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Abstract

PopuѴation	genetic	modeѴs	of	evoѴution	aѴong	Ѵinear	environmentaѴ	gradients	cannot	
expѴain	why	adaptation	stops	at	ecoѴogicaѴ	marginsĺ	This	 is	becauseķ	unѴess	modeѴs	
impose	reductions	in	carrying	capacity	at	speciesĽ	edgesķ	the	dominant	effect	of	gene	
fѴow	is	to	increase	genetic	variance	and	adaptive	potentiaѴ	rather	than	swamping	ѴocaѴ	
adaptationĺ	This	aѴѴows	the	popuѴation	to	match	even	very	steep	changes	in	trait	op-

timaĺ	We	extend	our	previous	simuѴations	to	expѴore	two	nonѴinear	modeѴs	of	ecoѴogi-
caѴ	gradientsĹ	Őaő	a	sigmoid	Ősteepeningő	gradient	and	Őbő	a	Ѵinear	gradient	with	a	fѴat	
centre	of	variabѴe	widthĺ	We	compare	the	parameter	conditions	that	aѴѴow	ѴocaѴ	adap-

tation	and	range	expansion	from	the	centreķ	with	those	that	permit	the	persistence	of	
a	perfectѴy	adapted	popuѴation	distributed	across	the	entire	rangeĺ	AѴong	nonѴinear	
gradientsķ	coѴonization	is	easierķ	and	extinction	rarerķ	than	aѴong	a	Ѵinear	gradientĺ	This	
is	because	the	shaѴѴow	environmentaѴ	gradient	near	the	range	centre	does	not	cause	
gene	fѴow	to	increase	genetic	variationķ	and	so	does	not	resuѴt	in	reduced	popuѴation	
densityĺ	Howeverķ	as	gradient	steepness	increasesķ	gene	fѴow	infѴates	genetic	variance	
and	reduces	 ѴocaѴ	popuѴation	density	sufficientѴy	that	genetic	drift	overcomes	ѴocaѴ	
seѴectionķ	creating	a	finite	range	marginĺ	When	a	fѴat	centre	is	superimposed	on	a	Ѵin-

ear	gradientķ	gene	fѴow	increases	genetic	variation	dramaticaѴѴy	at	its	edgesķ	Ѵeading	to	
an	abrupt	reduction	in	density	that	prevents	niche	expansionĺ	RemarkabѴy	ѴocaѴ	inter-
ruptions	in	a	Ѵinear	ecoѴogicaѴ	gradient	Őof	a	width	much	Ѵess	than	the	mean	dispersaѴ	
distanceő	can	prevent	 ѴocaѴ	adaptation	beyond	this	 fѴat	centreĺ	 In	contrast	 to	other	
situationsķ	 this	 effect	 is	 stronger	 and	 more	 consistent	where	 carrying	 capacity	 is	
highĺ	PracticaѴѴy	speakingķ	this	means	that	habitat	improvement	at	patch	margins	wiѴѴ	
make	evoѴutionary	rescue	more	ѴikeѴyĺ	By	contrastķ	even	smaѴѴ	improvements	in	habi-
tat	at	patch	centres	may	confine	popuѴations	to	Ѵimited	areas	of	ecoѴogicaѴ	spaceĺ

K E Y W O R D S

ecoѴogicaѴ	marginsķ	ѴocaѴ	adaptationķ	niche	expansionķ	patchinessķ	popuѴation	genetics

ƐՊ |ՊINTRODUC TION

Why	 is	 ѴocaѴ	 adaptation	 prevented	 in	 some	 ecoѴogicaѴ	 and	
genetic	 situationsķ	 meaning	 that	 popuѴations	 cannot	 track	

changing	 environmentsķ	 and	 so	 have	 finite	 ranges	 in	 space	 and	
timeĵ	Understanding	when	 and	where	 such	 Ѵimits	 to	 adaptation	
occur	 is	 criticaѴ	 for	 predicting	 speciesĽ	 extinction	 rates	 in	 timeķ	
their	 geographicaѴ	 distributions	 in	 spaceķ	 and	 the	 evoѴution	 of	
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ecoѴogicaѴ	 communitiesĺ	 Information	 on	 maximum	 rates	 of	 evo-

Ѵution	aѴѴows	estimates	 of	 where	 and	 when	 rapid	 environmentaѴ	
change	 wiѴѴ	cause	 the	 Ѵoss	 of	 species	 from	 ecoѴogicaѴ	 communi-
tiesĺ	Understanding	 how	 genetic	 and	 ecoѴogicaѴ	 processes	 inter-
act	aѴso	aѴѴows	scientists	to	provide	guidance	on	how	to	maximize	
evoѴutionary	rates	in	popuѴations	that	are	cѴose	to	criticaѴ	rates	of	
environmentaѴ	changeĺ

SingѴe	popuѴation	modeѴs	 for	 the	maximum	sustainabѴe	 rate	of	
evoѴution	 ŐľevoѴutionary	 rescueĿ	 modeѴsĸ	 BeѴѴķ	 ƑƏƐƒő	 excѴude	 the	
genetic	and	demographic	effects	of	dispersaѴ	between	ecoѴogicaѴѴy	
divergent	popuѴationsĺ	The	movement	of	individuaѴs	and	aѴѴeѴes	be-

tween	different	 environments	has	 two	contrasting	effects	 ŐBridѴeķ	
PoѴechov࢙ķ	ş	Vinesķ	ƑƏƏƖĸ	BridѴe	ş	Vinesķ	ƑƏƏƕĸ	ConnaѴѴon	ş	Sgroķ	
ƑƏƐѶĸ	 HaѴdaneķ	 ƐƖƔѵőĹ	 Őaő	 it	 reduces	 popuѴation	mean	 fitnessķ	 be-

cause	the	phenotypes	of	incoming	individuaѴs	and	their	offspring	are	
distant	from	the	ѴocaѴ	optima	Őeither	by	changing	the	trait	mean	or	
by	increasing	its	varianceķ	or	bothőĸ	and	Őbő	it	increases	evoѴutionary	
potentiaѴ	by	increasing	ѴocaѴ	genetic	variationĺ

ModeѴs	 expѴoring	 the	 effect	 of	 gene	 fѴow	 on	 ѴocaѴ	 adaptation	
have	focussed	on	either	a	few	ecoѴogicaѴѴy	divergent	patches	Őoften	
with	different	 carrying	capacitiesőķ	with	varying	 ѴeveѴs	of	dispersaѴ	
between	them	 Őseeķ	eĺgĺķ	Legrande	et	aѴĺķ	ƑƏƐƕ	 for	a	 reviewőĸ	a	se-

ries	 of	 popuѴations	 with	 steppingŊstone	 dispersaѴ	 Őeĺgĺķ	 AѴѴeaumeŊ
Benhariraķ	Penķ	ş	Ronceķ	ƑƏƏƔőĸ	or	the	joint	effect	of	gene	fѴow	and	
seѴection	 when	 individuaѴs	 are	 distributed	 continuousѴy	 across	 a	
Ѵinear	ecoѴogicaѴ	gradient	in	space	ŐBartonķ	ƑƏƏƐĸ	BridѴeķ	PoѴechov࢙ķ	
Kawataķ	ş	ButѴinķ	ƑƏƐƏĸ	HaѴdaneķ	ƐƖƓѶĸ	Kirkpatrick	ş	Bartonķ	ƐƖƖƕĸ	
PoѴechov࢙ķ	ƑƏƐѶĸ	PoѴechov࢙	ş	Bartonķ	ƑƏƐƔőĺ	These	modeѴs	of	eco-

ѴogicaѴ	margins	expѴicitѴy	coupѴe	popuѴation	genetics	with	popuѴation	
ecoѴogyķ	in	that	the	match	of	a	geneticaѴѴy	variabѴe	trait	to	the	opti-
mum	determines	individuaѴ	fitness	Ősee	reviews	by	BridѴeķ	PoѴechov࢙ķ	
et	aѴĺķ	ƑƏƏƖĸ	BridѴe	ş	Vinesķ	ƑƏƏƕĸ	Kaweckiķ	ƑƏƏѶĸ	Lenormandķ	ƑƏƏƑőĺ	
DispersaѴ	aѴong	ecoѴogicaѴ	gradients	generates	a	fitness	cost	Őtermed	
ľstanding	 ѴoadĿőĺ	When	 the	 trait	mean	matches	 the	 optimumķ	 this	
Ѵoad	is	the	reduction	in	mean	fitness	that	arises	due	to	the	increased	
phenotypic	variation	in	the	popuѴation	that	is	generated	by	disper-
saѴĺ	This	standing	Ѵoad	reduces	the	rate	of	popuѴation	growthĺ	If	the	
popuѴation	mean	aѴso	faiѴs	to	match	the	 ѴocaѴ	optimumķ	there	 is	an	
additionaѴ	ľmaѴadaptation	ѴoadķĿ	which	increases	with	the	mismatch	
between	the	trait	mean	and	its	optimumķ	and	as	the	strength	of	se-

