	rate	

of	evaporative	water	loss,	as	at	least	one	receptor	that	could	perform	such	a	function	

is	known	to	exist.	If	such	a	mechanism	exists	in	bearded	dragons,	then	bearded	

dragons	face	a	trade-off	between	optimal	hydration	and	optimal	thermoregulation.	

The	bearded	dragons	were	tested	in	a	thermal	gradient	with	the	expectation	that	

Wild	Types	would	have	the	highest	preferred	temperature	followed	by	

Leatherbacks	and	then	by	Silkbacks.	Individual	animal	water	loss	rates	from	

Chapter	2	were	then	compared	with	individual	animal	thermal	preference,	after	

accounting	for	sources	of	variation	in	the	data.	If	the	above	hypotheses	are	accurate,	
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then	there	should	be	a	negative	correlation	between	individual	animal	preferred	

temperature	and	individual	animal	rate	of	evaporative	water	loss.	

3.2 Methods	
	
	 Thirteen	Wild	Type,	12	Leatherback,	and	9	Silkback	bearded	dragons	were	

tested	in	thermal	gradients.	Details	on	their	husbandry	can	be	found	in	the	

Appendix	of	this	thesis	(A.2).	Due	to	size	differences,	most	animals	were	tested	in	a	

small	thermal	gradient,	except	for	the	three	large	Silkbacks,	which	were	tested	in	a	

large	thermal	gradient.	The	small	thermal	gradient	consisted	of	two	parallel	

apparatuses.	The	apparatuses	had	internal	dimensions	of	53	cm	long	by	24.3	cm	

wide	by	15	cm	high	and	were	constructed	of	white	plastic	sides	with	a	copper	sheet	

for	a	bottom.	The	copper	sheet’s	upper	surface	was	painted	white.	Under	the	copper	

sheet	ran	copper	pipes	connected	to	either	a	hot	water	bath	or	a	cold	bath	

containing	an	antifreeze	solution,	which	generated	a	temperature	gradient	wherein	

the	apparatus	was	warm	at	one	end	and	cold	at	the	other.	Each	apparatus	was	

divided	down	the	centre	with	a	white	plastic	divider,	creating	four	long	sections	(i.e.,	

lanes),	two	in	each	apparatus.	On	top	of	each	apparatus	was	a	mesh	lid.	

	 The	large	thermal	gradient	consisted	of	one	long	lane	with	internal	

dimensions	of	158	cm	long	by	18	cm	wide	by	9.7	cm	high.	Its	sides	were	wooden	

and	the	ends	of	the	apparatus	were	metal	grilles	and,	like	the	small	thermal	

gradient,	its	bottom	was	a	copper	sheet	with	its	upper	surface	painted	white.	Copper	

pipes	connected	to	the	same	baths	as	for	the	small	thermal	gradient	were	arranged	

as	in	the	small	thermal	gradient.	Pieces	of	clear	acrylic	plastic	were	used	as	a	lid	to	

keep	the	animals	in.	
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	 The	hot	and	cold	baths	were	adjusted	such	that	the	temperature	at	the	warm	

end	of	each	of	the	gradients	was	approximately	45	°C	and	the	temperature	at	the	

cold	end	of	each	of	the	gradients	was	approximately	20	°C.	

	 Animals	were	randomly	allotted	to	lanes	in	the	small	thermal	gradient.	In	the	

large	thermal	gradient	only	one	animal	could	be	run	at	a	time.	Animals	were	started	

approximately	at	the	centre	of	their	lane.	In	the	small	thermal	gradient,	animals	in	

lanes	one	and	two	were	started	facing	the	warm	end	of	the	gradient,	whereas	

animals	in	lanes	three	and	four	were	started	facing	the	cold	end	of	the	gradient.	In	

the	large	thermal	gradient,	whether	the	animal	started	facing	the	warm	or	the	cold	

end	of	the	gradient	was	randomized.	The	purpose	of	some	animals	starting	facing	a	

different	end	of	the	gradient	than	other	animals	was	to	account	for	thigmotaxis	

towards	the	end	of	the	gradient	an	animal	is	started	facing.	Trials	were	run	for	

approximately	six	hours.	During	the	trials,	the	animals’	positions	in	their	lanes	were	

recorded	by	a	Raspberry	Pi	3	camera	(Raspberry	Pi	Foundation,	Cambridge,	U.K.)	

mounted	directly	above	the	gradient.	The	Raspberry	Pi	3	was	set	to	take	a	photo	of	

the	gradient	every	30	seconds.	Trials	were	conducted	in	random	order	as	much	as	

was	feasible.	Air	temperature	was	measured	to	the	nearest	0.01	°C	at	each	trial,	and	

animals	were	weighed	to	the	nearest	0.01	g.	

	 Each	photo	was	fed	into	the	computer	programme	Fiji	(National	Institutes	of	

Health,	Bethesda,	MD,	U.S.A.).	Each	photo	was	cropped	to	show	just	up	to	the	warm	

and	cold	ends	of	the	floor	of	each	apparatus.	Each	animal’s	position	in	the	gradient	

was	tracked	over	time	using	Fiji’s	manual	tracking	function.	The	approximate	centre	

of	the	animal’s	head	was	selected	in	each	photo	or,	if	the	centre	of	the	head	was	
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obscured,	the	visible	portion	of	the	body	nearest	to	the	centre	of	the	head	was	

selected.	Photos	where	the	animal	was	climbing	on	the	mesh	lid	were	excluded	from	

the	analysis.	As	a	result,	the	inferred	time	since	placement	in	the	gradient	associated	

with	each	photo	might	deviate	from	actual	time	since	placement	in	the	gradient,	but	

only	slightly.	

	 A	small	pilot	study	was	conducted	to	test	the	effects	of	selecting	the	animal’s	

back.	The	images	of	four	of	the	small	animals	were	processed	in	the	same	manner	as	

above,	except	that	the	approximate	centre	of	the	animal’s	back	was	selected	instead	

of	its	head.	If	the	centre	of	an	animal’s	back	was	obscured,	the	visible	part	of	the	

body	that	was	closest	to	the	centre	of	the	animal’s	back	was	selected. 	

	 Using	a	thermocouple	thermometer,	the	surface	temperature	in	each	

apparatus	(the	two	small	thermal	gradient	apparatuses	and	the	one	large	thermal	

gradient	apparatus)	was	systematically	measured	to	the	nearest	0.01	°C	at	intervals	

of	10%	of	the	given	apparatus’s	floor’s	length	from	one	end	to	the	other	during	a	

test	run.	A	polynomial	function	was	then	generated	which	modelled	how	

temperature	changed	as	a	function	of	position	in	each	of	the	apparatuses.	The	

relevant	function	was	then	applied	to	each	animal’s	track	to	infer	the	animal’s	

chosen	temperature	at	each	time	point	over	the	course	of	its	entire	thermal	gradient	

trial.	The	length	of	the	gradient	being	of	known	distance	was	used	to	calibrate	the	

pixel-to-cm	relationship	during	each	manual	tracking	session.	

	 The	first	15	minutes	of	each	trial	were	discarded	to	allow	for	exploration	of	

the	gradient.	Over	the	rest	of	each	trial,	each	animal’s	median	chosen	temperature	

was	inferred.	This	median	value	was	used	as	each	individual	animal’s	chosen	



	 35	

temperature	in	subsequent	statistical	analysis.	Median	values	were	used	instead	of	

mean	values	as	median	values	are	not	as	influenced	by	the	skew	typically	inherent	

in	thermal	preference	compared	to	mean	values	(DeWitt,	1967).	A	linear	model	was	

used	to	compare	chosen	temperature	between	the	three	phenotypes.	In	this	linear	

model,	phenotype	was	a	predictor	variable,	chosen	temperature	(in	°C)	was	a	

response	variable,	and	animal	mass	(in	g)	and	air	temperature	(in	°C)	were	

covariates.	This	linear	model	was	then	compared	with	a	linear	mixed	effects	model	

including	clutch	as	a	random	effect.	There	was	no	evidence	of	a	clutch	effect	(χ2=0,	

df=1,	p=1).	

	 If	rate	of	evaporative	water	loss	affects	a	bearded	dragon’s	thermoregulatory	

decisions,	then	not	only	should	there	be	a	phenotype	effect,	but	there	should	also	be	

an	inter-individual	variation	effect.	In	other	words,	individual	bearded	dragons	that	

have	higher	rates	of	evaporative	water	loss	should	choose	cooler	temperatures	than	

individual	bearded	dragons	that	have	lower	rates	of	evaporative	water	loss.	To	test	

this,	the	residuals	of	the	linear	model	from	the	evaporative	water	loss	study	

conducted	on	the	same	animals	used	here	(see	Chapter	2	for	details)	were	extracted	

from	that	model.	These	were	then	compared	to	the	residuals	of	the	thermal	

preference	linear	model	described	here,	with	residuals	paired	by	individual	animal	

ID.	A	linear	model	was	created	with	evaporative	water	loss	(mg/h)	residual	as	the	

predictor	variable	and	chosen	temperature	(°C)	residual	as	the	response	variable.		

	 Examination	of	the	residuals	of	the	two	models	using	Q-Q	plots	revealed	no	

evidence	of	excessive	deviation	from	normality.	Data	handling	and	statistical	

analysis	were	performed	as	in	the	previous	chapter.	
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3.3 Results	
	
	 There	was	no	statistically	significant	difference	in	chosen	temperature	

between	the	three	phenotypes	(Figure	3-1;	Table	3-1;	F4,29=0.95,	p=0.45).	Selecting	

an	animal’s	back	did	not	result	in	a	large	difference	in	inferred	chosen	temperature	

compared	to	selecting	an	animal’s	head,	and	neither	did	discarding	the	first	four	

hours	of	each	trial	compared	to	discarding	the	first	15	minutes	of	each	trial	(Table	

3-2).	The	relationship	between	the	residuals	of	the	evaporative	water	loss	model	

and	the	residuals	of	the	thermal	preference	model	was	not	statistically	significant	

(Figure	3-2;	Table	3-3;	R2=0.004,	df=31,	p=0.71).	

3.4 Discussion	
	
	 In	absolute	terms,	the	bearded	dragons	typically	appeared	to	choose	

temperatures	of	about	37	°C,	albeit	with	some	individuals	deviating	from	this	by	up	

to	about	4	°C	(Figure	3-1).	This	value	compares	favourably	with	the	bearded	

dragon’s	thermal	preference	of	35.7	°C	(mean	of	individual	animal	median	chosen	

temperatures)	as	inferred	by	Cadena	and	Tattersall	(2009b).	However,	this	value	of	

37	°C	compares	somewhat	less	favourably	with	past	research	on	bearded	dragons	

by	Black	and	Tattersall	(2017),	who	found	that	their	preferred	temperature	(mean	

of	individual	animal	median	chosen	temperatures)	was	34.1	°C	for	adults	and	33.7	

°C	for	neonates.	With	regards	to	field	studies	of	body	temperature	of	wild	bearded	

dragons,	past	studies	have	found	mean	values	of	32.9	°C	(Melville	and	Schulte,	2001)	

and	mean	values	of	active	animals	of	36.6	°C	in	December,	36.9	°C	in	February,	and	

32.3	°C	in	September	(MacMillen	et	al.,	1989),	respectively.	
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	 Some	might	speculate	that	the	difference	between	the	results	of	the	current	

and	some	of	the	above	past	studies	is	due	to	the	fact	that	in	the	present	study	the	

animals’	heads	were	clicked	on	instead	of	the	animals’	backs.	The	purpose	of	the	

“back	clicking”	pilot	study	was	to	determine	if	this	was	indeed	the	reason	for	this	

difference.	Evidently,	clicking	on	an	animal’s	back	results	in	an	inferred	chosen	

temperature	less	than	1	°C	different	from	that	from	clicking	on	its	head	(Table	3-2).		

This	is	probably	because	orientation	behaviour	cancels	itself	out.	In	other	words,	the	

higher	inferred	chosen	temperature	resulting	from	the	fact	that	the	head	is	closer	to	

the	warm	end	of	the	gradient	than	the	back	when	the	animal	is	facing	the	warm	end	

of	the	gradient	is	cancelled	out	when	the	animal	turns	to	face	the	cold	end	of	the	

gradient,	and	vice	versa.	It	takes	four	hours	for	bearded	dragons	to	fully	acclimate	to	

a	behavioural	apparatus	(Cadena	and	Tattersall,	2009b).	Therefore,	some	might	

contend	that	the	animals	in	the	present	study	had	not	had	enough	time	in	the	

apparatus	to	present	the	non-random	orientation	behaviour	described	by	Black	and	

Tattersall	(2017).	However,	in	my	pilot	study,	excluding	the	first	four	hours	of	data	

instead	of	the	first	15	minutes	of	data	made	at	most	1.1	°C	of	difference	in	inferred	

thermal	preference,	and	in	some	cases	actually	resulted	in	higher	values	as	opposed	

to	lower	ones	(Table	3-2).	Therefore,	this	is	not	the	most	likely	explanation	for	the	

difference	in	values	between	the	present	study	and	past	studies.	

	 It	is	noteworthy	that	differences	in	measurement	method	when	measuring	

body	temperature	in	lepidosaurs	can	sometimes	result	in	small	differences	in	

measurements.	Black	and	Tattersall	(2017)	measured	the	body	surface	temperature	

of	neonate	bearded	dragons	using	a	thermal	camera	and	measured	the	body	
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temperature	of	adult	bearded	dragons	using	external	temperature	loggers	attached	

to	each	animal’s	belly	using	tape.	Based	on	past	empirical	work	on	lepidosaurs,	

differences	of	1-2	°C	between	body	temperature	readings	made	with	temperature	

loggers	affixed	to	the	external	body	surface	and	body	temperature	readings	made	

with	cloacal	thermometers	are	quite	common	(Berg	et	al.,	2015).	Furthermore,	non-

contact,	infrared-based	methods	of	body	temperature	measurement	used	on	

lepidosaurs	captured	in	the	wild	sometimes	result	in	mean	body	temperature	

readings	up	to	1.1	°C	lower	than	the	means	of	body	temperature	readings	produced	

by	inserting	a	thermometer	into	the	animals’	cloacas	(Valle	et	al.,	2019).	Conversely,	

another	study	found	the	means	of	body	temperatures	of	lepidosaurs	in	a	thermal	

gradient	as	measured	by	an	infrared	thermometer	were	about	1	or	2	°C	higher	than	

the	means	of	body	temperatures	as	measured	by	a	cloacal	thermometer	(Carretero,	

2012).	An	animal’s	external	surface	temperature	will	not	always	be	equal	to	an	

animal’s	internal	body	temperature.	