Ѵection	 increasesĺ	Howeverķ	where	 aѴѴ	 popuѴations	match	 the	 ѴocaѴ	
trait	 optimaķ	 gene	 fѴow	has	no	effect	on	 the	mean	phenotype	 ŐaѴ-
though	it	stiѴѴ	affects	the	varianceő	because	aѴѴeѴes	arrive	and	Ѵeave	
aѴѴ	popuѴations	equaѴѴyķ	so	that	gene	fѴow	has	no	net	effect	on	ѴocaѴ	
aѴѴeѴe	 frequencies	 ŐFeѴsensteinķ	 ƐƖƕƔĸ	 Kirkpatrick	ş	Bartonķ	 ƐƖƖƕőĺ	
Howeverķ	where	there	 is	a	mismatch	between	the	 ѴocaѴ	trait	mean	
and	 the	 ѴocaѴ	 optimum	 Őiĺeĺķ	maѴadaptation	 Ѵoadőķ	 asymmetricaѴ	mi-
gration	is	generated	due	to	a	gradient	in	densityķ	with	density	being	
highest	where	the	mean	matches	the	ѴocaѴ	optimumĺ	This	increases	
maѴadaptation	in	popuѴations	at	Ѵower	density	and	may	cause	ѴocaѴ	
popuѴations	 to	coѴѴapse	 through	a	positive	 feedback	between	maѴ-
adaptationķ	popuѴation	density	and	asymmetricaѴ	gene	fѴowĺ	A	finite	
range	Ѵimit	therefore	formsĺ	Howeverķ	such	a	finite	Ѵimit	depends	on	

popuѴations	being	abѴe	to	match	the	ѴocaѴ	trait	optima	in	some	parts	
of	the	rangeķ	but	faiѴing	to	do	so	in	other	parts	of	the	rangeĺ

When	 genetic	 variance	 is	 not	 aѴѴowed	 to	 evoѴve	 as	 a	 resuѴt	 of	
dispersaѴ	 aѴong	a	 Ѵinear	gradient	Kirkpatrick	ş	Bartonķ	ƐƖƖƕőķ	 three	
regimes	emergeĹ	ľUnѴimited	AdaptationĿ	Őwhere	the	trait	evoѴves	to	
match	the	spatiaѴѴy	changing	seѴective	optimum	everywhereőĸ	ľLimited	
AdaptationĿ	Őwhere	the	popuѴation	is	weѴѴ	adapted	to	the	ѴocaѴ	opti-
mum	onѴy	at	the	centre	of	the	speciesĽ	rangeőĸ	and	ľExtinctionĿ	Őwhere	
the	 popuѴation	 cannot	 be	 sustained	 at	 any	 point	 on	 the	 gradientőĺ	
ľLimited	AdaptationĿ	behaviour	is	characterized	by	asymmetricaѴ	dis-
persaѴ	from	the	weѴѴŊadapted	centraѴ	regionķ	where	popuѴation	den-

sity	is	highķ	to	the	poorѴy	adapted	marginsĺ	In	ľUnѴimited	AdaptationĿ	
behaviourķ	no	density	gradient	is	generated	because	the	popuѴation	is	
weѴѴ	adapted	everywhereĺ	DispersaѴ	is	therefore	symmetricaѴ	across	
the	rangeķ	aѴѴowing	the	popuѴation	to	expand	in	niche	space	Őiĺeĺķ	aѴong	
the	ecoѴogicaѴ	gradientő	without	Ѵimitĺ

By	 contrastķ	 aѴѴowing	 additive	 genetic	 variance	 to	 evoѴve	 due	
to	dispersaѴ	 between	environments	 aѴѴows	 adaptation	 aѴong	 virtu-

aѴѴy	any	steepness	of	ecoѴogicaѴ	gradientķ	over	a	very	wide	range	of	
conditionsķ	and	for	a	range	of	quantitative	genetic	modeѴs	ŐBartonķ	
ƑƏƏƐőĺ	EventuaѴѴyķ	howeverķ	a	deterministic	Ѵimit	is	reached	when	the	
variance	 generated	 by	 dispersaѴ	 reduces	 popuѴation	 mean	 fitness	
Őiĺeĺķ	 growth	 rateő	 sufficientѴy	 to	 cause	 extinction	 throughout	 the	
whoѴe	rangeķ	despite	aѴѴowing	evoѴution	of	the	trait	mean	to	match	
the	ѴocaѴ	optimum	everywhereĺ	At	this	deterministic	Ѵimitķ	aѴthough	
the	popuѴation	has	 sufficient	 genetic	 variance	 to	 track	 the	 rapidѴy	
changing	 trait	optimaķ	 the	standing	 Ѵoad	caused	by	 this	amount	of	
genetic	variance	reduces	popuѴation	growth	to	zero	Őso	the	popuѴa-

tion	goes	extinct	everywhere	across	the	rangeőĺ

ƐĺƐՊ|ՊEffects of coѴonization and finite popuѴation 
size on maѴadaptation

Barton	 ŐƑƏƏƐő	quantified	 the	ecoѴogicaѴ	and	genetic	conditions	 for	
which	a	popuѴation	that	begins	perfectѴy	adapted	to	a	Ѵinear	gradient	
can	be	sustainedĺ	Howeverķ	his	anaѴyses	did	not	 incѴude	stochastic	
effects	on	either	aѴѴeѴe	 frequencies	or	popuѴation	dynamicsĺ	BridѴe	
et	aѴĺ	 ŐƑƏƐƏő	used	 individuaѴŊbased	simuѴations	 to	expѴore	how	the	
Ѵimits	to	ѴocaѴ	adaptation	changed	when	a	finite	popuѴation	coѴonized	
a	Ѵinear	gradient	at	its	centreĺ	In	additionķ	they	varied	the	maximum	
productivity	Őthe	ľcarrying	capacityĿő	of	aѴѴ	patches	across	the	range	
to	test	the	effect	of	popuѴation	density	on	ѴocaѴ	adaptationĺ	These	
simuѴations	 showed	 thatĹ	 Őaő	 ѴocaѴ	 adaptation	 Őand	 niche	 expan-

sionő	was	prevented	 at	 a	 Ѵower	 gradient	 steepness	 than	predicted	
by	deterministic	modeѴsĸ	ŐƑő	for	most	of	parameter	spaceķ	onѴy	two	
outcomes	were	observed	aѴong	a	Ѵinear	gradientĹ	extinction	every-

whereķ	or	adaptation	without	Ѵimitĺ	The	faiѴure	to	track	a	Ѵinear	gradi-
ent	was	associated	with	reduced	popuѴation	densityķ	caused	by	the	
evoѴution	of	genetic	variance	as	gradient	steepness	increasedĺ	This	
suggested	that	the	stochastic	effects	of	finite	popuѴation	size	pre-

vent	adaptation	at	ecoѴogicaѴ	marginsĺ
PoѴechov࢙	 and	 Barton	 ŐƑƏƐƔő	 provided	 an	 anaѴyticaѴ	 soѴution	

for	 the	 issue	highѴighted	by	BridѴe	 et	 aѴĺ	 ŐƑƏƐƏőĺ	 In	particuѴarķ	 they	
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demonstrated	that	 ѴocaѴ	adaptation	is	prevented	where	popuѴation	
density	 is	 reduced	 beѴow	 a	 criticaѴ	 point	 by	 the	 Ѵoad	 imposed	 by	
the	genetic	variance	generated	by	gene	fѴowĺ	Prevention	of	adapta-

tion	was	therefore	due	to	genetic	drift	overcoming	seѴection	rather	
than	because	of	 stochastic	popuѴation	dynamicsĺ	This	 criticaѴ	 Ѵimit	
is	 found	 without	 genetic	 constraints	 or	 fitness	 tradeŊoffsķ	 where	
aѴѴeѴe	 effects	 are	unequaѴķ	 and	 in	 the	presence	of	 epistasisĺ	 These	
concѴusions	have	recentѴy	been	extended	to	twoŊdimensionaѴ	envi-
ronments	ŐPoѴechov࢙ķ	ƑƏƐѶőĺ	PoѴechov࢙	and	Bartonŝs	ŐƑƏƐƔő	modeѴ	
therefore	provides	a	generaѴ	expѴanation	for	the	faiѴure	for	popuѴa-

tions	to	adapt	at	a	narrower	range	of	parameter	conditions	Őin	terms	
of	gradient	steepness	and	popuѴation	demographyő	 than	predicted	
by	the	deterministic	Ѵimitķ	as	observed	by	BridѴe	et	aѴĺ	ŐƑƏƐƏőĺ

ƐĺƑՊ|ՊLimits to adaptation aѴong nonѴinear 
ecological gradients

At	their	most	reaѴisticķ	Ѵinear	modeѴs	of	adaptation	aѴong	ecoѴogicaѴ	
gradients	typicaѴѴy	produce	onѴy	two	outputs	in	most	regions	of	pa-

rameter	 spaceĹ	unѴimited	speciesĽ	 ranges	 Őadaptation	everyoneőķ	or	
extinction	 Őadaptation	nowhereőĺ	This	 is	 in	marked	contrast	 to	 the	
Ѵimited	 ranges	 that	 are	 ubiquitous	 in	 natureĺ	 Howeverķ	 ecoѴogicaѴ	
gradients	in	nature	are	rareѴy	Ѵinearķ	as	perceived	by	the	organisms	
themseѴves	 Őand	 their	 aѴѴeѴesőĺ	 Insteadķ	 they	 consist	 of	 patches	 of	
good	habitat	surrounded	by	habitat	of	rapidѴy	decreasing	suitabiѴityĺ	
For	these	reasonsķ	ecoѴogists	have	questioned	the	reѴevance	of	mi-
gration	Ѵoadķ	and	the	modeѴѴing	of	Ѵinear	gradientsķ	to	gѴobaѴ	speciesĽ	
margins	in	nature	Őeĺgĺķ	BѴows	ş	Hoffmannķ	ƑƏƏƔĸ	HoѴtķ	ƑƏƏƒĸ	HoѴt	ş	
Keittķ	ƑƏƏƔĸ	Thomas	ş	Kuninķ	ƐƖƖƖőĺ

The	 study	 of	 nonѴinear	 ŐľsteepeningĿő	 gradients	 represents	 an	
important	 Ѵink	between	gradient	modeѴsķ	where	gene	 fѴow	and	 its	
effects	on	genetic	variance	are	an	emergent	property	of	popuѴation	
demography	aѴong	an	ecoѴogicaѴ	gradient	Őeĺgĺķ	Bartonķ	ƑƏƏƐĸ	BridѴe	
et	 aѴĺķ	 ƑƏƐƏĸ	PoѴechov࢙ķ	Marionķ	ş	Bartonķ	ƑƏƏƖőķ	 and	patch	mod-

eѴsķ	where	discrete	patches	differ	in	carrying	capacity	Őand	therefore	
densityőķ	and	are	subject	to	fixed	probabiѴities	of	connection	by	dis-
persaѴ	 ŐLegrande	 et	 aѴĺķ	 ƑƏƐƕőĺ	 Insteadķ	 reaѴ	 ecoѴogicaѴ	margins	 are	
ѴikeѴy	to	invoѴve	both	changes	in	the	density	of	suitabѴe	patchesķ	and	
variation	in	conditions	within	patchesĺ

A	patch	can	be	modeѴѴed	as	an	area	in	which	ecoѴogicaѴ	conditions	
change	progressiveѴy	with	distance	from	the	centreķ	with	the	rate	of	
change	increasing	to	the	point	where	the	patch	margin	is	determined	
by	the	popuѴationŝs	maximum	rate	of	adaptation	Ősee	ButѴinķ	BridѴeķ	
ş	Kawataķ	ƑƏƏƒőĺ	NonѴinear	gradients	wiѴѴ	be	cѴose	to	reaѴity	in	many	
situationsķ	for	exampѴe	where	muѴtipѴe	ecoѴogicaѴ	factors	interact	at	
particuѴar	parts	of	an	ecoѴogicaѴ	gradientķ	or	where	 the	 trait	mean	
must	change	in	a	nonѴinear	way	to	match	a	Ѵinear	gradient	in	some	
abiotic	factor	such	as	temperatureķ	due	to	threshoѴd	or	 interacting	
effects	with	 other	 factorsķ	 or	 the	 presence	 of	 other	 species	 Őeĺgĺķ	
Caseķ	HoѴtķ	McPeekķ	ş	Keittķ	ƑƏƏƔőĺ	ModeѴѴing	ѴocaѴ	adaptation	aѴong	
steepening	ecoѴogicaѴ	gradients	aѴso	means	 that	a	stabѴe	margin	 is	
aѴways	predicted	at	a	criticaѴ	ѴeveѴ	of	steepnessķ	based	on	the	deter-
ministic	 predictions	 ŐBartonķ	 ƑƏƏƐőķ	 as	weѴѴ	 as	 anaѴytic	 predictions	

based	on	the	effect	of	genetic	Ѵoad	on	the	power	of	seѴection	com-

pared	to	genetic	drift	ŐPoѴechov࢙	ş	Bartonķ	ƑƏƐƔőĺ
In	this	paperķ	we	expѴore	the	ľcriticaѴ	driftĿ	threshoѴd	for	adapta-

tion	Ѵimits	ŐPoѴechov࢙	ş	Bartonķ	ƑƏƐƔő	by	extending	the	simuѴation	
modeѴ	of	BridѴe	et	aѴĺ	 ŐƑƏƐƏő	 to	 test	 the	effect	of	coѴonization	and	
of	different	 types	of	nonѴinear	ecoѴogicaѴ	 gradients	on	 ѴocaѴ	 adap-

tationĺ	 FirstѴyķ	 we	 use	 a	 perfectѴy	 adapted	 starting	 popuѴation	 to	
eѴiminate	stochastic	effects	arising	from	coѴonization	dynamics	and	
the	estabѴishment	of	phenotypic	cѴinesĺ	This	aѴѴows	us	 to	compare	
the	demographic	and	ecoѴogicaѴ	parameters	required	for	a	coѴoniz-
ing	popuѴation	to	adapt	aѴong	an	ecoѴogicaѴ	gradient	with	those	that	
aѴѴow	popuѴation	persistenceĺ

We	then	expѴoreķ	 for	both	 these	 ľcoѴonizingĿ	and	ľestabѴishedĿ	
conditionsķ	the	effect	on	ѴocaѴ	adaptation	of	departures	from	Ѵinear	
ecoѴogicaѴ	gradients	using	eitherĹ	Őaő	ľsteepeningĿ	gradientsķ	charac-
terized	by	an	ecoѴogicaѴ	gradient	that	becomes	increasingѴy	steeper	
with	distance	from	the	centre	andĸ	Őbő	Ѵinear	gradients	with	parame-

ter	conditions	that	generated	unѴimited	spread	in	BridѴe	et	aѴĺ	ŐƑƏƐƏőķ	
but	where	the	gradients	are	now	interrupted	by	a	fѴat	centraѴ	portion	
of	variabѴe	width	where	the	optimum	phenotype	does	not	changeĺ

We	show	that	the	introduction	of	even	narrow	regions	without	
change	 aѴong	 a	 Ѵinear	 gradient	 prevents	 extinctionĺ	 Howeverķ	 this	
fѴat	 region	 aѴso	 generates	 smaѴѴ	 areas	 of	 high	 popuѴation	 density	
that	 create	 the	 asymmetries	 in	 gene	 fѴow	 that	 prevent	 adaptation	
at	the	patch	edgeķ	especiaѴѴy	where	maximum	popuѴation	sizes	are	
Ѵargeĺ	This	suggests	that	surprisingѴy	ѴocaѴ	regions	of	shaѴѴow	gradi-
ent	within	 Ѵinear	ecoѴogicaѴ	gradients	can	generate	narrow	species	
rangesķ	even	for	parameter	vaѴues	that	wouѴd	aѴѴow	adaptation	aѴong	
uniform	Ѵinear	gradientsĺ	This	observation	has	impѴications	for	man-

aging	popuѴations	to	maximize	their	evoѴutionary	resiѴienceĺ

ƑՊ |ՊTHE SIMUL ATION MODEL

The	basic	modeѴ	 is	 identicaѴ	 to	 the	 individuaѴŊbased	simuѴation	de-

scribed	 in	 BridѴe	 et	 aѴĺ	 ŐƑƏƐƏőĺ	 The	 evoѴutionary	 dynamics	 for	 the	
simuѴated	popuѴation	take	pѴace	within	a	continuous	region	of	maxi-
mum	extent	 ƒƑķƏƏƏ	Ƶ	ƐķƏƏƏ	unitsĺ	 There	 is	 an	 ecoѴogicaѴ	 gradient	
aѴong	 the	 Ѵong	 Őxő	 axisķ	which	 is	 uniform	with	 sѴope	bĺ	 The	 area	 is	
simuѴated	as	a	cyѴinderĸ	 the	edges	of	the	secondķ	short	 Őyő	axis	are	
joinedĺ	IndividuaѴs	occupy	the	vertices	of	a	grid	and	more	than	one	
individuaѴ	can	occupy	any	given	positionĺ	The	modeѴ	either	 Őaő	 foѴ-
Ѵows	 the	 fate	 of	 a	 starting	 popuѴation	 of	 ƔƏƏ	 individuaѴs	 that	 are	
initiaѴѴy	distributed	in	the	centraѴ	ƔƏƏ	Ƶ	ƐķƏƏƏ	units	of	the	environ-

ment	ŐľcoѴonizing	startĿőĸ	or	Őbő	introduces	a	popuѴation	that	is	fuѴѴy	
adapted	across	the	entire	gradientķ	and	aѴѴows	the	simuѴation	to	run	
from	that	point	to	test	its	stabiѴity	Őľperfect	startĿőĺ