	 Cadena	and	Tattersall	(2009b)	found	that	central	values	for	bearded	dragon	

internal	body	temperatures	were	typically	nearly	identical	to	central	values	of	their	

chosen	temperatures	inferred	from	their	position	(35.7±	1.5	°C	being	chosen	

temperature	inferred	from	position	in	the	gradient	and	35.3±	1.4	°C	being	internal	

body	temperatures	of	those	same	animals,	these	values	being	means	of	animal	

median	values	±	SD).Therefore,	one	might	speculate	that	my	data	are	more	

reflective	of	internal	body	temperatures	and	Black	and	Tattersall	(2017)’s	data	are	

more	reflective	of	external	body	temperatures.	One	of	these	is	not	more	

philosophically	justifiable	as	a	measure	of	“thermal	preference”	than	the	other	is,	as	



	 39	

lepidosaurs	possess	thermal	receptors	in	both	their	core	tissues	(Nagai	et	al.,	2012)	

and	their	skin	(Bailey,	1969).	There	are,	however,	issues	with	this	line	of	thinking.	

Skin	temperature	equilibrating	with	a	lepidosaur’s	environment	more	quickly	than	

core	temperature	might	result	in	a	continuous	differential	between	skin	

temperature	and	core	temperature	as	the	animal	moves	around	the	thermal	

gradient.	However,	this	would	not	result	in	a	difference	between	central	values	of	

skin	temperature	and	central	values	of	core	temperature.	Therefore,	in	the	end	a	

methodological	explanation	for	the	difference	between	mine	and	Black	and	

Tattersall	(2017)’s	data	can	be	discounted.	

	 One	very	plausible	explanation	for	the	difference	between	my	data	and	Black	

and	Tattersall	(2017)’s	data	is	differing	genetic	or	environmental	backgrounds	of	

the	animals	used	in	our	two	studies.	For	instance,	perhaps	the	animals	used	in	the	

present	study,	prior	to	entry	into	this	study,	were	raised	in	a	manner	that	did	not	

encourage	or	allow	distinct	orientation	behaviour	towards	or	away	from	heat	

sources.	If	this	orientation	behaviour	exhibits	phenotypic	plasticity,	this	may	be	why	

the	animals	in	the	present	study	did	not	seem	to	display	it	(Table	3-2).	

Environmental	effects	can	influence	thermal	preference	in	lepidosaurs	(Blouin-

Demers	et	al.,	2000;	Blumberg	et	al.,	2002;	Paranjpe	et	al.,	2013).	It	is	also	

noteworthy	that	any	shift	upwards	in	absolute	values	of	preferred	temperature	

related	to	the	method	I	used	to	infer	it	is	inconsequential	to	this	experiment’s	goal.	

This	is	because	I	set	out	to	see	if	thermal	preference	differed	between	phenotypes,	

and	not	to	establish	the	bearded	dragon’s	thermal	preference	in	absolute	terms.	
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	 After	one	accounts	for	sources	of	variation	in	evaporative	water	loss	and	

thermal	preference,	rate	of	evaporative	water	loss	is	not	correlated	with	thermal	

preference	(Figure	3-2,	Table	3-3).	This	suggests	that	thermal	preference	is	not	

driven	proximately	by	rate	of	evaporative	water	loss.	The	genes	that	control	rate	of	

evaporative	water	loss	in	bearded	dragons	(e.g.,	genes	encoding	for	skin	structure)	

are	probably	not	the	same	genes	that	control	thermal	preference.	This	suggests	any	

correlation	between	the	two	within	a	group	of	captive-bred	animals	such	as	that	

used	in	the	present	study	would	be	the	result	of	proximate	influence	of	one	on	the	

other.	In	other	words,	having	a	higher	rate	of	evaporative	water	loss	directly	causing	

the	animal	to	choose	cooler	temperatures,	without	any	changes	to	the	genome	

needing	to	occur.	Alternatively,	it	might	be	a	coincidental	connection.	Thinner	

integument	might	expose	peripheral	thermal	receptors	to	the	animal’s	external	

environment	more,	and	thinner	integument	also	increases	the	animal’s	rate	of	

evaporative	water	loss	(see	Chapter	2).	Regardless,	the	fact	that	no	correlation	

between	the	two	was	found	in	the	present	study	and	the	fact	that	there	was	no	

phenotype	effect	present	for	thermal	preference	(Figure	3-1,	Table	3-1)	suggests	

that	neither	is	the	case.	
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Figure	3-1.	Temperature	chosen	in	a	thermal	gradient	by	three	different	

phenotypes	of	bearded	dragon	(Pogona	vitticeps	Ahl	1926):	Wild	Type,	animals	

exhibiting	scales	of	reduced	prominence	(“Leatherback”),	and	scaleless	animals	

(“Silkback”).	Boxes	display	the	median	and	the	first	and	third	quartiles,	and	

whiskers	display	at	maximum	1.5	times	the	inter-quartile	range.	There	was	no	

statistically	significant	difference	in	chosen	temperature	between	the	three	

phenotypes	(F4,29=0.95,	p=0.45).	
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Table	3-1.	The	results	of	a	linear	model	comparing	temperatures	chosen	in	a	

thermal	gradient	between	three	different	phenotypes	of	bearded	dragon	(Pogona	

vitticeps	Ahl	1926):	Wild	Type,	animals	exhibiting	scales	of	reduced	prominence	

(“Leatherback”),	and	scaleless	animals	(“Silkback”).	Phenotype	was	the	predictor	

variable	and	chosen	temperature	(°C)	was	the	response	variable.	Animal	mass	(g)	

and	air	temperature	(°C)	were	covariates.	

Coefficient	 Estimate	 SE	 t-value	 p-value	
Wild	Type	
(Intercept)	

32.83336	 11.96952	 2.743	 0.0103	

Leatherback	 -0.57726	 0.76982	 -0.750	 0.4594	
Silkback	 -0.65248	 0.93039	 -0.701	 0.4887	
Mass	 -0.00888	 0.00737	 -1.205	 0.2380	
Air	Temperature	 0.20722	 0.49521	 0.418	 0.6787	
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Table	3-2.	The	temperatures	chosen	in	a	thermal	gradient	(°C)	by	four	bearded	

dragons	(Pogona	vitticeps	Ahl	1926).	Values	were	inferred	using	two	different	

selection	protocols:	manually	selecting	the	location	of	the	animal’s	head	to	infer	its	

chosen	temperature,	and	manually	selecting	the	location	of	the	animal’s	back	to	

infer	its	chosen	temperature.	Values	were	also	inferred	using	two	different	data	

handling	protocols:	excluding	data	from	the	first	15	minutes	after	the	animal	was	

introduced	to	the	thermal	gradient,	and	excluding	data	from	the	first	four	hours	

after	the	animal	was	introduced	to	the	thermal	gradient.	The	animals	were	of	three	

different	phenotypes:	Wild	Type,	animals	exhibiting	scales	of	reduced	prominence	

(“Leatherback”),	and	scaleless	animals	(“Silkback”).	

Animal	
ID	Code	

Phenotype	 Head	
15m	

Head	
4h	

Back	
15m	

Back	
4h	

Mean	
Head	
15m	
±	SD	

Mean	
Head	
4h	±	
SD	

Mean	
Back	
15m	
±	SD	

Mean	
Back	
4h	±	
SD	

WT3-C1	 Wild	Type	 37.5	 38.0	 37.4	 38.2	 37.0	
±	1.0	

36.7	
±	1.4	

37.3	
±	0.6	

37.1	±	
1.3	L1-C2	 Leatherback	 38.0	 37.2	 37.9	 37.1	

L2-C2	 Leatherback	 35.6	 34.8	 36.4	 35.3	
S3-C3	 Silkback	 37.1	 36.8	 37.4	 37.8	
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Figure	3-2.	Residual	preferred	temperature	as	a	function	of	residual	evaporative	

water	loss	in	bearded	dragons	(Pogona	vitticeps	Ahl	1926).	The	shaded	area	denotes	

the	95%	CI.	The	relationship	between	the	evaporative	water	loss	residuals	and	the	

chosen	temperature	residuals	was	not	statistically	significant	(R2=0.004,	df=31,	

p=0.71).	
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Table	3-3.	The	results	of	a	linear	model	with	the	residual	of	an	evaporative	water	

loss	(mg/h)	linear	model	as	the	predictor	variable	and	the	residual	of	a	chosen	

temperature	(°C)	linear	model	as	the	response	variable,	the	data	being	derived	from	

a	group	of	bearded	dragons	(Pogona	vitticeps	Ahl	1926).	

Coefficient	 Estimate	 SE	 t-value	 p-value	
Intercept	 -0.01829	 0.32199	 -0.057	 0.955	
Evaporative	
Water	Loss	
Residual	

0.01266	 0.03365	 0.376	 0.709	
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Chapter	4: The	Effects	of	Scalation	Phenotype	on	Ultraviolet	(UV)	
Light	Intensity	Preference	in	a	Model	Lepidosaur	
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4.1 Chapter	Rationale	
	
	 The	purpose	of	this	chapter	is	to	explore	the	hypothesis	that	the	lepidosaur	

scale	is	a	barrier	that	reduces	the	penetration	of	UV	light.	An	experiment	in	which	

Wild	Type,	Leatherback,	and	Silkback	bearded	dragons	were	placed	in	a	UV	light	

intensity	gradient	apparatus	will	be	described.	UV	is	biologically	valuable	to	

lepidosaurs	as	a	catalyst	of	physiological	processes	(Klaphake,	2010).	However,	UV	

is	also	damaging	to	lepidosaurs’	tissues	(Chang	and	Zheng,	2003;	Rouzaud	et	al.,	

2005).	Past	research	indicates	that	heliothermic	lepidosaurs	have	the	ability	to	

detect	UV	light	and	regulate	their	exposure	to	it	(Ferguson	et	al.,	2003;	Ferguson	et	

al.,	2013;	Ferguson	et	al.,	2015b).	Thicker	integument	would	logically	reduce	the	

penetration	of	UV	light	through	the	integument.	Wild	Types	should	therefore	choose	

to	expose	themselves	to	higher	UV	intensities	than	either	Leatherbacks	or	Silkbacks,	

as	they	have	thicker	integument	than	Leatherbacks	or	Silkbacks	do.	Silkbacks	

should	choose	to	expose	themselves	to	lower	UV	intensities	than	either	

Leatherbacks	or	Wild	Types,	as	their	integument	is	thinner	than	that	of	

Leatherbacks	or	Wild	Types.	Having	an	intermediate	integumentary	phenotype,	the	

UV	self-exposure	levels	of	Leatherbacks	should	be	intermediate	between	those	of	

Wild	Types	and	Silkbacks.	

4.2 Methods	
	
	 A	circular	apparatus	measuring	60	cm	outer	diameter	by	30.1	cm	internal	

height	was	constructed	of	black	expanded	PVC	plastic	with	a	thickness	of	6	mm	

(Figure	4-1).	At	the	centre	of	the	apparatus	was	a	central	triangular	column	with	a	
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groove	in	each	side.	Along	the	wall	at	the	periphery	of	the	apparatus	were	three	

rectangular	black	supporting	columns,	each	with	a	central	groove.	A	light	baffle	

measuring	23	cm	high	made	of	the	same	material	as	the	rest	of	the	gradient	was	

wedged	and	secured	between	each	of	the	pairs	of	grooves	at	a	height	of	7	cm	above	

the	floor	of	the	gradient,	to	ensure	overhead	lights	cast	onto	only	a	fixed	portion	of	

the	apparatus	floor.	The	end	effect	was	to	create	three	roughly	triangular	

compartments	(numbered	one,	two,	and	three)	within	the	apparatus	(Figure	4-1).	

	 Suspended	centred	in	each	compartment	19.3	cm	above	the	floor	of	the	

apparatus	(measured	from	the	upper	surface	of	the	bottom	lip	of	the	light	fixture)	

was	an	Exo	Terra	15	cm	Reptile	Dome	light	fixture	(Rolf	C.	Hagen	Inc.,	Baie	d’Urfé,	

QC).	An	Exo	Terra	25W	4.5	m	Heat	Cable	was	taped	to	the	underside	of	the	

apparatus’	floor	using	electrical	tape.	The	heat	cable	was	secured	at	the	centre	of	the	

underside	of	the	apparatus	and	then	spiralled	out	from	the	centre	in	concentric	

circles	spaced	approximately	3	cm	apart.	The	end	effect	was	a	spiral	of	heat	cable	

with	a	maximum	outer	diameter	of	33	cm.	This	created	two	“temperature	zones”	in	

the	apparatus:	the	“hot”	centre	of	the	apparatus	that	was	overtop	of	the	heat	cable	

and	the	“cold”	periphery	of	the	apparatus	where	the	temperature	was	equal	to	the	

ambient	temperature	(Figure	4-1).	The	heat	cable	was	connected	to	an	Inkbird	ITC-

308	Temperature	Controller	(Inkbird	Tech.	Co.,	Ltd.,	Shenzhen,	Guangdong,	China).	

The	entire	apparatus	sat	on	top	of	a	piece	of	foam,	and	for	safety	was	spaced	from	

this	foam	by	rubber	“feet.”	The	end	effect	was	that	the	upper	surface	of	the	floor	of	

the	apparatus	within	the	hot	central	zone	was	maintained	at	approximately	40	°C,	

and	floor	upper	surface	temperature	sharply	dropped	off	to	ambient	temperature	
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when	the	threshold	between	the	hot	zone	and	the	cold	zone	was	crossed	(Figure	4-

1).	These	temperatures	were	verified	using	a	FLIR	TG165	Spot	Thermal	Camera	

(FLIR	Systems,	Inc.,	Wilsonville,	OR,	U.S.A.).	The	purpose	of	having	both	a	hot	zone	

and	a	cold	zone	in	this	apparatus	was	to	allow	the	animals	to	thermoregulate	

normally	without	having	to	move	from	one	compartment	to	another	in	order	to	do	

so.	Thus,	the	animals	were	able	to	regulate	their	body	temperatures	independently	

of	their	chosen	intensity	of	UV	light	exposure.	Alternatively,	one	could	view	the	hot	

centre	of	the	apparatus	as	a	way	to	encourage	the	animals	to	exhibit	natural	basking	

behaviour	under	the	lights.	

	 Thirteen	Wild	Type,	12	Leatherback,	and	9	Silkback	bearded	dragons	were	

used	in	this	experiment.	Details	on	their	husbandry	can	be	found	in	the	Appendix	of	

this	thesis	(A.2).	Animals	were	exposed	to	the	apparatus	one	animal	at	a	time.	The	

order	that	the	trials	were	conducted	in	was	randomized	as	much	as	was	feasible.	

During	a	trial,	each	of	the	three	light	fixtures	contained	one	of	three	possible	bulbs:	

an	Exo	Terra	Reptile	UVB100	26W	bulb,	an	Exo	Terra	Reptile	UVB150	26W	bulb,	or	

an	Exo	Terra	Reptile	UVB200	26W	bulb.	These	bulbs	produce	light	in	the	human	

visible	spectrum	as	well	as	both	UVA	and	UVB	light.	Of	the	three	bulbs,	the	

“UVB200”	bulb	emits	UV	light	at	the	highest	intensity,	followed	in	descending	order	

by	the	“UVB150”	bulb	and	the	“UVB100”	bulb,	respectively.	These	bulbs	also	vary	in	

the	illuminance	(“brightness”)	of	the	light	they	emit,	but	only	very	slightly.	Based	on	

data	provided	by	the	manufacturer,	this	difference	would	be	a	60	Lux	difference	(an	

approximately	6%	difference)	in	illuminance	between	the	most	illuminating	

(“UVB200”)	and	least	illuminating	(“UVB100”)	of	the	three	bulbs	as	measured	at	a	
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distance	of	20	cm	from	the	bulbs.	Furthermore,	based	on	spectrographs	provided	by	

the	manufacturer	(see	Appendix,	Figure	A-5),	the	spectral	profile	of	light	emitted	by	

these	three	bulbs	is	very	similar,	differing	mostly	in	the	UV	portion	of	the	spectrum.	

The	three	bulbs	were	randomized	amongst	the	three	fixtures	before	each	trial.	

	 In	order	to	rule	out	the	possibility	of	higher	temperature	under	the	bulbs	of	

higher	intensity	being	a	confounding	factor,	at	the	beginning	of	each	trial	the	black	

plastic	probe	of	a	probe-based	digital	thermometer	was	placed	under	each	light.	The	

temperature	under	each	light	was	then	recorded	to	the	nearest	0.1	°C.	A	one-way	

repeated	measures	ANOVA	was	run	on	these	temperature	values	to	check	for	any	

difference	in	temperature	between	the	areas	under	each	bulb.	Examination	of	the	

residuals	of	this	ANOVA	using	a	Q-Q	plot	revealed	no	obvious	deviation	from	

normality.	

At	the	beginning	of	a	trial	an	animal	was	placed	in	the	apparatus	under	the	

light	in	compartment	two.	A	Raspberry	Pi	3	camera	(Raspberry	Pi	Foundation,	

Cambridge,	U.K.)	mounted	directly	above	the	apparatus	was	set	to	take	a	photo	of	

the	apparatus	every	10	seconds.	Trials	were	run	for	4-6	hours.	After	each	trial,	the	

animal	was	weighed	to	the	nearest	0.01	g.	The	bulbs	were	periodically	checked	to	

make	sure	they	had	not	degraded	in	their	UV	output	to	any	substantial	degree	using	

either	a	Solarmeter®	Model	6.2	UVB	Meter	or	a	Solarmeter®	Model	5.7	Total	UV	

(A+B)	Meter	(Solar	Light	Company,	Inc.,	Glenside,	PA,	U.S.A.)	or	both.	

	 In	order	to	infer	an	animal’s	chosen	level	of	UV	exposure	at	any	given	time	

point,	regressions	were	produced	which	mathematically	represented	how	measured	

UV	intensity	changed	as	a	function	of	the	linear	floor	distance	from	each	bulb.	An	
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Exo	Terra	15	cm	Reptile	Dome	was	suspended	29.8	cm	from	the	laboratory	bench	as	

measured	from	the	top	of	the	bottom	lip	of	the	light	fixture.	This	height	was	used	

because	the	light	fixtures	in	the	apparatus	were	suspended	19.3	cm	from	the	floor	of	

the	gradient,	with	10.5	cm	added	to	compensate	for	the	height	of	the	UV	measuring	

devices.	The	fixture	was	loaded	with	fresh	versions	of	the	three	different	bulbs	used	

in	the	trials,	one	after	the	other.	Two	different	devices	were	used	to	measure	how	

UV	output	varied	with	distance	from	the	bulb:	a	Solarmeter®	Model	6.2	UVB	Meter	

and	a	Solarmeter®	Model	5.7	Total	UV	(A+B)	Meter.	Output	was	measured	with	

each	device	at	four	different	linear	floor	distances	radiating	away	from	the	centre	

point	of	the	space	directly	under	the	light	fixture:	0	cm,	10	cm,	20	cm,	30	cm,	and	40	

cm.	

	 The	UV	meters	were	designed	to	be	used	with	their	sensors	pointed	directly	

at	a	light	source.	However,	the	purpose	of	this	exercise	was	to	model	how	UV	

intensity	as	experienced	by	a	bearded	dragon	on	the	floor	of	the	apparatus	changed	

as	distance	from	a	particular	bulb	changed.	Tilting	the	meters	towards	the	light	

introduces	another	source	of	error:	as	it	is	tilted	further	and	further	to	compensate	

for	moving	further	and	further	away	from	the	light,	the	angle	the	proximal	side	of	

the	UV	meter	forms	with	the	bench	top	becomes	smaller.	Therefore,	the	distance	

that	subtends	that	angle	becomes	smaller	and	thus	the	sensor’s	vertical	distance	

from	the	light	changes	as	an	unintended	consequence.	Due	to	a	priori	uncertainty	as	

to	which	was	the	more	justifiable	method,	two	readings	were	taken	with	each	device	

at	each	distance:	one	where	the	device	was	perpendicular	to	the	bench	top	and	

another	where	the	device	was	tilted	so	that	its	sensor	was	pointed	at	the	light	
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source.	The	exception	to	this	was	at	0	cm	where	no	tilting	needed	to	occur	and	so	

only	one	reading	was	taken.	

	 In	order	to	infer	how	UVA	exposure	varied	with	distance	from	the	bulb,	the	

values	produced	by	the	UVB	meter	were	subtracted	from	the	values	produced	by	

the	UVA+UVB	meter	for	a	given	bulb	for	a	given	form	of	measurement	(tilted	or	

perpendicular)	for	each	distance	point	from	the	bulb.	A	linear	regression	of	UV	

intensity	by	distance	was	then	performed	on	each	of	the	18	data	sets	produced	

(three	different	bulbs,	three	different	wavelength	categories,	two	different	forms	of	

measurement)	(see	Appendix,	Figure	A-6).	The	tilted	values	produced	R2	values	that	

were	consistently	higher	than	those	of	the	perpendicular	values	(perpendicular	

mean	R2:	0.97	±0.004	SD,	tilted	mean	R2:	0.99	±0.006	SD).	In	other	words,	the	tilted	

values	conformed	to	a	model	of	a	linear	decrease	in	UV	intensity	as	one	moves	

further	from	the	bulb	better	than	the	perpendicular	values.	As	a	linear	decrease	in	

intensity	is	what	one	should	expect	in	this	scenario,	this	suggests	that	tilting	the	

device	introduced	less	error	than	the	device	remaining	perpendicular,	and	so	only	

the	tilted	regressions	were	used	for	final	data	analysis.	

	 Images	from	the	trials	were	loaded	into	Fiji	(National	Institutes	of	Health,	

Bethesda,	MD,	U.S.A.)	and	each	animal’s	position	in	the	gradient	was	tracked	over	

time	using	Fiji’s	manual	tracking	function.	The	approximate	centre	of	the	animal’s	

head	was	selected.	If	the	centre	of	the	animal’s	head	was	obscured	by	something	

other	than	the	dome	of	a	light	fixture	itself,	then	the	visible	portion	of	the	body	

closest	to	the	centre	of	the	head	was	selected	instead.	If	the	centre	of	the	animal’s	

head	was	obscured	by	the	dome	of	a	light	fixture	itself,	or	it	was	inferred	from	
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previous	photos	that	the	animal	was	under	the	dome	of	a	particular	light	fixture,	

then	the	centre	of	the	light	fixture	in	question	was	selected	instead.	

	 In	order	to	determine	which	bulb	the	animal	was	closest	to	at	any	given	time,	

the	animal’s	x	and	y	coordinates	from	its	tracking	were	matched	with	the	x	and	y	

coordinates	of	the	centre	point	of	each	light	fixture.	Pythagorean	theorem	was	used	

to	determine	the	linear	distance	between	the	animal’s	x	and	y	coordinates	and	the	x	

and	y	coordinates	of	each	bulb.	At	each	time	point,	the	animal	was	deemed	at	that	

time	point	to	be	under	the	bulb	that	corresponded	to	the	shortest	of	these	three	

linear	distances.	The	equation	for	the	bulb	that	the	animal	was	under	(see	Appendix,	

Figure	A-4)	was	used	to	infer	an	animal’s	chosen	level	of	UV	exposure	at	that	time	

point	for	each	of	the	three	wavelength	categories.	This	process	was	repeated	for	

each	image.	The	pixel-to-cm	relationship	was	calibrated	for	each	trial	based	on	the	

diameter	of	the	gradient	being	of	known	length.	

	 The	first	15	minutes	from	each	trial	were	discarded,	to	allow	the	animal	an	

exploration	period.	The	mean	was	then	taken	for	each	animal’s	chosen	level	of	UVA,	

UVB,	and	combined	UVA+UVB	exposure.	These	mean	values	were	based	on	the	

values	inferred	for	each	photo	as	described	above.	These	means	were	then	used	for	

subsequent	statistical	analysis	of	how	UV	exposure	level	varied	by	phenotype.	This	

method	was	used	instead	of	statistically	analyzing	the	time	spent	in	each	

compartment,	as	the	latter	was	not	possible	due	to	non-independence	of	the	data.	In	

other	words,	an	animal	being	in	one	compartment	automatically	precluded	it	from	

being	in	another	compartment	at	that	same	point	in	time.	Three	separate	linear	

models	were	created,	each	with	phenotype	as	a	predictor	variable	and	each	with	
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one	of	the	three	measures	of	chosen	UV	intensity	(UVA,	UVB,	or	combined	

UVA+UVB)	as	a	response	variable.	Q-Q	plots	revealed	that	the	residuals	of	these	

linear	models	did	not	meet	the	criterion	of	normal	distribution	necessary	for	the	use	

of	parametric	tests.	Log-transforming	these	data	did	not	sufficiently	ameliorate	this.	

Subsequently,	linear	models	were	fitted	that	either	did	or	did	not	log-transform	the	

chosen	UV	intensity	data	and	included	either	trial	start	time	(seconds	elapsed	since	

midnight)	or	mass	(in	g)	as	covariates.	Linear	mixed-effects	models	were	also	

subsequently	fitted	with	phenotype	as	a	predictor	variable,	chosen	UV	intensity	

(either	log-transformed	or	not	log-transformed)	as	a	response	variable,	start	time	

and	mass	as	covariates,	and	clutch	as	a	random	effect.	

	 Log-transforming	the	chosen	UV	intensity	data	combined	with	using	start	

time	as	a	covariate	did	seem	to	increase	the	normality	of	the	residual	distribution	to	

some	degree.	However,	the	distributions	of	both	the	raw	and	the	log-transformed	

chosen	UV	intensity	data	points	themselves	were	obviously	non-normal.	Multiple	

outliers	existed,	and	given	this	study’s	already	small	sample	size	it	was	not	deemed	

reasonable	to	exclude	them.	Furthermore,	the	obviously	non-normal	distribution	of	

the	data	with	multiple	outlying	points	may	mean	that	regulation	of	UV	exposure	in	

bearded	dragons	is	not	always	a	linear	phenomenon	to	begin	with.	Therefore,	using	

linear	models	of	any	sort	may	not	be	the	most	appropriate	method	to	model	it.	In	

light	of	all	of	this,	UV	exposure	level	was	compared	between	the	three	phenotypes	

for	each	of	the	three	wavelength	categories	using	non-parametric	Kruskal-Wallis	

tests.	These	were	followed	up	with	post-hoc	non-parametric	Nemenyi	tests.	
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	 During	the	course	of	this	study	the	question	arose	as	to	whether	or	not	

thermoregulatory	decisions	are	influenced	by	photoregulatory	decisions.	In	other	

words,	whether	or	not	bearded	dragons	under	higher	UV	intensities	will	choose	

higher	or	lower	temperatures	than	bearded	dragons	under	lower	UV	intensities.	