The	phenotype	 is	determined	by	dipѴoid	unѴinked	biŊaѴѴeѴic	 Ѵoci	
with	additive	effects	that	mutate	symmetricaѴѴy	at	rate	μ	Őμ = 0.0001 

per	 Ѵocus	 per	 generation	 unѴess	 otherwise	 statedőĺ	 For	 aѴѴ	 runsķ	
ѵƓ	 Ѵoci	 were	 usedķ	 with	 aѴѴeѴic	 effect	 α	Ʒ	Ɛ	 Őmaximum	 phenotypic	
range	Ʒ	ƏŋƐƑѶőĺ	PopuѴation	growth	is	Ѵogisticķ	dependent	on	the	ѴocaѴ	
density	of	individuaѴs	ŐNő	and	ѴocaѴ	carrying	capacity	ŐKőĺ
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For	the	coѴonizing	start	ŐinitiaѴѴy	N	Ʒ	ƕĺѶƔ	individuaѴsőķ	individuaѴ	
phenotypes	 range	 from	 zopt	ƴ	Ƒα	 to	 zopt + 2α where zopt	 is	 the	 op-

timum	 phenotype	 at	 the	 centre	 of	 the	 range	 For	 the	 perfect	 ad-

aptation	startķ	 the	popuѴation	density	was	set	at	carrying	capacity	
throughout	 the	 range	 and	 spatiaѴ	 positions	were	 drawn	 randomѴy	
from	a	uniform	distributionĺ	Genotypes	for	these	perfectѴy	adapted	
individuaѴs	were	generated	on	the	basis	of	cѴine	widths	and	spacing	
predicted	by	Barton	ŐƑƏƏƐő	using	CƳƳ	and	R	scripts	avaiѴabѴe	on	re-

quest	from	the	authorsĺ
FemaѴes	 choose	mates	 from	 the	maѴes	avaiѴabѴe	within	a	 finite	

mating	distance	ŐMDőķ	with	a	probabiѴity	proportionaѴ	to	the	fitness	
of	each	maѴe	at	its	position	on	the	ecoѴogicaѴ	gradientĺ	This	was	fixed	
at	MD	Ʒ	ƐƔƏ	Ősee	ButѴin	et	aѴĺķ	ƑƏƏƒ	for	a	description	of	the	effect	
of	maѴe	dispersaѴ	on	range	expansionőĺ	Offspring	then	disperse	and	
viabiѴity	seѴection	occurs	after	dispersaѴ	through	the	number	of	off-
spring	produced	by	each	 femaѴeĺ	 If	no	maѴe	 is	avaiѴabѴe	within	 the	
mating	areaķ	the	femaѴe	Ѵeaves	no	offspringĺ

The	offspring	 of	 each	 femaѴe	 disperse	 to	 new	positions	 in	 the	
habitat	with	a	Gaussian	distribution	of	dispersaѴ	distancesķ	mean	Ə	
and	standard	deviation	Dķ	in	uniformѴy	distributed	random	directionsĺ	
Since	mating	is	a	form	of	dispersaѴ	by	maѴes	Őor	their	gametesőķ	the	
standard	deviation	of	 totaѴ	dispersaѴ	 is	 given	by	TD=

√

D2+
1

2
SM

2
 

Ősee	Crawfordķ	ƐƖѶƓőķ	where	SM	is	the	expected	distance	between	
mating	 partners	when	 a	 femaѴe	 chooses	 from	 a	 circѴe	with	 radius	
MDķ	hence	SM	Ʒ	ŐMDņǅƑőĺ	The	expected	distance	σ	aѴong	the	xŊaxis	
is	onѴy	in	one	dimensionķ	hence	σ	Ʒ	TDņǅƑĺ

The	 fitness	of	both	sexes	 is	determined	by	 the	same	 functionĺ	
The	 number	 of	 offspring	 that	 a	 femaѴe	 Ѵeaves	 is	 drawn	 from	 a	
Poisson	distribution	with	mean	WF = 2 + rF	 ŐƐ	ƴ	N/Kő	ƴ	s	Őb x	ƴ	ző2/2 

ŐW	ƾ	Əőĺ	In	our	modeѴķ	there	are	no	random	effects	on	death	ratesķ	or	
seѴective	mortaѴityĺ	These	are	determined	preciseѴy	by	the	ecoѴogicaѴ	
gradient	and	the	ѴocaѴ	popuѴation	density	reѴative	to	K. The maximum 

rate	of	increase	rm = rF/2; rF	 is	set	to	Ɛĺѵĺ	K	 is	the	carrying	capacity	
within	a	circѴe	of	radius	ƔƏ	around	the	focaѴ	individuaѴķ	N	Ődensityő	is	
the	number	of	individuaѴs	in	such	a	circѴeĺ	U

x
 = b x	is	the	phenotypic	

optimum	at	the	point	Őxő	on	the	gradient	occupied	by	the	femaѴeĺ	The	
parameter	s	measures	the	rate	of	decѴine	in	fitness	for	phenotypes	
that	depart	from	the	optimumĸ	the	strength	of	stabiѴizing	seѴection	
VS	is	ƐņŐƑsőĺ	Hereķ	VS	is	set	to	Ɠ	and	b	Őthe	spatiaѴ	gradient	in	the	opti-
mumő	is	either	set	to	ƏĺƏƏƓķ	determined	by	the	sigmoid	functionķ	or	
interrupted	by	a	fѴat	centraѴ	regionĺ

Note	 that	when	drift	 and	 the	effects	of	 the	margins	are	negѴi-
gibѴeķ	 increasing	 dispersaѴ	 with	 constant	 gradient	 is	 equivaѴent	 to	
increasing	the	gradient	with	constant	dispersaѴĹ	by	dispersaѴ	of	a	dis-
tance	σķ	fitness	decreases	by

The	growth	rate	of	a	particuѴar	phenotype	is

and	henceķ	the	growth	rate	of	the	popuѴation	is	the	average	over	aѴѴ	
phenotypes

assuming	additive	genetic	variationķ	and	no	environmentaѴ	or	genetic	
variation	in	phenotypeĺ

For	an	 infinite	popuѴationķ	 the	popuѴation	dynamics	shouѴd	ap-

proximateѴy	match	the	continuous	time	modeѴ	described	by	equation	
ƕ	in	Kirkpatrick	and	Barton	ŐƐƖƖƕőķ	and	if	no	Ѵinkage	disequiѴibria	ŐLDő	
are	generatedķ	the	evoѴution	of	phenotype	shouѴd	foѴѴow	the	twoŊaѴ-
lele nŊѴoci	modeѴ	of	Barton	ŐƑƏƏƐőĺ	In	our	modeѴķ	popuѴation	reguѴa-

tion	occurs	over	discrete	generationsķ	and	popuѴations	are	finite	in	
sizeķ	therefore	aѴѴowing	stochastic	effects	on	demography	and	aѴѴeѴe	
frequencyķ	and	the	generation	of	Ѵagsĺ

The	program	was	written	in	CƳƳķ	deveѴoped	from	that	introduced	
by	 Kawata	 ŐƑƏƏƑő	 and	 is	 avaiѴabѴe	 on	 request	 from	 the	 authorsĺ	
Output	 from	 the	 simuѴations	 for	 a	 given	 generation	was	 anaѴysed	
using	a	script	in	Rķ	which	caѴcuѴated	genetic	varianceķ	cѴine	widths	for	
each	Ѵocusķ	popuѴation	density	and	the	distribution	of	phenotypes	for	
a	given	portion	of	the	rangeĺ	The	scripts	are	aѴso	avaiѴabѴe	on	request	
from	the	authorsĺ	To	aѴѴow	direct	comparison	to	the	predictions	of	
PoѴechov࢙	and	Barton	ŐƑƏƐƔőķ	the	focaѴ	individuaѴ	was	removed	from	
aѴѴ	caѴcuѴations	of	popuѴation	density	for	the	runs	shown	in	Figures	
Ɛbķ	Ƒa	and	ƒķ	but	it	was	retained	eѴsewhere	for	comparison	to	BridѴe	
et	aѴĺ	ŐƑƏƐƏőĺ	Note	that	ŐregardѴess	of	the	form	of	the	gradientőķ	the	
carrying	capacity	ŐKő	remains	constant	throughout	the	potentiaѴ	geo-

graphicaѴ	rangeķ	so	that	gene	fѴow	wiѴѴ	remain	symmetricaѴ	across	aѴѴ	
speciesĽ	rangesķ	provided	the	optimum	is	matched	everywhereĺ

ƑĺƐՊ|ՊNonѴinear ecoѴogicaѴ gradients

We	 extended	 our	 Ѵinear	 modeѴs	 to	 expѴore	 adaptation	 aѴong	 two	
types	of	nonѴinear	gradientĹ

1. Steepening gradient: a	 sigmoid	 rather	 than	 Ѵinear	 gradient	 in	
seѴective	 optimumķ	 whereķ	 the	 optimum	 phenotypic	 vaѴue	
changes	 with	 the	 cube	 of	 distance	 from	 the	 centre	 of	 the	
simuѴated	 rangeĺ	 Hereķ	 the	 uniform	 gradient	 in	 the	 phenotypic	
optimum	 ŐUx	 Ʒ	 ƏĺƏƏƓxő	 was	 repѴaced	 with	 a	 power	
reѴationshipĹ