Therefore,	I	exploited	the	fact	that	the	centre	of	the	UV	gradient	was	“hot”	and	the	

perimeter	of	the	UV	gradient	was	“cold”	to	try	to	answer	this	question.	The	

maximum	diameter	of	the	hot	portion	of	the	gradient	was	33	cm.	Therefore,	if	an	

animal’s	manually	tracked	x	and	y	coordinates	were	less	than	16.5	cm	from	the	

centre	point	of	the	gradient,	in	that	photo	it	was	determined	to	be	“hot,”	(~40	°C).	

By	the	same	token,	if	an	animal’s	x	and	y	coordinates	were	more	than	16.5	cm	from	

the	centre	point	of	the	gradient,	in	that	photo	it	was	determined	to	be	“cold.”	This	

linear	distance	from	the	centre	point	of	the	gradient	was	determined	using	

Pythagorean	theorem.	Mean	UV	exposure	level	was	calculated	for	each	animal	using	

only	photos	where	the	animal	was	less	than	16.5	cm	from	the	centre	point,	and	then	

again	for	each	animal	using	only	photos	where	the	animal	was	more	than	16.5	cm	

from	the	centre	point.	This	was	done	for	each	of	the	three	wavelength	categories.	

This	resulted	in	a	mean	for	each	animal	when	it	was	“hot”	and	a	mean	for	each	

animal	when	it	was	“cold,”	for	each	of	the	three	wavelength	categories.	These	means	

were	used	as	“hot”	and	“cold”	UV	values,	respectively,	for	each	animal	for	

subsequent	statistical	analysis.	Paired	t-tests	were	then	used	to	compare	UV	

exposure	level	between	hot	and	cold	animals	for	each	of	the	three	wavelength	

categories.	Examination	of	the	differences	between	each	animal’s	hot	and	cold	value	

using	Q-Q	plots	revealed	no	excessive	deviation	from	normality.	
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	 To	help	verify	the	results	of	the	thermal	gradient	study	conducted	on	the	

same	animals	used	in	this	UV	gradient	study	(see	Chapter	3),	the	amount	of	time	

spent	at	each	temperature	zone	was	compared	between	phenotypes.	The	first	15	

minutes	of	time	each	animal	spent	in	the	gradient	were	discarded	to	account	for	

gradient	exploration.	After	this,	the	percentage	of	the	time	an	animal	spent	in	the	

gradient	during	which	it	was	in	the	hot	zone	and	during	which	it	was	in	the	cold	

zone,	respectively,	was	calculated	for	each	animal.	No	statistical	analysis	was	

performed	on	these	data	due	to	their	non-independence.	They	were	instead	

condensed	into	summary	statistics	(mean	±	SD).	However,	these	data	were	also	

used	indirectly	to	assess	temperature	preference	in	a	different	way	that	is	more	

amenable	to	statistical	analysis.	Animals	were	assigned	a	“chosen	temperature”	

value	of	40	°C	for	each	photo	in	which	they	were	in	the	hot	zone	of	the	gradient	and	

a	“chosen	temperature”	value	of	21	°C	for	each	photo	in	which	they	were	in	the	cold	

zone	of	the	gradient.	Each	animal’s	mean	“chosen	temperature”	was	then	used	as	its	

estimated	thermal	preference	value	for	subsequent	statistical	analysis.	Mean	values	

were	used	instead	of	median	values	as	were	used	in	Chapter	3	due	to	the	binary	

nature	of	the	“chosen	temperature”	data	in	the	present	chapter.	A	linear	model	was	

then	used	to	compare	estimated	thermal	preference	between	phenotypes.	

Phenotype	was	the	predictor	variable	and	estimated	thermal	preference	was	the	

response	variable.	Mass	(in	g)	was	a	covariate.	Examination	of	the	residuals	of	the	

model	using	a	Q-Q	plot	did	not	indicate	any	excessive	deviation	from	normality.	

	 Data	handling	and	statistical	analysis	were	performed	as	in	the	previous	

chapters.	
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4.3 Results	
	
	 No	statistically	significant	difference	was	found	between	the	temperatures	in	

the	areas	under	the	three	bulbs	(F2,66=0.20,	p=0.82).	The	Kruskal-Wallis	tests	

revealed	a	statistically	significant	difference	in	UV	exposure	level	between	the	three	

phenotypes	for	UVA	(χ2=7.57,	df=2,	p=0.02)	(Figure	4-2),	UVB	(χ2=6.75,	df=2,	

p=0.03)	(Figure	4-3),	and	combined	UVA+UVB	(χ2=6.99,	df=2,	p=0.03)	(Figure	4-4).	

For	UVA,	post-hoc	tests	showed	statistically	significant	differences	between	

Leatherbacks	and	Silkbacks	(p=0.04)	and	between	Wild	Types	and	Silkbacks	(0.04)	

but	not	between	Wild	Types	and	Leatherbacks	(p=0.999)	(Figure	4-2).	For	UVB,	

post-hoc	tests	showed	a	statistically	significant	difference	between	Wild	Types	and	

Silkbacks	(p=0.046)	but	not	between	Leatherbacks	and	Silkbacks	(p=0.07)	or	

between	Wild	Types	and	Leatherbacks	(p=0.99)	(Figure	4-3).	For	combined	

UVA+UVB,	post-hoc	tests	showed	a	statistically	significant	difference	between	

Leatherbacks	and	Silkbacks	(p=0.04)	but	not	between	Wild	Types	and	Leatherbacks	

(p=0.97)	or	between	Wild	Types	and	Silkbacks	(p=0.06)	(Figure	4-4).	Wild	Types	on	

average	spent	slightly	more	of	their	time	in	the	high	UV	intensity	section	of	the	

apparatus	than	in	the	medium	UV	intensity	or	low	UV	intensity	sections	of	the	

gradient	(Figure	4-5).	Leatherbacks	on	average	spent	more	of	their	time	in	the	

medium	UV	intensity	section	of	the	gradient	than	the	high	UV	intensity	or	low	UV	

intensity	sections	of	the	gradient	(Figure	4-5).	Silkbacks	spent	on	average	about	

15%	less	time	in	the	high	UV	intensity	section	of	the	gradient	than	Wild	Types	did	

and	about	10%	less	than	Leatherbacks	did	(Figure	4-5).	
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	 There	were	statistically	significant	differences	between	the	UV	exposure	

levels	of	hot	and	cold	animals	for	UVA	(t33=-6.09,	p<0.0001),	UVB	(t33=-6.71,	

p<0.0001),	and	combined	UVA+UVB	(t33=-6.27,	p<0.0001)	(Figure	4-6).	Animals	

were	on	average	under	higher	UV	intensities	when	they	were	in	the	cold	zone	of	the	

gradient	than	when	they	were	in	the	hot	zone	of	the	gradient	(Figure	4-6).	

	 On	average	Silkbacks	spent	approximately	equal	portions	of	their	time	in	the	

gradient	in	the	hot	and	cold	zones,	respectively	(Figure	5-7).	This	is	in	contrast	to	

Leatherbacks	and	Wild	Types,	which	on	average	spent	about	20%	more	time	in	the	

cold	portion	of	the	gradient	than	they	did	in	the	hot	portion	of	the	gradient	(Figure	

4-7).	However,	the	large	standard	deviations	associated	with	the	data	indicate	that	

there	is	no	real	difference	in	temperature	preference	between	the	three	phenotypes	

(Figure	4-7).	This	is	corroborated	by	the	fact	that	estimated	thermal	preference	did	

not	differ	between	phenotypes	(Figure	4-8;	Table	4-1;	F3,30=1.16,	p=0.34).	

4.4 Discussion	
	
	 My	research	supports	previous	research	suggesting	some	lepidosaurs	self-

regulate	their	exposure	to	UV	light	(Ferguson	et	al.,	2003;	Ferguson	et	al.,	2013;	

Ferguson	et	al.,	2015b)	and	suggests	bearded	dragons	should	be	added	to	the	list	of	

lepidosaur	species	that	exhibit	UV-related	photoregulatory	behaviour.	Furthermore,	

this	behaviour	is	plastic	enough	that	bearded	dragons	can	adjust	it	in	response	to	a	

single	gene	mutation	affecting	the	thickness	of	their	integument.	

	 The	fact	that	animals	in	the	cold	portion	of	the	gradient	were	at	higher	UV	

intensities	on	average	than	animals	in	the	hot	portion	of	the	gradient	has	one	of	two	

possible	explanations.	One	is	that	bearded	dragons	at	lower	temperatures	choose	
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higher	UV	light	intensities	than	animals	at	higher	temperatures.	The	other	is	that	

bearded	dragons	under	higher	UV	light	intensities	choose	cooler	temperatures	than	

bearded	dragons	under	lower	UV	light	intensities.	In	other	words,	the	choice	is	

driven	either	by	an	animal’s	body	temperature	or	by	the	UV	light	intensity	it	is	

experiencing.	If	it	is	the	former,	this	may	be	because	bearded	dragons’	dorsal	

surfaces	darken	in	response	to	lower	temperatures	(de	Velasco	and	Tattersall,	2008;	

Smith	et	al.,	2016b).	In	theory,	this	should	decrease	the	penetration	of	UV	light	

through	the	integument	into	vulnerable	tissues	deeper	in	the	body,	and	thus	make	

bearded	dragons	more	resistant	to	UV-induced	damage.	This	would	perhaps	negate	

their	need	to	regulate	their	UV	exposure	levels	to	a	lower	set	point	than	the	levels	

potentially	available	in	the	gradient.	However,	bearded	dragon	skin	reflectivity	in	

the	“UV-visible”	portion	of	the	photic	spectrum	(300	nm-700	nm)	actually	increases	

at	higher	temperatures	(de	Velasco	and	Tattersall,	2008;	Smith	et	al.,	2016b).	If	

looked	at	in	a	simplistic	fashion,	the	hypothesis	that	the	animals	were	choosing	

cooler	temperatures	when	under	higher	UV	intensity	as	a	protective	measure	

against	higher	UV	intensity	only	makes	sense	if	reflectivity	in	the	UV	portion	of	the	

photic	spectrum	increases	at	lower	temperatures	and	does	not	make	sense	if	it	

instead	increases	at	higher	temperatures.	However,	the	darkening	of	the	skin	at	

cooler	temperatures	is	caused	by	increased	dispersion	of	the	melanocytes	in	the	

dermis	(Sherbrooke	et	al.,	1994).	Melanocytes	absorb	UV	radiation	and	thus	prevent	

damage	to	more	sensitive	structures	underneath	(Rouzaud	et	al.,	2005).	Therefore,	

somewhat	counter-intuitively,	moving	to	a	cooler	location	and	thus	absorbing	more	

UV	radiation	may	actually	be	a	more	adaptive	response	to	higher	UV	intensity	
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compared	to	moving	to	a	hotter	location	and	thus	increasing	skin	reflectivity	of	UV	

light.	

	 The	latter	hypothesis,	that	higher	UV	light	intensities	cause	bearded	dragons	

to	choose	cooler	temperatures,	has	an	unclear	physiological	mechanism.	There	are	

some	limited	data	to	suggest	that	heliothermic	lepidosaurs	will	bask	less	often	

under	lights	that	produce	UV	light	than	under	lights	that	do	not	(Dickinson	and	Fa,	

1997).	This	observation	could	perhaps	be	congruent	with	increased	UV	light	

intensity	lowering	thermal	preference.	However,	the	study	in	question	possessed	

the	confounds	of	the	animals	being	able	to	choose	between	the	non-UV	light-

producing	and	UV	light-producing	light,	and	of	temperature	being	different	under	

the	two	bulbs,	respectively	(Dickinson	and	Fa,	1997).	In	light	of	all	of	this,	the	

driving	force	behind	this	difference	in	UV	light	intensity	experienced	by	hot	and	cold	

animals	respectively	remains	unclear.	

	 Wild	Types	and	Leatherbacks	spent	somewhat	more	time	on	average	in	the	

cold	portion	of	the	apparatus	than	in	the	warm	portion	of	the	apparatus	(Figure	4-

7).	Silkbacks	on	average	spent	approximately	equal	amounts	of	time	in	each	

temperature	zone	(Figure	4-7).	This	is	in	contrast	to	the	results	of	the	thermal	

preference	study	conducted	on	these	same	animals,	which	found	no	difference	in	

thermal	preference	between	the	three	phenotypes	(Figure	3-1;	Table	3-1).	

Furthermore,	this	is	in	contrast	to	the	hypothesis	of	the	thermal	preference	study	

conducted	on	these	same	animals.	Namely,	that	Silkbacks	should	choose	lower	

temperatures	than	Wild	Types	due	to	their	higher	rates	of	evaporative	water	loss,	

with	Leatherbacks	choosing	intermediate	temperatures	due	to	an	intermediate	rate	



	 61	

of	evaporative	water	loss.	However,	the	standard	deviations	associated	with	the	

present	study’s	temperature	zone	usage	data	are	such	that	this	difference	in	average	

time	spent	cannot	reasonably	be	interpreted	to	reflect	underlying	differences	in	

thermoregulatory	decisions	between	the	three	phenotypes	(Figure	4-7).	This	

difference	in	time	spent	in	different	zones	is	instead	more	reasonably	interpreted	as	

an	artefact	of	chance.	This	is	further	corroborated	by	the	fact	that	estimated	thermal	

preference,	as	assessed	in	this	chapter,	did	not	differ	between	phenotypes	(Figure	4-

8;	Table	4-1).	The	conclusion	is	thus	still	that	there	is	no	evidence	of	a	difference	in	

thermal	preference	between	the	three	phenotypes.	
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Figure	4-1.	The	ultraviolet	light	intensity	gradient	apparatus	used	in	this	study.	

Labels	on	the	sides	of	the	compartments	of	the	gradient	indicate	that	at	this	time	the	

Exo	Terra	Reptile	UVB150	26W	bulb	(Rolf	C.	Hagen	Inc.,	Baie	d’Urfé,	QC)	is	in	the	

light	fixture	in	the	compartment	on	the	upper	right,	followed	clockwise	by	the	Exo	

Terra	Reptile	UVB200	26W	bulb	and	the	Exo	Terra	Reptile	UVB100	26W	bulb,	

respectively.	It	is	noteworthy,	however,	that	the	bulbs	were	randomized	between	

compartments	before	each	trial.	The	red	circle	indicates	the	approximate	

boundaries	of	the	“hot”	zone	of	the	gradient	generated	by	coils	of	heat	cable	

underneath	the	gradient.	Beyond	this	is	the	ambient	temperature	“cold”	zone.	For	

scale,	the	apparatus	measures	60	cm	in	outer	diameter.	
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Figure	4-2.	Ultraviolet-A	(UVA)	light	intensities	chosen	in	a	UV	light	gradient	by	

bearded	dragons	(Pogona	vitticeps	Ahl	1926)	of	three	different	phenotypes:	Wild	

Type,	animals	exhibiting	scales	of	reduced	prominence	(“Leatherback”),	and	

scaleless	animals	(“Silkback”).	Boxes	display	the	median	and	the	first	and	third	

quartiles,	and	whiskers	display	at	maximum	1.5	times	the	inter-quartile	range.	

There	was	a	statistically	significant	difference	between	the	three	phenotypes	

(χ2=7.57,	df=2,	p=0.02).	As	indicated	by	asterisks,	post-hoc	tests	found	statistically	

significant	differences	between	Wild	Types	and	Silkbacks	(p=0.04)	and	between	

Leatherbacks	and	Silkbacks	(p=0.04)	but	not	between	Wild	Types	and	Leatherbacks	

(p=0.999).	
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Figure	4-3.	Ultraviolet-B	(UVB)	light	intensities	chosen	in	a	UV	light	gradient	by	

bearded	dragons	(Pogona	vitticeps	Ahl	1926)	of	three	different	phenotypes:	Wild	

Type,	animals	exhibiting	scales	of	reduced	prominence	(“Leatherback”),	and	

scaleless	animals	(“Silkback”).	Boxes	display	the	median	and	the	first	and	third	

quartiles,	and	whiskers	display	at	maximum	1.5	times	the	inter-quartile	range.	

There	was	a	statistically	significant	difference	between	the	three	phenotypes	

(χ2=6.75,	df=2,	p=0.03).	As	indicated	by	an	asterisk,	post-hoc	tests	found	a	

statistically	significant	difference	between	Wild	Types	and	Silkbacks	(p=0.046),	but	

not	between	Leatherbacks	and	Silkbacks	(p=0.07)	or	between	Wild	Types	and	

Leatherbacks	(p=0.99).	
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Figure	4-4.	Combined	ultraviolet-A	(UVA)	and	ultraviolet-B	(UVB)	light	intensities	

chosen	in	a	UV	light	gradient	by	bearded	dragons	(Pogona	vitticeps	Ahl	1926)	of	

three	different	phenotypes:	Wild	Type,	animals	exhibiting	scales	of	reduced	

prominence	(“Leatherback”),	and	scaleless	animals	(“Silkback”).	Boxes	display	the	

median	and	the	first	and	third	quartiles,	and	whiskers	display	at	maximum	1.5	times	

the	inter-quartile	range.	There	was	a	statistically	significant	difference	between	the	

three	phenotypes	(χ2=6.99,	df=2,	p=0.03).	As	indicated	by	an	asterisk,	post-hoc	tests	

found	a	statistically	significant	difference	between	Leatherbacks	and	Silkbacks	

(p=0.04),	but	not	between	Wild	Types	and	Silkbacks	(p=0.06)	or	between	Wild	

Types	and	Leatherbacks	(p=0.97).	
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Figure	4-5.	Mean	percent	time	spent	in	three	different	zones	of	ultraviolet	light	

intensity	by	bearded	dragons	(Pogona	vitticeps	Ahl	1926)	of	three	different	

phenotypes:	Wild	Type,	animals	exhibiting	scales	of	reduced	prominence	

(“Leatherback”),	and	scaleless	animals	(“Silkback”).	
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Figure	4-6.	The	difference	in	ultraviolet	(UV)	light	intensity	chosen	in	a	UV	light	

intensity	gradient	by	bearded	dragons	(Pogona	vitticeps	Ahl	1926)	when	they	were	

in	the	heated	(“Hot”)	portion	of	the	gradient	compared	to	when	they	were	in	the	

ambient	temperature	(“Cold”)	portion	of	the	gradient.	Data	are	displayed	for	three	

different	wavelength	categories	within	the	UV	portion	of	the	photic	spectrum.	Boxes	

display	the	median	and	the	first	and	third	quartiles,	and	whiskers	display	at	

maximum	1.5	times	the	inter-quartile	range.	Lines	connect	data	points	from	the	

same	individual	animal.	As	indicated	by	asterisks,	there	were	statistically	significant	

differences	between	“hot”	and	“cold”	animals	for	UVA	(t33=-6.09,	p<0.0001),	UVB	

(t33=-6.71,	p<0.0001),	and	combined	UVA+UVB	(t33=-6.27,	p<0.0001).	



	 68	

	
Figure	4-7.	Mean	percent	time	spent	in	two	different	temperature	zones	by	bearded	

dragons	(Pogona	vitticeps	Ahl	1926)	of	three	different	phenotypes:	Wild	Type,	

animals	exhibiting	scales	of	reduced	prominence	(“Leatherback”),	and	scaleless	

animals	(“Silkback”).	
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Figure	4-8.	Estimated	thermal	preference	in	a	differentially	heated	ultraviolet	light	

intensity	gradient	apparatus	for	three	different	phenotypes	of	bearded	dragon	

(Pogona	vitticeps	Ahl	1926):	Wild	Type,	animals	exhibiting	scales	of	reduced	

prominence	(“Leatherback”),	and	scaleless	animals	(“Silkback”).	Boxes	display	the	

median	and	the	first	and	third	quartiles,	and	whiskers	display	at	maximum	1.5	times	

the	inter-quartile	range.	There	was	no	statistically	significant	difference	in	

estimated	thermal	preference	between	the	three	phenotypes	(F3,30=1.16,	p=0.34).	
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Table	4-1.	The	results	of	a	linear	model	comparing	estimated	thermal	preference	in	

a	differentially	heated	ultraviolet	light	intensity	gradient	between	three	different	

phenotypes	of	bearded	dragon	(Pogona	vitticeps	Ahl	1926):	Wild	Type,	animals	

exhibiting	scales	of	reduced	prominence	(“Leatherback”),	and	scaleless	animals	

(“Silkback”).	Phenotype	was	the	predictor	variable	and	estimated	thermal	

preference	(°C)	was	the	response	variable.	Animal	mass	(g)	was	a	covariate.	

Coefficient	 Estimate	 SE	 t-value	 p-value	
Wild	Type	
(Intercept)	

27.85687	 1.26255	 22.064	 <2e-16	

Leatherback	 0.31492	 1.68104	 0.187	 0.853	
Silkback	 1.12437	 1.92026	 0.586	 0.563	
Mass	 0.02406	 0.01705	 1.411	 0.169	
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Chapter	5: General	Discussion	and	Conclusions	
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5.1 Water	Loss	
	
	 I	found	support	for	my	hypothesis	that	scales	reduce	cutaneous	evaporative	

water	loss.	The	effect	of	reduced	scalation	on	water	loss	seems	to	be	much	more	

obvious	when	scales	are	completely	absent	as	compared	to	when	they	are	merely	

reduced	in	prominence.	This	is	understandable	as	there	are	many	sources	of	

variation	in	water	loss	that	could	not	be	included	in	the	statistical	model	that	could	

potentially	mask	a	comparatively	smaller	effect	on	cutaneous	evaporative	water	loss	

caused	by	the	Leatherback	phenotype.	Most	notable	of	these	would	be	stage	in	the	

skin	shedding	cycle	(Dupoué	et	al.,	2015;	Zucker	and	Maderson,	1980).	

	 The	evaporative	water	loss	data	from	the	present	study	are	not	merely	a	

physiological	curiosity.	Industry	reports	suggest	that	the	reptile-keeping	hobby	is	

growing	rapidly	(Collis	and	Fenili,	2011).	The	proportion	of	pet	reptiles	on	the	

market	that	are	captive-bred	as	opposed	to	wild	caught	is	also	increasing,	at	least	in	

some	countries	(Herrel	and	van	der	Meijden,	2014)	and	at	least	when	two	outlier	

species	are	excluded	(Robinson	et	al.,	2015).	The	production	and	sale	of	unusual	

phenotypes	(or	“morphs”	as	they	are	termed	in	the	reptile-keeping	hobby)	has	

become	a	major	source	of	revenue	for	the	reptile	industry	(Tapley	et	al.,	2011).	

Although	there	has	been	much	concern	in	the	academic	community	over	the	welfare	

of	other	captive	bred	animals	that	are	highly	derived	in	relation	to	their	“wild	type”	

(e.g.,	bulldogs)	(Aromaa	et	al.,	2019;	Hopkins,	2015;	O’Neill	et	al.,	2018;	Packer	et	al.,	

2012;	Palmer,	2012;	Sandøe	et	al.,	2017),	there	has	been	less	focus	on	the	welfare	of	

unusual	reptile	phenotypes	(Rose	and	Williams,	2014).	The	Silkback	data	from	the	

present	study	will	hopefully	form	a	scaffold	off	of	which	best	practices	for	the	care	of	



	 73	

lepidosaurs	with	reduced	scalation	can	be	built	for	dissemination	among	reptile	

keepers,	veterinarians,	and	animal	welfare	groups.	

	 Furthermore,	the	evaporative	water	loss	data	from	the	present	study	may	

have	relevance	to	conservation	efforts.	Many	of	the	world’s	described	lepidosaurs	

are	poorly	known,	often	only	known	from	preserved	museum	specimens	collected	

at	one	single	encounter	with	the	scientific	collector	in	question	(Meiri	et	al.,	2018).	

However,	these	specimens	do	allow	researchers	to	determine	the	scale	phenotype	

exhibited	by	a	certain	species	of	lepidosaur.	One	of	the	current	observed	climate	

change	trends	is	an	increase	in	aridity	(i.e.,	environments	becoming	drier)	(Zarch	et	

al.,	2015).	These	are	localized	trends:	only	some	regions	of	the	world	are	increasing	

in	aridity,	which	is	evidenced	by	the	empirical	data	(Zarch	et	al.,	2015).	The	present	

study	has	demonstrated	that	scale	phenotype	affects	rate	of	cutaneous	evaporative	

water	loss.	The	possibility	should	therefore	be	explored	as	to	whether	or	not	some	

sort	of	regression	of	the	relationship	between	scale	phenotype	and	rate	of	

evaporative	water	loss	could	be	developed.	This	regression	would	be	a	powerful	

tool	to	try	and	predict	the	effects	of	climate	change	on	little-studied	wild	lepidosaurs	

and	manage	ecosystems	to	account	for	such	effects.	

	 Future	research	should	also	expand	this	question	of	scales	and	evaporative	

water	loss	to	a	comparative	approach	involving	other	taxa.	The	scales	of	lepidosaurs	

and	those	of	other	reptilian	lineages,	such	as	the	ossified	scutes	of	crocodylians,	the	

leg	scutes	of	birds,	and	the	limb,	neck,	head,	and	tail	scales	of	testudines	(turtles	and	

tortoises)	differ	in	many	ways	both	histologically	and	in	their	developmental	origins	

(Alibardi,	1999;	Alibardi	and	Gill,	2007;	Alibardi	and	Thompson,	2000;	Maderson,	
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1965;	Maderson,	1972;	Milinkovitch	et	al.,	2013;	Sawyer	and	Knapp,	2003;	

Spearman,	1966).	However,	this	is	not	necessarily	a	reason	to	think	that	they	do	not	

have	an	analogous	physiological	function.	There	is	a	recessive	mutation	present	in	

some	domestic	chicken	lines	that	causes	them	to	lack	leg	scutes	(Abbott	and	

Asmundson,	1957)	that	could	be	used	to	address	this	question.	I	know	of	no	

examples	of	mutations	in	crocodylians	causing	them	to	lack	scutes	or	of	mutations	

in	testudines	causing	them	to	lack	scales.	However,	recent	advances	in	the	genetic	

manipulation	of	reptiles	(Rasys	et	al.,	2019)	make	possible	the	production	of	these	

mutations	specifically	for	research.	Furthermore,	the	effects	of	scale-like	structures	

on	water	loss	in	more	distantly	related	groups	should	be	explored.	An	example	of	a	

good	candidate	for	this	would	be	pangolins	(class	Mammalia,	order	Pholidota).	

Pangolins	possess	keratinized	plates	covering	most	of	their	body’s	external	surface	

(Spearman,	1967).	Their	dire	conservation	status	(Heinrich	et	al.,	2016)	and	the	

difficulty	of	breeding	them	in	captivity	(Challender	et	al.,	2019)	preclude	pangolins	

as	a	lab-based	model	organism.	However,	there	are	portions	of	their	plates	which	

are	neither	innervated	nor	vascularized	(Spearman,	1967;	Sun	et	al.,	2019)	and	this	

portion	of	the	plate	can	grow	back	(Spearman,	1967).	Studies	involving	trimming	

the	plates	of	captive	animals	in	zoological	institutions	may	help	elucidate	any	water	

conservation-related	role	the	plates	play.	

5.2 Thermal	Preference	
	
	 It	is	well	known	that	dehydrated	ectothermic	terrestrial	tetrapods	will	often	

choose	cooler	temperatures	than	hydrated	ones	(Anderson	and	Andrade,	2017;	

Bradshaw	et	al.,	2007;	Crowley,	1987;	Ladyman	and	Bradshaw,	2003;	Sannolo	and	
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Carretero,	2019;	Shoemaker	et	al.,	1989;	Tracy	et	al.,	1993),	which	reduces	their	rate	

of	evaporative	water	loss.	In	lepidosaurs,	one	mechanism	that	triggers	this	decrease	

in	thermal	preference	is	the	neuropeptide	arginine	vasotocin	(AVT),	which	is	

secreted	by	the	pars	nervosa	of	the	brain	in	response	to	high	blood	sodium	ion	

concentration	(Bradshaw	et	al.,	2007).	There	has	even	been	past	work	on	bearded	

dragons	specifically	to	suggest	that	they	thermoregulate	differently	when	they	are	

dehydrated	compared	to	when	they	are	hydrated	(da	Silveira	Scarpellini	et	al.,	

2015).	However,	the	hypothesis	best	supported	by	da	Silveira	Scarpellini	et	al.	