This	differs	 from	the	reѴationship	used	by	PoѴechov࢙	and	Barton	
ŐƑƏƐƔő	and	PoѴechov࢙	ŐƑƏƐѶő	which	was	exponentiaѴ	in	form	with	non-

zero	centraѴ	sѴopeĺ	Howeverķ	since	both	represent	smoothѴy	 increas-
ing	rates	of	environmentaѴ	changeķ	we	do	not	expect	this	difference	
to	 infѴuence	 the	 threshoѴd	 gradient	 at	 which	 further	 adaptation	 is	
preventedĺ
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2. Flat-linear gradient: a	 uniform	 gradient	 of	 steepness	 b = 0.004 

Őiĺeĺķ	 identicaѴ	 to	 the	steepness	of	 Ѵinear	gradient	used	by	BridѴe	
et	 aѴĺķ	 ƑƏƐƏőķ	 which	 is	 interrupted	 by	 a	 centraѴ	 fѴat	 portion	
Őb	 Ʒ	 Əő	 of	 width	 Őwőĺ

For	ŐƐőķ	we	expѴored	the	effect	of	various	parameter	combinations	
on	the	criticaѴ	gradientķ	defined	as	the	point	at	which	the	intrinsic	rate	
of	 increase	 is	zeroķ	given	the	 ѴocaѴ	distribution	of	phenotypes	 ŐrF = 2 

for	N	Ʒ	Əķ	measured	at	generation	ƒķƏƏƏőĺ	For	ŐƑőķ	we	expѴored	the	pa-

rameter	combinations	of	carrying	capacity	per	ceѴѴķ	K	Ʒ	ƔŋƔƏķ	dispersaѴķ	
TD	Ʒ	ƓƏƏŋƐķƐƏƏķ	and	the	width	of	the	centraѴ	fѴat	portionķ	w	Ʒ	ƏŋƓķƏƏƏķ	
that	aѴѴow	successfuѴ	coѴonization	of	the	patch	centreķ	and	then	subse-

quent	spread	throughout	the	rangeĺ	The	majority	of	simuѴations	were	
run	for	ƒķƏƏƏ	generationsķ	aѴthough	the	behaviour	of	some	parameter	
combinations	was	tested	for	up	to	ƐƏķƏƏƏ	generationsĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊCoѴonization and ѴocaѴ adaptation aѴong Ѵinear 
ecological gradients

Figure	Ɛa	 shows	 that	 range	coѴѴapse	occurs	even	 from	a	perfectѴy	
adapted	startķ	for	a	simiѴar	range	of	parameter	combinations	to	that	

observed	by	BridѴe	et	aѴĺ	ŐƑƏƐƏő	when	popuѴations	were	estabѴished	
from	a	centraѴ	starting	positionĺ	PopuѴations	on	a	Ѵinear	gradient	of	
b	Ʒ	ƏĺƏƏƓķ	begun	from	a	perfectѴy	adapted	conditionķ	can	persist	dis-
persaѴ	ŐTDő	Ѵess	than	ƐķƐƏƏķ	but	coѴѴapse	quickѴy	with	TD	more	than	
ƐķƑƏƏķ	regardѴess	of	the	vaѴue	of	carrying	capacityķ	Kķ	or	the	size	of	
the	 starting	 popuѴation	 ŐFigure	 Ɛaőĺ	 At	 TD	Ѵess	 than	 ƐķƐƏƏķ	 persis-
tence	depends	on	Kĺ	Extinction	stiѴѴ	occurs	from	a	perfect	startķ	as	
observed	from	coѴonizationķ	suggesting	that	for	much	of	parameter	
spaceķ	stochastic	effects	during	coѴonization	do	not	affect	niche	ex-
pansionĺ	Howeverķ	perfectѴy	adapted	popuѴations	within	the	area	of	
parameter	space	that	Ѵed	to	ľѴimited	adaptationĿ	ŐBridѴe	et	aѴĺķ	ƑƏƐƏő	
fragment	and	coѴѴapse	as	the	trait	cѴine	becomes	 increasingѴy	shaѴ-
Ѵow	 reѴative	 to	 the	gradient	 in	 the	optimumĺ	The	process	of	 range	
coѴѴapse	from	a	perfectѴy	adapted	start	 in	this	region	of	parameter	
space	can	take	more	than	ƐƏķƏƏƏ	generationsĺ

The	 simuѴated	 behaviour	 of	 popuѴations	 aѴong	 Ѵinear	 gradients	
away	from	the	deterministic	Ѵimit	is	quaѴitativeѴy	simiѴar	to	the	criti-
caѴ	gradient	predictions	of	PoѴechov࢙	and	Barton	ŐƑƏƐƔő	ŐFigure	Ɛbőĺ	
Howeverķ	extinction	occurs	in	our	simuѴations	at	Ѵower	vaѴues	of	dis-
persaѴ	and	carrying	capacityķ	associated	with	the	higher	variance	and	
Ѵower	density	we	observe	at	these	parameter	combinations	ŐBridѴe	
et	 aѴĺķ	 ƑƏƐƏőĺ	 PoѴechov࢙	 and	Bartonŝs	 ŐƑƏƐƔő	 anaѴyticaѴ	 predictions	
suggest	that	Ѵimited	adaptation	shouѴd	be	stabѴe	for	a	smaѴѴ	region	of	

F I G U R E  Ɛ ՊEvoѴution	aѴong	a	Ѵinear	ecoѴogicaѴ	gradientĺ	Őaő	Compares	outcomes	from	different	starting	conditionsĺ	The	greyŊscaѴe	
background	summarizes	data	from	the	ľcoѴonizing	startĿ	runs	of	BridѴe	et	aѴĺ	ŐƑƏƐƏőķ	showing	outcomes	at	generation	ƒķƏƏƏ	for	five	runs	
for	each	parameter	combinationķ	for	popuѴations	initiaѴѴy	occupying	onѴy	the	centre	of	the	gradientĹ	Ѵight	greyŌunѴimited	spreadķ	midŊgreyŌ
Ѵimited	spreadķ	darkŊgreyŌextinctionĺ	The	points	represent	outcomes	for	ƒŋƔ	runsķ	starting	with	a	popuѴation	occupying	the	whoѴe	area	and	
perfectѴy	adapted	to	the	ѴocaѴ	optimum	at	each	pointĹ	whiteŌenvironment	fuѴѴy	occupiedķ	bѴackŌextinctķ	greyŌmixed	outcomesķ	incѴuding	
cases	where	the	popuѴation	fragmentedĺ	The	dashed	Ѵine	is	the	deterministic	Ѵimit	of	spread	Őwhere	popuѴation	density	is	reduced	to	zero	
by	variance	Ѵoadķ	even	when	the	phenotypic	mean	matches	the	optimumĸ	Bartonķ	ƑƏƏƐőĺ	Őbő	Compares	ľperfect	adaptationĿ	runs	with	the	
threshoѴd	prediction	from	PoѴechov࢙	and	Bartonŝs	ŐƑƏƐƔő	modeѴ	ŐsoѴid	Ѵineőķ	where	B=0.15N�

√

s	ŐB	is	the	effective	environmentaѴ	gradientķ	
N is	the	ѴocaѴ	popuѴation	sizeķ	σ	is	the	dispersaѴ	distanceķ	and	s	is	the	seѴection	per	Ѵocusőĺ	The	popuѴation	is	expected	to	persist	onѴy	for	
dispersaѴ	distances	beѴow	this	threshoѴdĺ	In	these	simuѴationsķ	the	focaѴ	individuaѴ	was	removed	from	the	caѴcuѴation	of	ѴocaѴ	density	for	
comparison	with	the	PoѴechov࢙	and	Barton	ŐƑƏƐƔő	modeѴĺ	Points	fiѴѴed	as	in	Őaőĺ	K	is	on	Ѵog10	scaѴe	in	both	figures
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parameter	spaceĺ	Howeverķ	we	do	not	detect	such	a	region	of	param-

eter	space	in	our	simuѴationsĺ

ƒĺƑՊ|ՊCoѴonization and adaptation aѴong 
steepening gradients

For	coѴonizing	start	conditionsķ	modeѴs	of	adaptation	aѴong	steepen-

ing	ecoѴogicaѴ	gradients	expѴore	the	estabѴishment	and	growth	of	a	

popuѴation	to	occupy	a	patch	of	suitabѴe	habitatĺ	As	the	popuѴation	
expands	through	habitat	at	the	centre	of	the	patchķ	where	the	envi-
ronment	changes	graduaѴѴy	in	spaceķ	its	continued	growth	depends	
increasingѴy	on	its	abiѴity	to	adapt	at	the	marginsķ	where	the	environ-

ment	changes	rapidѴyĺ
For	both	steepening	and	fѴatŊѴinear	forms	of	nonѴinear	gradient	

ŐFigure	 Ƒaķbķ	 respectiveѴyőķ	 the	 starting	 popuѴation	 is	weѴѴ	 adapted	
to	the	centraѴ	part	of	the	rangeķ	and	so	shouѴd	quickѴy	coѴonize	and	