(2015)’s	study	is	that	dehydrated	bearded	dragons	thermoregulate	differently	than	

hydrated	ones	merely	because	they	move	less	often	than	hydrated	ones	and	not	

because	their	thermal	preference	has	changed,	per	se.	

	 This	dehydration	hypothesis	is,	however,	not	the	hypothesis	explored	by	the	

present	study.	With	the	exception	of	the	first	three	Silkbacks	used	in	this	study,	the	

Silkbacks	were	provided	with	ad	libitum	access	to	water.	Therefore,	the	hypothesis	

being	explored	was	not	that	bearded	dragons	choose	cooler	temperatures	when	

dehydrated.	It	was	instead	that	bearded	dragons	have	an	internal	mechanism	to	

assess	their	rate	of	evaporative	water	loss	and	shift	their	thermal	preference	

accordingly.	There	are	limited	data	in	the	literature	that	suggest	that	lepidosaur	

species	with	higher	rates	of	evaporative	water	loss	than	their	congeners	will	choose	

hotter	or	cooler	temperatures	compared	to	their	congeners	(Guillon	et	al.,	2014;	

Sannolo	et	al.,	2018).	The	direction	of	this	relationship	varies	between	studies	

(Guillon	et	al.,	2014;	Sannolo	et	al.,	2018).	However,	the	thermal	preference	data	

presented	here	in	the	present	study	suggest	that	this	is	ultimately	controlled	and	
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not	proximately	controlled.	This	is	because	no	statistically	significant	difference	in	

thermal	preference	was	found	between	the	three	bearded	dragon	phenotypes	

(Figure	4-1;	Table	4-1).	In	the	case	of	Guillon	et	al.	(2014)’s	study	with	vipers,	this	

would	mean	that	thermal	preference	co-evolves	with	resistance	to	evaporative	

water	loss.	In	other	words,	the	species	with	an	a	priori	higher	rate	of	evaporative	

water	loss	evolved	lower	thermal	preferences	to	compensate,	or,	conversely,	the	

species	exploiting	a	warmer	ecological	niche	evolved	increased	resistance	to	

evaporative	water	loss	to	compensate.	In	the	case	of	Sannolo	et	al.	(2018)’s	study	on	

wall	lizards,	perhaps	the	species	with	the	a	priori	lower	rate	of	evaporative	water	

loss	was	preadapted	to	exploit	the	windier	(and	therefore	cooler)	microhabitat,	and	

subsequently	evolved	a	lower	thermal	preference.	This	assumes	Sannolo	et	al.	

(2018)’s	hypothesis	about	the	species	with	the	lower	rate	of	evaporative	water	loss	

exploiting	windier	microhabitats	than	the	species	with	the	higher	rate	of	

evaporative	water	loss	is	correct.	Alternatively,	perhaps	the	species	that	had	

evolved	to	exploit	the	cooler	ecological	niche	therefore	exploited	the	windier	

habitats	and	subsequently	evolved	lower	rates	of	evaporative	water	loss	to	

compensate	for	this	increased	windiness.	It	is	also	possible	these	adaptations	

evolved	simultaneously	as	the	two	species	evolved	into	different	niches.	Regardless,	

thermal	preference	appears	to	be	an	insufficiently	plastic	trait	to	be	reduced	by	a	

single	gene	mutation	that	increases	rate	of	evaporative	water	loss.	There	is	some	

equivocal	evidence	that	lepidosaurs	may	be	able	to	adjust	their	thermal	preference	

in	response	to	entering	physiological	states	that	increase	their	rate	of	evaporative	

water	loss	(e.g.,	pregnancy)	(Dupoué	et	al.,	2015).	It	is	noteworthy,	though,	that	this	
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preference	actually	seems	to	increase	as	opposed	to	decrease,	possibly	because	of	

the	metabolic	implications	of	states	like	pregnancy	(Dupoué	et	al.,	2015).	However,	

if	this	is	indeed	the	case,	one	must	keep	in	mind	that	these	are	states	that	will	have	

been	experienced	by	a	lepidosaur’s	ancestors	repeatedly	over	the	course	of	

evolutionary	time.	If	the	lack	of	statistical	significance	in	the	present	study	is	taken	

at	face	value,	the	ability	to	adjust	thermal	preference	in	response	to	routinely	

entered	physiological	states	is	under	ultimate	and	not	proximate	control.	This	

would	mean	it	has	co-evolved	with	the	routine	entering	of	these	states	over	scales	of	

evolutionary	time.	This	would	also	mean	it	is	not	triggered	directly	by	the	increase	

in	evaporative	water	loss	itself.	

	 The	results	of	the	regression	of	the	residuals	of	the	evaporative	water	loss	

linear	model	from	Chapter	2	against	the	residuals	of	the	thermal	preference	linear	

model	from	Chapter	3	(Figure	3-2;	Table	3-3)	are	further	evidence	that	rate	of	

evaporative	water	loss	does	not	directly	affect	a	lepidosaur’s	chosen	temperature.	

This	is	because	the	relationship	between	the	residuals	of	the	evaporative	water	loss	

model	and	the	residuals	of	the	thermal	preference	model	was	not	statistically	

significant	(Figure	3-2;	Table	3-3).	In	other	words,	when	one	first	accounts	for	other	

sources	of	variation	in	rate	of	evaporative	water	loss	and	other	sources	of	variation	

in	thermal	preference,	individual	animals	with	higher	rates	of	evaporative	water	

loss	do	not	choose	lower	temperatures	than	animals	with	lower	rates	of	evaporative	

water	loss.	

	 There	is,	however,	another	potential	explanation	for	the	lack	of	statistical	

significance	seen	in	my	thermal	preference	study’s	data.	That	explanation	is	that	
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there	are	small	differences	in	thermal	preference	between	Wild	Type,	Leatherback,	

and	Silkback	bearded	dragons,	and	the	sample	size	of	my	study	was	merely	

insufficient	to	resolve	these	small	differences.	Differences	in	thermal	preference	

between	different	phenotypes	and	genotypes	of	lepidosaur	are	sometimes	very	

small	(i.e.,	about	1	°C	or	less)	(Sinervo,	1990).	I	may	have	merely	been	unable	to	

resolve	a	difference	this	small	with	the	sample	size	that	I	had.	

	 All	of	the	animals	came	from	the	same	supplier	with	the	exception	of	four	of	

the	small	Silkbacks	(including	the	one	that	died)	and	one	of	the	large	Silkbacks	that	

came	from	a	different	supplier	and	two	of	the	large	Silkbacks	that	came	from	yet	

another	supplier.	This	was	due	to	necessity	as	the	first	supplier	in	question	became	

unable	to	provide	me	with	more	Silkbacks	as	the	study	progressed.	Maternal	effects	

can	cause	differences	in	thermal	preference	in	lepidosaurs	(Paranjpe	et	al.,	2013),	as	

can	other	environmental	influences	during	development	(Blouin-Demers	et	al.,	

2000;	Blumberg	et	al.,	2002).	Therefore,	this	may	have	added	variation	to	the	

Silkback	portion	of	the	sample,	which	could	also	mask	a	difference	in	thermal	

preference.	My	sample	size	may	have	been	too	low	to	easily	detect	a	“supplier	effect”	

caused	by	a	handful	of	animals.	Future	work	addressing	this	question	would	do	well	

to	use	animals	from	more	homogeneous	sourcing	if	at	all	possible.	

5.3 UV	Light	Intensity	Preference	
	
	 A	priori,	I	considered	vision	to	be	the	most	plausible	mechanism	for	a	

lepidosaur	to	behaviourally	regulate	its	UV	light	intensity	exposure.	This	could	be	

using	either	the	eyes	proper	or	the	pineal	gland-associated	eye-like	structure	known	

as	the	“parietal	eye”	(Gundy	and	Wurst,	1976a),	or	both.	While	there	is	perhaps	no	
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reason	to	think	that	the	mutant	Sca	allele	would	have	any	effect	on	a	bearded	

dragon’s	eyes	proper,	there	is	indeed	a	reason	to	think	it	might	affect	the	parietal	

eye.	Bearded	dragons	possess	a	parietal	eye	that	is	in	close	association	with	a	scale	

(Nishimura	et	al.,	2010).	Furthermore,	in	lizards,	the	pineal	gland,	to	which	the	

parietal	eye	connects,	may	also	directly	detect	light	itself	through	somewhat	

transparent	cartilage	deposits	that	bridge	the	gap	between	it	and	the	dorsal	external	

surface	of	the	lizard’s	head	(Gundy	and	Wurst,	1976a).	Therefore	it	is	plausible	that	

the	reduced	scalation	of	Leatherbacks	and	Silkbacks	may	alter	their	UV	light-related	

behaviour	by	directly	influencing	how	much	and	how	light	is	detected	by	the	

parietal	eye	and	the	pineal	gland	through	the	skin	on	the	head.	Whether	or	not	this	

is	a	maladaptive	or	adaptive	behavioural	change	remains	to	be	seen,	and	is	in	fact	

somewhat	a	matter	of	perspective.	It	is	possible	that	as	integument	has	evolved	in	

lizard	lineages	over	time,	the	parietal	eye	and	pineal	gland	have	responded	

plastically	to	this	by	increasing	or	decreasing	a	species’	behavioural	exposure	to	UV	

light.	This	might	have	occurred	without	any	changes	to	the	genes	that	encode	for	the	

parietal	eye	and	pineal	gland	needing	to	occur	for	this	to	happen.	If	this	is	the	case,	

then	the	parietal	eye	and	pineal	gland’s	response	to	the	mutant	Sca	allele	may	be	

analogous	and	this	behavioural	shift	might	be	termed	adaptive.	However,	it	is	also	

possible	that	the	behavioural	shift	in	Leatherbacks	and	Silkbacks	is	a	result	of	

interference	in	the	parietal	eye	and	pineal	gland’s	normal	detection	pathways	

caused	by	the	reduced	scalation	phenotype.	This	is	perhaps	the	result	of	altering	

some	lens-like	properties	the	scales	directly	over	the	parietal	eye	have.	However,	it	

seems	reasonable	to	assume	that	more	UV	light	penetrates	the	integument	of	



	 80	

Silkbacks	and	Leatherbacks	than	penetrates	that	of	Wild	Types.	Therefore,	even	if	

this	reduction	in	self-exposure	to	UV	light	is	the	result	of	interference	with	a	sensory	

system	it	still	is,	in	a	sense,	adaptive.	

	 Snakes	do	not	possess	parietal	eyes	(Bradshaw	and	Holzapfel,	2007),	and	nor	

do	some	lizards	which	are	exceptions	to	the	rule		(Gundy	and	Wurst,	1976a).	

Partially	scaleless	Texas	rat	snakes	(Pantherophis	obsoletus	lindheimeri	Baird	and	

Girard	1853)	mostly	lacking	scales	on	the	dorsal	surface	of	the	body	have	been	

produced	in	captivity	(Bechtel	and	Bechtel,	1991).	This	trait	has	a	genetic	origin	that	

allows	replicable	production	of	this	phenotype	via	captive	breeding	(Bechtel	and	

Bechtel,	1991).	Future	studies	looking	at	these	animals’	response	to	UV	light	in	

comparison	to	that	of	wild	type	Texas	rat	snakes	would	help	identify	whether	or	not	

the	parietal	eye	is	the	sole	facilitator	of	UV-related	photoregulation	in	lepidosaurs.	

To	my	knowledge	all	of	the	species	of	lepidosaur	whose	behaviour	in	response	to	UV	

light	has	heretofore	been	examined	(Ferguson	et	al.,	2003;	Ferguson	et	al.,	2013;	

Ferguson	et	al.,	2015b)	either	have	been	confirmed	to	possess	parietal	eyes	or	can	

be	said	to	plausibly	possess	parietal	eyes	based	on	presence	of	the	parietal	eye	in	a	

congener	(Gundy	and	Wurst,	1976a;	Gundy	and	Wurst,	1976b),	though	those	of	

panther	chameleons	(Furcifer	pardalis	Cuvier	1829)	are	somewhat	rudimentary	

(Gundy	and	Wurst,	1976a).	Future	research	would	do	well	to	compare	behaviour	in	

a	UV	intensity	gradient	of	some	of	those	lepidosaur	species	that	lack	parietal	eyes	to	

a	null	model.	This	would	help	elucidate	the	mechanism	or	mechanisms	at	play	that	

allow	lepidosaurs	to	photoregulate	in	response	to	UV	light.	Indeed,	the	results	of	one	

behavioural	study	suggest	common	wall	lizards	(Podarcis	muralis	Laurenti	1768)	
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may	have	photoreceptors	in	their	skin	(Tosini	and	Avery,	1996).	Furthermore,	

experiments	suggest	some	species	of	sea	snake	in	the	genus	Aipysurus	have	

photoreceptors	on	their	tails,	whereas	other	species	of	sea	snake	lack	them	(Crowe-

Riddell	et	al.,	2019;	Zimmerman	and	Heatwole,	1990).	One	species,	the	Arafura	sea	

snake	(Aipysurus	tenuis	Lönnberg	&	Andersson	1913),	may	have	photoreceptors	in	

the	skin	elsewhere	on	its	body	as	well	(Crowe-Riddell	et	al.,	2019).	Studies	of	

lepidosaurs	lacking	parietal	eyes	would	therefore	help	determine	the	degree	to	

which	parietal	eyes	are	necessary	for	lepidosaur	photoregulation.	

	 There	is	also	the	possibility	that	a	feedback	mechanism	within	the	Vitamin	D	

related-calcium	metabolism	pathway	is	in	play.	This	mechanism	would	entail	

bearded	dragons	using	changes	in	their	Vitamin	D	status	to	indirectly	detect	the	UV	

light	intensity	of	their	current	environment	and	modify	their	behaviour	accordingly	

(Ferguson	et	al.,	2003).	However,	this	seems	far	less	likely	a	mechanism	than	the	use	

of	the	parietal	eye	or	the	eyes	proper	to	detect	UV	light	intensity.	This	is	because	in	

adult	female	bearded	dragons	no	statistically	significant	decrease	was	found	in	

circulating	blood	concentrations	of	either	25(OH)D3	or	1,25(OH)2D3	after	83	days	of	

UV	light	deprivation	and	being	fed	a	diet	low	in	vitamin	D3	(Oonincx	et	al.,	2013).	

Admittedly,	over	the	course	of	this	same	study,	average	blood	total	calcium	

concentration	decreased,	average	total	blood	potassium	concentration	decreased,	

and	average	blood	uric	acid	concentration	increased	to	a	statistically	significant	

degree	respectively	(Oonincx	et	al.,	2013).	However,	a	detection	of	any	or	all	of	these	

changes	is	still	not	a	very	plausible	mechanism	for	UV	light	intensity	detection.	This	

is	because	after	83	days	average	blood	total	calcium	concentration	only	decreased	
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by	approximately	22%,	average	total	blood	potassium	concentration	decreased	by	

approximately	61%,	and	average	blood	uric	acid	concentration	increased	by	only	

approximately	36%	(Oonincx	et	al.,	2013).	Therefore,	in	bearded	dragons	the	half-

lives	of	these	changes	in	blood	chemistry	are	so	long	that	one	basking	session	or	one	

experience	in	a	UV	light	intensity	gradient	probably	causes	negligible	change	in	

these	parameters.	

	 The	fact	that	“cold”	bearded	dragons	were	at	higher	UV	intensities	than	“hot”	

bearded	dragons	can	most	parsimoniously	be	explained	by	confusion.	In	the	wild,	

heliothermic	lepidosaurs	like	bearded	dragons	would	usually	experience	higher	

temperatures	in	conjunction	with	higher	light	intensities	and	lower	temperatures	in	

conjunction	with	lower	light	intensities.	If	they	have	therefore	evolved	to	use	light	

intensity	as	a	proximate	cue	to	assist	in	precise	thermoregulation,	they	may	exhibit	

phototaxis	(attraction	to	light)	when	engaging	in	thermoregulatory	behaviour.	An	

animal	running	around	the	perimeter	of	the	apparatus,	as	they	were	sometimes	

observed	to	do,	will	eventually	equilibrate	in	temperature	with	the	“cold”	portion	of	

the	gradient.	It	will	plausibly	then	attempt	to	behaviourally	thermoregulate	in	order	

to	raise	its	body	temperature	back	to	a	more	physiologically	optimum	temperature.	

This	may	result	in	the	animal	spending	more	time	in	the	higher	intensity	areas	of	the	

gradient	than	would	be	expected	by	chance	due	to	instinctive	phototaxis.	The	

exception	to	the	rule	that	bearded	dragons	in	the	wild	would	encounter	high	UV	

intensities	in	concert	with	high	temperatures	and	low	UV	intensities	in	concert	with	

low	temperatures	would	be	in	the	early	morning,	when	the	sun	is	bright	and	basking	

surfaces	are	still	cold.	Therefore	a	pre-existing	early	morning	basking	behaviour	
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may	be	triggered	when	an	animal	equilibrates	in	temperature	with	the	“cold”	

portion	of	the	gradient,	triggering	it	to	seek	higher	UV	intensities.	This	still	falls	

under	the	umbrella	hypothesis	that	the	bearded	dragons	are	using	UV	intensity	as	a	

proximal	cue	for	thermoregulation.	There	is	some	somewhat	equivocal	evidence	to	

suggest	that	bearded	dragons	indeed	exhibit	phototaxis	independently	from	

thermotaxis	(Khan	et	al.,	2010),	which	would	support	this	hypothesis.	

5.4 Conclusions	
	
	 Water	loss	rates	are	indeed	related	to	lepidosaur	scalation	phenotype,	at	

least	in	bearded	dragons.	However,	this	does	not	appear	to	affect	their	

thermoregulatory	decision-making,	and	if	it	does,	it	does	not	by	a	very	large	amount.	

Finally,	there	is	indeed	evidence	that	scalation	phenotype	affects	photoregulatory	

decision-making	in	bearded	dragons	as	it	pertains	to	UV	light.	The	data	presented	

here	in	my	thesis	have	relevance	not	only	to	comparative	physiology,	but	also	to	the	

applied	fields	of	conservation	and	animal	welfare.	Future	research	should	expand	to	

examining	other	models	of	scalelessness	and	elucidating	the	interspecific	trends	of	

water	loss	as	it	pertains	to	scale	phenotype	and	the	interspecific	trends	of	UV	

sensitivity.	
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A:	Appendix 	

A.1 Nomenclature	
	
	 Reptiles	are	not	a	monophyletic	group	unless	birds	are	included	within	

Reptilia.	Birds	are	a	lineage	within	the	clade	Dinosauria	(Padian	and	Chiappe,	1998),	

and	birds	are	the	only	dinosaur	lineage	to	persist	past	the	end	of	the	Cretaceous	

Period	and	survive	to	the	present	(Benson,	2018).	Crocodylians	are	more	closely	

related	to	birds	than	they	are	to	either	lepidosaurs	(lizards,	snakes,	amphisbaenians,	

and	tuatara)	or	testudines	(turtles	and	tortoises),	with	both	crocodylians	and	birds	

being	in	the	clade	Archosauria	(Field	et	al.,	2014;	Lee,	2001).	Furthermore,	some	

current	evidence	suggests	that	testudines	are	more	closely	related	to	archosaurs	

than	they	are	to	lepidosaurs	(Field	et	al.,	2014).	

	 In	the	interest	of	maintaining	monophyletic	taxonomy	wherever	possible,	the	

most	logical	course	of	action	would	be	to	use	the	terms	“reptiles”	and	“Reptilia”	only	

when	referring	to	all	four	lineages	(birds,	crocodylians,	testudines,	and	lepidosaurs)	

collectively.	However,	“reptile”	and	“Reptilia”	are	terms	with	much	historical	

baggage,	having	been	used	for	hundreds	of	years	to	describe	only	three	of	those	four	

lineages	(namely,	crocodylians,	testudines,	and	lepidosaurs)	(Rieppel,	2005).		As	a	

result,	many	people	continue	to	use	“reptile”	and	“Reptilia”	in	this	paraphyletic	

sense	today.	Throughout	this	thesis,	the	names	of	specific	lineages	within	Reptilia	

were	used	wherever	possible	as	opposed	to	the	terms	“reptile”	and	“Reptilia.”	

However,	occasionally	for	the	sake	of	consistency	with	terms	used	in	the	cited	

literature	the	term	“reptile”	will	be	used	in	the	paraphyletic	sense.	
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	 A	similar	situation	exists	with	the	term	“lizard.”	Lizards	are	not	a	

monophyletic	group	unless	both	snakes	and	amphisbaenians	are	considered	lizards	

(Reeder	et	al.,	2015).	The	monophyletic	clade	containing	lizards,	snakes,	and	

amphisbaenians	is	known	as	Squamata	(Reeder	et	al.,	2015).	However,	the	same	

historical	baggage	exists	with	the	term	“lizard”	as	exists	with	the	term	“reptile.”	

Historically,	animals	traditionally	recognized	as	“lizards”	were	placed	in	the	taxon	

Lacertilia	(sometimes	called	Sauria),	and	snakes	were	placed	in	the	taxon	Serpentes,	

with	no	recognition	that	one	is	nested	within	the	other	(Dundee,	1989).	For	this	

reason,	the	term	“lizard”	is	still	frequently	used	in	the	paraphyletic	sense	today.	

Wherever	possible,	use	of	the	term	“lizard”	is	avoided	in	this	thesis.	However,	

occasionally	for	the	sake	of	clarity	and	consistency	with	the	literature	being	cited	

the	term	“lizard”	will	be	used	in	the	paraphyletic	sense.	
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A	simplified	cladogram	is	displayed	below	to	illustrate	the	taxonomic	concepts	

discussed	above.	

	

		
Figure	A-1.	A	simplified	cladogram	displaying	the	phylogenetic	relationships	of	

various	reptile	groups.	Branch	lengths	are	not	to	scale.	Note	that	not	all	“lizard”	

groups	are	included	on	this	cladogram;	those	shown	are	merely	shown	for	the	

purposes	of	illustrating	the	paraphyly	of	lizards	as	a	group	unless	amphisbaenians	

and	snakes	are	included	as	lizards.	Note	also	that	the	phylogenetic	position	of	

Testudines	is	under	debate.	For	the	information	used	to	construct	this	cladogram,	

see	Field	et	al.	(2014),	Lee	(2001),	and	Reeder	et	al.	(2015).	 	
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A.2 The	Animals	
	
	 Thirty-five	bearded	dragons	(Pogona	vitticeps	Ahl	1926)	were	acquired	from	

private	pet	industry	breeders	and	sellers.	All	animals	were	acquired	at	a	small	

(juvenile)	size	with	the	exception	of	three	Silkbacks,	which	were	acquired	at	a	larger	

(sub-adult)	size.	One	small	Silkback	died	within	a	few	days	of	acquisition	and	was	

thus	excluded	from	all	portions	of	the	study	except	for	the	calculation	of	observed	

drinks.	This	brought	the	working	sample	size	to	34	animals:	13	Wild	Types,	12	

Leatherbacks,	and	9	Silkbacks	(see	Figure	A-2	for	representative	individuals).	

	 The	animals	came	from	nine	different	clutches.	All	animals	within	a	clutch	

were	full	siblings	to	all	the	other	animals	from	that	same	clutch.	There	was	

phenotypic	crossover	within	two	clutches,	such	that	there	were	Leatherbacks	and	

Wild	Types	that	were	full	siblings	to	one	another	in	this	study.	

	 The	animals	were	housed	individually	in	black	PVC	cages	with	dimensions	of	

61	cm	long	by	61	cm	wide	by	40.6	cm	high.	At	the	front	of	each	cage	there	was	a	

clear	acrylic	door	measuring	50.8	cm	long	by	25.4	cm	high.	A	30	cm	by	30	cm	tile	

was	securely	wedged	in	one	of	the	rear	corners	of	each	cage	such	that	there	was	a	

gap	under	each	tile	that	the	animal	could	use	as	a	retreat.	Above	each	tile	was	

suspended	a	light	fixture	with	an	incandescent	bulb	which	created	a	basking	spot	on	

the	upper	surface	of	the	tile.	Each	cage	also	contained	a	piece	of	disposable	paper	

pulp	packaging	for	the	animals	to	hide	under	or	perch	on.	Basking	tile	upper	surface	

temperatures	during	the	light	photoperiod	were	in	the	realm	of	35-45	°C,	as	

measured	periodically	using	a	FLIR	TG165	Spot	Thermal	Camera	(FLIR	Systems,	

Inc.,	Wilsonville,	OR,	U.S.A.).	Also	suspended	in	the	cage	was	another	light	fixture	
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containing	an	Exo	Terra	Reptile	UVB200	13W	bulb	(Rolf	C.	Hagen	Inc.,	Baie	d’Urfé,	

QC)	to	provide	continuous	access	to	UVB	radiation.	Animals	were	kept	on	paper	

towel	substrate,	except	for	the	three	large	Silkbacks,	which	were	kept	on	ground	

coconut	husk	substrate.	This	was	to	allow	for	“spot	cleaning”	and	to	provide	better	

cage	humidity	retention,	as	there	were	no	worries	about	substrate	impaction	as	

there	were	with	the	smaller	animals.	Animals	were	randomly	allotted	to	cages	in	the	

housing	room.	Photoperiod	was	set	to	12L:12D.	

	 The	animals	were	fed	daily	on	chopped	fruits	and	vegetables,	a	1:1	mixture	of	

Mazuri®	Insectivore	Diet	and	Mazuri®	Herbivorous	Reptile	LS	Diet-Small	(Mazuri	

Exotic	Animal	Nutrition,	St.	Louis,	MO,	U.S.A.),	and	live	insects.	The	insects	were	

dusted	five	days	a	week	with	Rep-Cal	Calcium	with	Vitamin	D3	and	twice	a	week	

with	Rep-Cal	Herptivite	Multivitamin	(Rep-Cal	Research	Labs,	Los	Gatos,	CA,	U.S.A.).	

The	animals	were	misted	with	water	daily,	by	hand	or	using	an	automatic	misting	

system.	

	 After	the	first	three	Silkbacks	of	this	study	were	maintained	in	the	lab	it	

became	evident	that	Silkbacks	suffer	from	shedding	issues.	From	then	on	Silkback	

cages	were	kept	especially	moist.	Silkbacks	were	also	from	then	on	provided	with	

constant	access	to	a	large,	shallow	dish	of	water	that	was	cleaned	and	refilled	daily.	

Silkbacks	were	also	periodically	bathed	in	small	plastic	tubs	in	an	attempt	to	

alleviate	shedding	issues.	Any	remaining	retained	shed	skin	was	gently	worked	off	

by	hand,	and	any	minor	cuts	and	scrapes	were	dealt	with	by	disinfection.	One	

Silkback	was	also	treated	for	an	eye	condition	using	a	topical	antibiotic	ointment.	
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	 Observations	of	the	first	batch	of	animals	held	in	the	lab	indicated	that	

Silkbacks	were	more	likely	to	drink	water	when	it	was	presented	to	them	than	the	

other	animals	were.	Therefore,	from	July	8th,	2018	onwards	to	the	end	of	the	study,	

whenever	an	animal	was	observed	drinking	it	was	recorded.	Occasionally	the	

number	of	animals	in	the	lab	at	any	given	time	would	change,	e.g.,	animals	would	be	

returned	to	the	supplier	or	an	animal	would	be	adopted	out	as	a	pet.	The	total	time	

that	bearded	dragons	were	held	in	our	lab	was	therefore	divided	into	periods	of	

time	within	each	of	which	the	number	of	animals	in	the	lab	did	not	change.	For	each	

period,	the	number	of	drinks	observed	for	each	individual	animal	was	divided	by	the	

number	of	days	in	that	period	to	produce	a	rate	of	observed	drinks/day	for	each	

animal	resident	in	the	lab	during	that	period.	As	some	animals	were	resident	in	the	

lab	during	more	than	one	period,	some	individual	animals	had	more	than	one	value	

for	observed	drinks/day.	