F I G U R E  Ƒ ՊExampѴe	pѴots	of	ľcoѴonizing	startĿ	simuѴations	at	generation	ƒķƏƏƏ	for	Őaő	a	steepening	and	Őbő	a	fѴatŊѴinear	gradientķ	with	
spatiaѴ	pѴots	of	phenotypic	mean	and	varianceķ	mean	density	and	aѴѴeѴe	frequencies	estimated	from	spatiaѴ	sѴices	of	ƐƏƏ	units	for	carrying	
capacity	K	Ʒ	ƑƔ	and	dispersaѴ	TD	Ʒ	ƔƏƏ	for	Őaőĸ	KƑƔ	and	dispersaѴ	TD	Ʒ	ѶƔƏ	with	a	fѴat	centre	width	of	ƑķƏƏƏ	for	Őbőĺ	Predicted	vaѴues	for	Őaő	
from	Barton	ŐƑƏƏƐő	are	shown	as	soѴid	Ѵines
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expand	throughout	the	shaѴѴow	or	fѴatķ	centraѴ	portionĺ	Howeverķ	for	
a	 steepening	 gradient	 expansion	 shouѴd	 aѴways	 stop	 at	 some	 dis-
tance	from	the	centreķ	where	a	criticaѴ	rate	of	ecoѴogicaѴ	change	is	
reachedĺ	By	contrastķ	in	the	case	of	a	fѴatŊѴinear	gradient	the	popuѴa-

tion	shouѴd	continue	to	expand	aѴong	the	Ѵinear	part	of	the	gradient	
provided	it	can	evoѴve	to	pass	the	sudden	change	in	gradient	at	the	
edge	of	the	fѴat	portionĺ	Note	that	for	aѴѴ	of	our	fѴatŊѴinear	runsķ	we	
use	vaѴues	for	dispersaѴ	and	carrying	capacity	that	aѴѴow	unѴimited	
adaptation	aѴong	a	compѴeteѴy	Ѵinear	gradient	of	the	same	steepnessĺ	
This	aѴѴows	us	to	assess	the	effect	of	an	abrupt	change	in	the	gradi-
ent	on	ѴocaѴ	adaptationĺ

ƒĺƑĺƐՊ|ՊCoѴonization and adaptation aѴong 
steepening gradients

As	 seen	 aѴong	 Ѵinear	 gradients	 ŐBridѴe	 et	 aѴĺķ	 ƑƏƐƏĸ	 Figure	 Ɛőķ	 the	
criticaѴ	gradient	at	which	adaptation	faiѴs	 increases	as	totaѴ	disper-
saѴ	decreases	and	as	popuѴation	density	Ődetermined	by	the	carrying	
capacityķ	Kő	 becomes	greater	 ŐFigure	ƒaőĺ	 The	vaѴue	of	 this	 criticaѴ	
gradient	 does	 not	 differ	 when	 popuѴations	 coѴonise	 the	centre	 of	
the	 patch	and	 spread	 as	 they	 adaptķ	 compared	 to	 when	 they	 are	
perfectѴy	 adapted	 aѴong	 the	 entire	ecoѴogicaѴ	 gradient	 at	 the	 start	
ŐFigure	ƒbőĺ

Figure	ƒa	compares	our	simuѴations	to	predictions	for	the	criticaѴ	
Ѵimit	in	PoѴechov࢙	and	Bartonŝs	ŐƑƏƐƔő	modeѴĺ	The	simuѴated	vaѴues	
again	show	a	quaѴitative	pattern	that	foѴѴows	anaѴyticaѴ	predictionsķ	
aѴthough	 the	 quantitative	 mismatch	 tends	 to	 increase	 with	 Ѵower	
carrying	capacity	ŐKőĺ

ƒĺƑĺƑՊ|ՊCoѴonization and adaptation aѴong a fѴatŊ
linear gradient

PopuѴations	aѴong	fѴatŊѴinear	gradients	differ	from	a	steepening	gra-

dient	in	that	the	shift	in	gradient	steepness	is	abrupt	Őit	is	an	inter-
ruption	 of	 an	 otherwise	 Ѵinear	 gradientőĺ	 These	 simuѴations	 show	
that	a	remarkabѴy	smaѴѴ	fѴat	centraѴ	portion	Őwő	consistentѴy	prevents	
adaptation	from	coѴonization	for	up	to	ƐƏķƏƏƏ	generations	for	wide	
regions	 of	 parameter	 space	 ŐFigure	 Ɠőķ	 particuѴarѴy	where	 carrying	
capacityķ	Kķ	 is	highĺ	For	exampѴeķ	with	dispersaѴ	TD	Ʒ	ѶƔƏķ	carrying	
capacity	K	Ʒ	ƑƔ	ŐFigure	Ɠĸ	bottom	paneѴőķ	a	fѴat	centre	of	onѴy	w = 100 

units	ŐƐņѶ	of	the	mean	dispersaѴ	distanceő	can	prevent	spread	of	the	
popuѴation	from	the	centreķ	generating	a	finite	range	marginĺ	AѴong	
interrupted	gradientsķ	thereforeķ	higher	popuѴation	density	prevents	
ѴocaѴ	adaptation	at	the	edgesķ	rather	than	making	it	more	ѴikeѴyķ	as	is	
the	case	for	the	steepening	gradientĺ

The	 constraining	 effect	 of	 interrupting	 the	 ecoѴogicaѴ	 gradient	
is	 reduced	 at	 Ѵower	 vaѴues	 of	 carrying	 capacity	 and	 dispersaѴĺ	 For	
exampѴeķ	 at	K	Ʒ	ƕķ	TD	Ʒ	ƔƏƏ	 ŐFigure	Ɠĸ	 top	paneѴő	 the	width	of	 the	
fѴat	 portion	 needs	 to	 be	 about	w	Ʒ	ƑķƏƏƏ	 units	 to	 prevent	 spread	
from	the	range	centre	Őiĺeĺķ	four	times	the	mean	dispersaѴ	distanceőĺ	
By	 contrastķ	 at	 K	Ʒ	ƐƑķ	 adaptation	 from	 the	 fѴat	 centre	 is	 consis-
tentѴy	prevented	even	when	its	width	is	Ѽ	of	the	dispersaѴ	distance	
Őeĺgĺķ	at	TDѶƔƏ	and	KƑƔķ	a	centraѴ	width	of	ƑƏƏ	typicaѴѴy	prevents	
ѴocaѴ	 adaptationőĺ	 At	 Ѵower	 carrying	 capacity	 and	 dispersaѴ	 vaѴuesķ	
greater	variance	in	outcome	is	aѴso	observed	among	simuѴations	for	
the	same	parameter	vaѴues	ŐFigure	Ɠőĺ	For	exampѴeķ	the	popuѴation	
might	spread	to	onѴy	one	side	of	the	gradientķ	on	both	sidesķ	or	on	

F I G U R E  ƒ Պ Őaő	CriticaѴ	gradients	that	define	popuѴation	margins	on	a	steeping	gradientĺ	The	criticaѴ	gradient	predicted	by	PoѴechov࢙	
and	Barton	ŐƑƏƐƔőķ	as	in	Figure	Ɛbķ	is	compared	to	the	criticaѴ	gradient	observed	in	our	simuѴations	for	different	carrying	capacitiesķ	Kķ	and	
dispersaѴķ	TDĺ	Darker	points	indicate	increasing	K	ŐƔĸ	ƕĸ	ƐƑĸ	ƑƔőĸ	circѴesŌTD	Ʒ	ƓƏƏĸ	diamondsŌTD	Ʒ	ƔƏƏĸ	triangѴesŌTD	Ʒ	ƕƔƏĸ	squaresŌ
TD	Ʒ	ƐķƏƏƏĺ	Őbő	Comparison	of	criticaѴ	gradients	for	parameter	combinations	in	Őaő	after	ƒķƏƏƏ	generations	when	simuѴations	are	run	from	a	
ľperfect	adaptationĿ	start	compared	to	from	a	ľcoѴonizing	startĿ

Critical gradient predicted by Polechova & Barton (2015)
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neither	side	in	the	time	avaiѴabѴe	for	each	simuѴation	ŐtypicaѴѴy	ƒķƏƏƏ	
generationsőĺ

Note	 that	 aѴthough	 a	 remarkabѴy	 smaѴѴ	 interruption	 to	 the	 Ѵin-

ear	 gradient	 can	 prevent	 ѴocaѴ	 adaptation	 from	 the	 centreķ	 it	 aѴso	

prevents	extinctionĺ	Even	when	dispersaѴ	is	highķ	the	centraѴ	portion	
remains	 occupied	when	 additionaѴ	 simuѴations	were	 conducted	 at	
dispersaѴ	distances	that	wouѴd	cause	rapid	extinction	everywhere	in	
Ѵinear	modeѴs	ŐFigure	Ɛaőĺ	CentraѴ	popuѴation	density	can	aѴso	rise	to	

F I G U R E  Ɠ ՊThe	effect	of	a	fѴat	portion	
in	the	ecoѴogicaѴ	gradient	of	width	Őwő	on	
range	expansion	Őfrom	coѴonizationő	at	
generation	ƒķƏƏƏĺ	The	behaviour	of	the	
simuѴations	is	summarized	as	foѴѴowsĹ	Őiő	
LIGHT	GREYĹ	fuѴѴ	spreadĸ	Őiiő	DARK	GREYĹ	
sѴow	spread	Őa	phenotypic	cѴine	forms	but	
has	not	spread	outside	ƕķƏƏƏ	ƺ	x ƺƑƔķƏƏƏ	
by	generation	ƒķƏƏƏőĸ	Őiiiő	MEDIUM	GREYĹ	
spread	on	one	side	onѴy	Őphenotypic	
cѴine	forms	but	onѴy	on	one	side	of	
the	gradientőĸ	Őivő	BLACKĹ	no	spread	
ŐpopuѴation	remains	confined	around	fѴat	
portion	of	gradientķ	with	no	phenotypic	
cѴineő
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about	twice	that	seen	for	the	same	dispersaѴ	and	carrying	capacity	
on	the	Ѵinear	gradientķ	because	there	is	no	increase	in	genetic	varia-

tion	Őand	standing	Ѵoadő	associated	with	dispersaѴ	at	the	fѴat	centreĺ

ƒĺƒՊ|ՊComparing coѴonization versus persistence 
aѴong a fѴatŊѴinear gradient

PopuѴations	 remain	 fuѴѴy	 adapted	 for	 at	 Ѵeast	 ƒķƏƏƏ	 generations	 if	
they	are	started	from	a	perfectѴy	adapted	popuѴationķ	even	for	pa-

rameter	combinations	that	faiѴ	to	spread	from	coѴonizationĺ	Where	

these	 perfectѴy	 adapted	 runs	 are	 aѴѴowed	 to	 continue	 for	 up	 to	
ƐƏķƏƏƏ	generationsķ	popuѴations	sometimes	fragment	at	the	edges	
of	 the	 fѴat	 section	 for	 some	 parameter	 combinations	 ŐespeciaѴѴy	
where K	and	TD	are	highőķ	aѴthough	gene	fѴow	between	popuѴations	
typicaѴѴy	prevents	this	fragmentation	Ѵasting	for	Ѵongĺ	This	suggests	
that	aѴthough	the	fѴat	centraѴ	portion	has	systematic	effects	on	ѴocaѴ	
adaptation	 from	 coѴonizationķ	 it	onѴy	 rareѴy	 causes	 range	 coѴѴapse	
when	popuѴations	are	initiaѴѴy	fuѴѴy	adapted	to	the	entire	gradientĺ

SimuѴations	of	fѴatŊѴinear	gradients	from	perfectѴy	adapted	start	
aѴѴow	 expѴoration	 of	 the	 reasons	 why	popuѴations	 faiѴ	adapt	 from	

F I G U R E  Ɣ ՊPatterns	of	phenotypic	meanķ	density	and	genetic	variance	in	simuѴations	from	perfectѴy	adapted	start	on	ecoѴogicaѴ	gradients	
with	a	fѴat	centraѴ	portionķ	iѴѴustrating	the	increase	in	variance	near	the	edge	of	the	fѴat	area	and	its	effects	on	adaptation	and	popuѴation	
density	for	different	combinations	of	width	Őwőķ	carrying	capacity	ŐKő	and	dispersaѴ	ŐTDőĺ	Upper	paneѴsĹ	The	position	and	width	of	the	centraѴ	
ŐfѴatő	portion	Őwő	is	shown	by	a	soѴid	Ѵine	above	the	observed	trait	meanĺ	Lower	paneѴsĹ	LocaѴ	density	is	shown	as	open	circѴesķ	ѴocaѴ	genetic	
variance	by	a	soѴid	Ѵineĺ	Note	thatķ	apart	from	Őbőķ	none	of	these	parameter	combinations	were	abѴe	to	fuѴѴy	spread	from	a	coѴonising	start	Ősee	
Figure	Ɠő
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coѴonization	even	with	Ѵow	widths	of	the	fѴat	centraѴ	region	reѴative	
to	totaѴ	dispersaѴĺ	In	parameter	regions	where	coѴonization	and	sub-

sequent	ѴocaѴ	adaptation	is	prevented	by	the	fѴat	centreķ	there	is	an	
infѴation	of	variance	at	the	point	where	the	gradient	steepensķ	due	to	
the	stronger	effect	of	gene	fѴow	at	this	positionĺ	This	reduces	popu-

Ѵation	densityķ	generating	a	density	trough	at	these	points	ŐFigure	Ɣőĺ	
This	effect	is	greater	for	higher	dispersaѴ	Őcompare	Figure	Ɣc	and	dőķ	
and	Ѵess	cѴear	at	Ѵower	vaѴues	of	carrying	capacity	Őcompare	Figure	Ɣa	
and	bőĺ	It	is	difficuѴt	to	observe	at	vaѴues	of	w	where	spread	is	onѴy	
sometimes	prevented	 Őeĺgĺķ	 for	TD	Ʒ	ƔƏƏķ	K	Ʒ	ƕķ	w	Ʒ	ƐƏƏĹ	Figure	Ɣa	
compared	 with	 Figure	 Ɠ	 top	 paneѴőĺ	 Howeverķ	 the	 density	 trough	
generated	by	the	stepped	gradient	becomes	very	marked	when	the	
fѴat	 centre	 is	wider	 and	 carrying	 capacity	 is	 highĺ	 For	 exampѴeķ	 in	
Figure	Ɣeķ	where	w	is	more	than	twice	the	mean	dispersaѴ	distanceķ	
gene	fѴow	not	onѴy	infѴates	variance	and	so	reduces	ѴocaѴ	popuѴation	
density	Őso	increasing	driftőķ	it	aѴso	generates	maѴadaptation	Ѵoad	due	
to	the	mismatch	of	the	ѴocaѴ	trait	mean	to	the	optimumĺ	In	additionķ	
as	the	fѴat	centre	widens	Őw	increasesőķ	the	popuѴation	density	at	the	
range	centre	approaches	the	carrying	capacity	 ŐKőķ	even	when	dis-
persaѴ	is	highĺ	The	dynamics	of	these	modeѴs	therefore	differ	from	
the	Ѵinear	gradientķ	where	dispersaѴ	has	a	simiѴar	effect	on	variance	
Őand	therefore	popuѴation	densityő	at	aѴѴ	points	aѴong	the	rangeĺ

ƓՊ |ՊDISCUSSION

We	 have	 extended	 our	 individuaѴŊbased	 simuѴations	 ŐBridѴe	 et	 aѴĺķ	
ƑƏƐƏő	to	incѴude	tests	of	the	stabiѴity	of	popuѴations	that	are	aѴready	
perfectѴy	 adapted	 everywhere	 on	 an	 ecoѴogicaѴ	 gradientķ	 across	 a	
range	of	gradient	steepnessķ	popuѴation	densityķ	and	mean	dispersaѴĺ	
This	approach	tests	the	roѴe	of	stochastic	ecoѴogicaѴ	and	evoѴution-

ary	processes	on	the	faiѴure	of	popuѴations	to	adapt	aѴong	ecoѴogi-
caѴ	 gradientsĺ	We	 have	 aѴso	 determined	 the	 parameter	 conditions	
that	cause	maѴadaptation	aѴong	two	forms	of	nonѴinear	gradientķ	and	
compared	 resuѴts	 for	one	of	 these	 to	 the	anaѴyticaѴ	predictions	of	
PoѴechov࢙	and	Barton	 ŐƑƏƐƔőĺ	BeѴowķ	we	discuss	these	resuѴts	and	
consider	 their	 impѴications	 for	 practicaѴ	 interventions	 to	 increase	
evoѴutionary	potentiaѴ	in	popuѴations	and	therefore	the	resiѴience	of	
ecoѴogicaѴ	communities	to	environmentaѴ	changeĺ