	 Initially,	observed	drinking	rate	was	compared	between	phenotypes	using	a	

linear	mixed	effects	model	with	phenotype	as	a	predictor	variable	(fixed	effect),	

drinking	rate	(observed	drinks/day)	as	a	response	variable,	and	individual	animal	

ID	as	a	random	effect.	The	random	effect	of	individual	animal	ID	was	included	to	

account	for	the	fact	that	some	animals	had	more	than	one	value	for	observed	

drinks/day.	Examination	of	the	residuals	of	this	model	using	a	Q-Q	plot	revealed	

that	the	residuals	of	this	model	were	not	normally	distributed.	Therefore,	the	values	

of	observed	drinks/day	were	log	transformed	and	the	same	model	was	then	fitted	

again	on	these	transformed	data.	This	second	model’s	residuals	did	not	appear	to	
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obviously	deviate	from	normality.	This	second	model	was	followed	up	with	post-hoc	

least-squares	means	tests	using	Satterthwaite’s	method.	

	 The	animals	were	weighed	periodically	during	their	time	in	the	study,	both	at	

the	ends	of	experiments	and	as	part	of	normal	husbandry.	This	weighing	was	either	

to	the	nearest	0.01	g	on	a	Mettler	PE	400	balance	(Mettler-Toledo	International	Inc.,	

Columbus,	OH,	U.S.A.)	or	to	the	nearest	1	g	on	an	Ohaus	CS	2000	balance	(Ohaus	

Corporation,	Parsippany,	NJ,	U.S.A.).	If	an	animal	was	weighed	more	than	once	on	a	

given	day,	the	first	value	for	mass	was	taken	and	used	for	these	calculations.	For	the	

purposes	of	determining	growth	rate,	an	animal’s	mass	when	it	was	first	weighed	

was	subtracted	from	that	animal’s	mass	when	it	was	last	weighed.	This	value	was	

then	divided	by	the	number	of	days	elapsed	between	these	two	time	points	to	

produce	a	growth	rate	value	in	g/day.	

	 Growth	rate	was	initially	compared	between	the	three	phenotypes	using	a	

linear	model	with	phenotype	as	the	predictor	variable	and	g/day	as	the	response	

variable.	Examination	of	the	residuals	of	the	growth	rate	linear	model	using	a	Q-Q	

plot	revealed	no	obvious	deviation	from	normality.	This	model	was	then	compared	

with	a	linear	mixed	effects	model	including	an	animal’s	mass	from	the	first	time	it	

was	weighed	after	entering	into	the	study	as	a	random	effect.	There	was	no	evidence	

of	an	effect	of	initial	mass	(χ2=0.009,	df=1,	p=0.92).	However,	comparing	the	original	

linear	model	with	a	linear	mixed	effects	model	including	clutch	as	a	random	effect	

revealed	evidence	of	a	clutch	effect	(χ2=4.52,	df=1,	p=0.03)	on	growth	rate.	

	 Data	handling	and	statistical	analysis	were	done	as	in	the	data	chapters	of	

this	thesis.	
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	 The	three	phenotypes	differed	in	observed	drinking	rate	(Figure	A-3;	Table	

A-1;	F2,39=4.13,	p=0.02,	produced	using	Satterthwaite’s	method).	Post-hoc	tests	

indicated	that	there	were	statistically	significant	differences	in	observed	drinking	

rate	between	Wild	Types	and	Silkbacks	(t=-2.55,	df=39,	p=0.01)	and	Leatherbacks	

and	Silkbacks	(t=-2.28,	df=39,	p=0.03)	but	not	between	Wild	Types	and	

Leatherbacks	(t=-0.21,	df=39,	p=0.84.	Silkbacks	had	higher	observed	drinking	rates	

than	Leatherbacks	or	Wild	Types	did	(Figure	A-3;	Table	A-1).	The	three	phenotypes	

did	not,	however,	differ	in	growth	rate	(Figure	A-4;	Table	A-2;	F2,10=1.21,	p=0.34,	

produced	using	Satterthwaite’s	method).	

	 The	fact	that	Silkbacks	were	observed	to	drink	at	a	higher	rate	than	that	

observed	for	the	other	two	phenotypes	(Figure	A-3;	Table	A-1)	suggests	that	

Silkbacks	do	indeed	lose	more	water	than	the	other	phenotypes.	This	evidence	

supports	the	hypothesis	that	the	lepidosaur	scale	is	a	barrier	that	helps	reduce	

evaporative	water	loss.	This	is	not	the	primary	test	of	this	hypothesis	conducted	in	

this	study;	the	primary	test	is	the	respirometric	measurements	of	evaporative	water	

loss	described	in	the	following	section	of	this	chapter.	It	is	also	entirely	possible	that	

these	data	are	not	representative	of	true	drinking	rates,	as	the	animals	may	have	

drunk	when	no	researcher	was	present	to	record	it.		

	 The	similarity	in	growth	rates	between	the	three	phenotypes	(Figure	A-4;	

Table	A-2)	suggests	that	there	isn’t	a	generalized	morbidity	associated	with	the	

Leatherback	or	Silkback	phenotype.	This	is	relevant	to	any	attempt	to	relate	

differences	between	the	three	phenotypes	to	differences	in	scalation.	I	must	here	

add	a	cautious	note:	due	to	their	aforementioned	issues	with	shedding	Silkbacks	
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were	prone	to	digit	and	distal	tail	tip	pathologies.	I	found	I	had	minimal	control	over	

these,	despite	bathing,	extra	water	provision,	etc.	However,	these	did	not	appear	to	

affect	their	behaviour	or,	evidently,	their	growth	rate	(Figure	A-4;	Table	A-2).	Three	

Wild	Types	from	the	first	“batch”	of	animals	kept	in	the	lab	were	used	in	many	more	

respirometry	sessions	than	the	other	animals	used	in	this	thesis.	This	is	because	

they	were	part	of	a	discontinued	experiment	that	was	not	included	in	this	thesis.	

However,	these	repeated	bouts	in	the	respirometry	apparatus	do	not	appear	to	have	

added	variation	to	the	Wild	Type	growth	rate	data	set.	Although	one	of	those	three	

Wild	Type	animals	has	the	lowest	growth	rate	of	any	Wild	Type	animal,	those	three	

do	not	appear	to	form	outliers	in	the	Wild	Type	data	set.	This	further	supports	the	

validity	of	these	growth	rate	comparison	data.	
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Figure	A-2.	Three	phenotypes	of	bearded	dragon	(Pogona	vitticeps	Ahl	1926):	Wild	

Type	(a),	animals	exhibiting	scales	of	reduced	prominence	(“Leatherback”)	(b),	and	

scaleless	animals	(“Silkback”)	(c).	On	the	head	of	the	Silkback	(c)	can	be	observed	

the	flakes	of	shedding	skin	that	are	characteristic	of	this	phenotype.	Visible	on	the	

tail	of	the	Silkback	(c)	are	the	irregular	epidermal	structures	that	are	sometimes	

present	in	this	phenotype.	When	present,	they	cover	approximately	5-10%	of	the	

external	surface	of	the	body.	Note	that	bearded	dragon	individuals	will	vary	in	

colour.	



	 104	

		
Figure	A-3.	Observed	drinking	rate	(model	fits	±	SE)	across	three	different	

phenotypes	of	bearded	dragon	(Pogona	vitticeps	Ahl	1926):	Wild	Type,	animals	

exhibiting	scales	of	reduced	prominence	(“Leatherback”),	and	scaleless	animals	

(“Silkback”).	Model	fits	were	taken	from	a	linear	mixed	effects	model	with	

phenotype	as	a	predictor	variable	(fixed	effect),	log	of	drinking	rate	(observed	

drinks/day)	as	a	response	variable,	and	individual	animal	ID	as	a	random	effect.	

There	was	a	statistically	significant	difference	between	the	three	phenotypes	

(F2,39=4.13,	p=0.02;	produced	using	Satterthwaite’s	method).	As	indicated	by	the	

asterisks,	post-hoc	tests	indicated	that	there	was	a	statistically	significant	difference	

between	Wild	Types	and	Silkbacks	(t=-2.55,	df=39,	p=0.01)	and	between	

Leatherbacks	and	Silkbacks	(t=-2.28,	df=39,	p=0.03)	but	not	between	Wild	Types	

and	Leatherbacks	(t=-0.21,	df=39,	p=0.84).	
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Table	A-1.	The	results	of	a	linear	mixed	effects	model	with	phenotype	as	a	predictor	

variable	(fixed	effect),	log	of	drinking	rate	(observed	drinks/day)	as	a	response	

variable,	and	individual	animal	ID	as	a	random	effect,	the	data	being	derived	from	a	

group	of	bearded	dragons	(Pogona	vitticeps	Ahl	1926).	The	animals	were	of	three	

different	phenotypes:	Wild	Type,	animals	exhibiting	scales	of	reduced	prominence	

(“Leatherback”),	and	scaleless	animals	(“Silkback”).	A	Type	III	Analysis	of	Variance	

(Satterthwaite’s	method)	found	a	statistically	significant	difference	between	the	

three	phenotypes	(F2,39=4.13,	p=0.02).	

Fixed	Effect	 Estimate	 SE	 df	 t-value	 p-value	
Wild	Type	
(Intercept)	

-1.41002	 0.12811	 39.00000	 -11.006	 1.58e-13	

Leatherback	 0.03825	 0.18491	 39.00000	 0.207	 0.8372	
Silkback			 0.43477	 0.17018	 39.00000	 2.555	 0.0146	
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Figure	A-4.	Growth	rate	of	three	different	phenotypes	of	bearded	dragon	(Pogona	

vitticeps	Ahl	1926):	Wild	Type,	animals	exhibiting	scales	of	reduced	prominence	

(“Leatherback”),	and	scaleless	animals	(“Silkback”).	Boxes	display	the	median	and	

the	first	and	third	quartiles,	and	whiskers	display	at	maximum	1.5	times	the	inter-

quartile	range.	There	was	no	statistically	significant	difference	found	between	the	

three	phenotypes	(F2,10=1.21,	p=0.34;	Satterthwaite’s	method).	
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Table	A-2.	The	results	of	a	linear	mixed	effects	model	with	phenotype	as	a	predictor	

variable	(fixed	effect),	growth	rate	(g/day)	as	a	response	variable,	and	clutch	as	a	

random	effect,	the	data	being	derived	from	a	group	of	bearded	dragons	(Pogona	

vitticeps	Ahl	1926).	The	animals	were	of	three	different	phenotypes:	Wild	Type,	

animals	exhibiting	scales	of	reduced	prominence	(“Leatherback”),	and	scaleless	

animals	(“Silkback”).	A	Type	III	Analysis	of	Variance	(Satterthwaite’s	method)	did	

not	indicate	a	statistically	significant	difference	between	the	three	phenotypes	

(F2,10=1.21,	p=0.34).	

Fixed	Effect	 Estimate	 SE	 df	 t-value	 p-value	

Wild	Type	
(Intercept)	

0.27801	 0.08257	 7.56462	 3.367	 0.0107	

Leatherback	 0.11706	 0.07794	 30.26737	 1.502	 0.1435	

Silkback	 0.09910	 0.12426	 7.67113	 0.798	 0.4491	
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Figure	A-5.	Information	on	the	bulbs	used	in	the	ultraviolet	light	choice	experiment	

(Chapter	4),	sourced	from	the	manufacturer	(Rolf	C.	Hagen	Inc.,	Baie	d’Urfé,	QC).	The	

figure	shows	a	spectrograph	and	an	info-graphic	for	each	of	three	bulbs:	an	Exo	

Terra	Reptile	UVB100	26W	bulb	(a),	an	Exo	Terra	Reptile	UVB150	26W	bulb	(b),	

and	an	Exo	Terra	Reptile	UVB200	26W	bulb	(c).	The	info-graphics	depict	how	

efficacious	the	bulbs	are	at	producing	ultraviolet-B	(UVB),	light	in	the	spectra	visible	

to	reptiles,	light	in	the	spectra	visible	to	humans,	and	heat,	respectively.	The	info-

graphics	are	in	arbitrary	units.	Images	©	2013	Rolf	C.	Hagen	Inc.	 	
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Figure	A-6.	The	relationship	between	horizontal	floor	distance	from	a	light	source	

and	ultraviolet	(UV)	light	intensity.	Data	are	for	three	different	Exo	Terra	(Rolf	C.	

Hagen	Inc.,	Baie	d’Urfé,	QC)	“Reptile	UVB	26W”	bulbs:	a	“100”	bulb,	a	“150”	bulb,	and	

a	“200”	bulb.	The	regressions	reflect	two	different	measurement	methods	(sensor	

held	perpendicular	to	the	bench	top	or	sensor	tilted	towards	the	light	source)	and	

three	different	UV	wavelength	categories:	ultraviolet-A	(UVA),	ultraviolet-B	(UVB),	

and	combined	UVA+UVB.	At	0	cm	from	the	light	no	tilting	of	the	sensor	needed	to	

occur.	Therefore,	only	one	reading	was	taken	at	0	cm	for	each	bulb	for	each	

wavelength	category	and	those	data	points	are	shared	between	the	perpendicular	

and	tilted	datasets.	Next	to	each	regression	line	is	the	equation	of	that	line	and	its	R2	

value.	Perp=	perpendicular,	Ang=	tilted	(“angled”).	