ƓĺƐՊ|ՊAdaptation aѴong Ѵinear gradients

SimuѴations	that	begin	from	a	perfectѴy	adapted	state	rapidѴy	Őtypi-
caѴѴy	within	 ƔƏƏ	 generationső	 coѴѴapse	 in	 aѴmost	 aѴѴ	 the	 parameter	
combinations	that	showed	ľextinctionĿ	behaviour	from	a	coѴonizing	
start	ŐFigure	Ɛaőĺ	SimiѴarѴyķ	perfectѴy	adapted	popuѴations	were	sta-

bѴe	 in	parameter	 space	 that	previousѴy	generated	 ľfuѴѴ	 adaptationĿ	
behaviour	 ŐBridѴe	et	aѴĺķ	ƑƏƐƏőĺ	PerfectѴy	adapted	popuѴations	 took	
Ѵonger	to	fragment	and	coѴѴapse	cѴose	to	boundary	conditionsķ	and	
onѴy	 coѴѴapsed	 after	ƐƏķƏƏƏ	generations	 for	 the	 Ѵarge	 carrying	 ca-

pacityķ	 high	 dispersaѴ	 parameter	 combinations	 that	 characterized	
the	ŐsmaѴѴő	region	of	ľѴimited	adaptationĿ	parameter	space	from	coѴ-
onizationĺ	 In	 this	 regionķ	 popuѴations	 aѴways	 ŐeventuaѴѴyő	 coѴѴapsed	

throughout	their	rangeķ	rather	than	forming	the	ѴongŊѴived	but	finite	
speciesĽ	ranges	observed	in	BridѴe	et	aѴĺ	ŐƑƏƐƏőĺ	This	resuѴt	contrasts	
with	PoѴechov࢙	and	Barton	 ŐƑƏƐƔőķ	who	observe	a	 smaѴѴ	 region	of	
parameter	space	that	generates	stabѴeķ	finite	rangesĺ	Our	resuѴt	sug-

gests	that	in	our	coѴonizing	simuѴationsķ	finite	ranges	ŐľѴimited	adap-

tationĿő	 are	 a	product	of	 stochastic	processesķ	 for	 exampѴeķ	 in	 the	
estabѴishment	of	cѴines	in	aѴѴeѴe	frequency	during	range	expansionĺ

OveraѴѴ	howeverķ	the	cѴose	match	of	these	ľperfect	startĿ	simuѴa-

tions	with	our	ľcoѴonizing	startĿ	simuѴations	indicates	that	the	Ѵarge	
area	 of	 parameter	 space	 where	 extinction	 is	 observed	 ŐFigure	 Ɛő	
cannot	be	expѴained	by	stochastic	processes	associated	with	range	
expansionĺ	Insteadķ	faiѴure	to	estabѴish	or	maintain	ѴocaѴ	adaptation	
Őand	broader	nicheső	is	due	to	the	inabiѴity	of	seѴection	to	overcome	
genetic	drift	where	popuѴation	density	is	reduced	beyond	a	criticaѴ	
point	 by	 migration	 Ѵoad	 ŐBridѴe	 et	 aѴĺķ	 ƑƏƐƏĸ	 PoѴechov࢙	 ş	 Bartonķ	
ƑƏƐƔőĺ	 Even	 with	 stochastic	 effects	 on	 aѴѴeѴe	 frequency	 and	 de-

mographyķ	 Ѵinear	ecoѴogicaѴ	 gradients	cannot	easiѴy	expѴain	 Ѵimited	
ranges	in	natureĺ

Our	 Ѵinear	gradient	 simuѴations	quaѴitativeѴy	match	 the	 ľcriticaѴ	
gradientĿ	predictions	of	PoѴechov࢙	and	Barton	ŐƑƏƐƔőķ	aѴthough	maѴ-
adaptation	occurs	at	sѴightѴy	 Ѵower	gradient	steepness	and	popuѴa-

tion	density	ŐFigure	Ɛbőĺ	This	may	be	due	to	nonuniform	distributions	
of	individuaѴsķ	reduced	seѴection	on	maѴesķ	andņor	faiѴure	of	femaѴes	
to	 mate	 at	 Ѵow	 densitiesķ	 given	 that	 genetic	 variance	 was	 higher	
and	density	Ѵower	in	our	simuѴations	compared	to	anaѴyticaѴ	modeѴs	
ŐBridѴe	et	aѴĺķ	ƑƏƐƏőĺ	We	previousѴy	specuѴated	that	this	infѴated	ge-

netic	variance	was	due	to	greater	than	expected	Ѵinkage	disequiѴib-

riumķ	based	on	vaѴues	for	LD	that	we	estimated	before	rather	than	
after	 seѴection	 had	 occurredĺ	 Howeverķ	 according	 to	 FeѴsenstein	
ŐƐƖƕѵőķ	Ѵinkage	disequiѴibrium	shouѴd	return	aѴmost	to	zero	foѴѴowing	
seѴectionķ	meaning	 that	 this	effect	 cannot	expѴain	our	higher	 than	
expected	ѴeveѴs	of	genetic	variationĺ

PoѴechov࢙	and	Barton	 ŐƑƏƐƔő	expѴore	 Ѵimits	to	 ѴocaѴ	adaptation	
in	oneŊdimensionaѴķ	 rather	than	twoŊdimensionaѴ	spaceķ	where	the	
effects	of	drift	and	dispersaѴķ	and	their	interaction	with	seѴection	wiѴѴ	
differ	 Ősee	Bartonķ	DepauѴisķ	ş	Etheridgeķ	ƑƏƏƑőĺ	PoѴechov࢙	 ŐƑƏƐѶő	
extended	her	criticaѴ	gradient	predictions	to	twoŊdimensionaѴ	hab-

itatsķ	showing	that	dispersaѴ	 in	the	second	dimension	weakens	the	
effect	of	driftķ	so	aѴѴowing	adaptation	at	a	greater	range	of	parameter	
vaѴues	Őiĺeĺķ	moving	the	criticaѴ	carrying	capacity	to	the	right	of	the	
predictions	 in	Figure	Ɛbőĺ	This	effect	of	 increased	dimensionaѴity	 is	
therefore	in	the	wrong	direction	to	expѴain	the	discrepancy	between	
our	simuѴations	and	PoѴechov࢙	and	Barton	ŐƑƏƐƔőķ	meaning	that	the	
mismatch	must	 be	 due	 to	 other	 differences	 between	 the	modeѴsĺ	
Howeverķ	quaѴitative	agreement	between	our	modeѴs	remains	in	that	
increasing	popuѴation	size	and	reducing	gene	fѴow	makes	ѴocaѴ	adap-

tation	overaѴѴ	more	ѴikeѴyĺ

ƓĺƑՊ|ՊAdaptation aѴong steepening gradients

A	simiѴar	resuѴt	to	the	Ѵinear	gradient	was	obtained	where	the	eco-

ѴogicaѴ	gradient	was	given	a	sigmoid	Ősteepeningő	shape	ŐFigure	Ƒaőĺ	
A	criticaѴ	Ѵimit	for	niche	expansion	is	aѴways	reached	at	some	point	
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beyond	the	ѴessŊrapidѴy	changing	centre	of	the	rangeĺ	As	aboveķ	for	
steepening	gradientsķ	the	behaviour	of	our	simuѴations	from	perfect	
start	 ŐFigure	 ƒbő	 is	 equivaѴent	 to	 that	 observed	 from	 coѴonization	
ŐBridѴe	et	aѴĺķ	ƑƏƐƏőķ	even	when	simuѴations	are	run	for	up	to	ƐƏķƏƏƏ	
generationsĺ	 Againķ	 this	 resuѴt	 indicates	 that	 the	 faiѴure	 to	 adapt	
Őor	to	maintain	an	adapted	stateő	at	ecoѴogicaѴ	margins	resuѴts	from	
a	 faiѴure	 of	 seѴection	 to	 overcome	 drift	 caused	 by	migration	 Ѵoadķ	
rather	than	from	the	stochastic	effects	of	coѴonizationķ	cѴine	estab-

Ѵishment	or	popuѴation	dynamicsĺ	In	contrast	to	the	Ѵinear	gradientsķ	
howeverķ	a	finite	species	range	is	aѴways	observed	Őrather	than	ex-
tinction	everywhereőķ	because	popuѴations	can	aѴways	persist	cѴose	
to	the	range	centreķ	where	the	ecoѴogicaѴ	gradient	is	reѴativeѴy	shaѴ-
Ѵowĺ	 In	 these	 regionsķ	 popuѴations	maintain	 sizes	 that	 are	 cѴose	 to	
the	carrying	capacity	of	each	patchķ	because	the	infѴation	of	genetic	
variance	due	to	gene	fѴow	within	these	shaѴѴow	regions	of	ecoѴogicaѴ	
change	is	Ѵowķ	so	reducing	migration	Ѵoad	ŐFigure	Ƒaőĺ

Figure	ƒa	 shows	 the	match	of	our	 steepening	gradient	 simuѴa-

tion	outcomes	to	the	PoѴechov࢙	and	Barton	ŐƑƏƐƔő	oneŊdimensionaѴ	
criticaѴ	gradient	predictionĺ	As	with	Ѵinear	gradientsķ	our	simuѴations	
show	 a	 quaѴitative	matchķ	 in	 that	 higher	 popuѴation	 densities	 and	
reduced	dispersaѴ	aѴѴow	the	popuѴation	trait	mean	to	track	steeper	
ѴocaѴ	ecoѴogicaѴ	gradientsĺ	This	means	 that	 ѴocaѴ	adaptation	 is	pre-

vented	cѴoser	to	the	patch	centre	when	the	habitat	carrying	capac-
ity	ŐKő	Őand	therefore	the	popuѴation	densityő	is	Ѵowerķ	and	dispersaѴ	
ŐTDő	is	higherĺ	Howeverķ	aѴong	steepening	gradientsķ	maѴadaptation	
occurs	 at	 reѴativeѴy	 Ѵower	 vaѴues	 of	 dispersaѴ	 and	 carrying	 capac-
ity	than	aѴong	Ѵinear	gradientsķ	because	of	increased	density	at	the	
centre	causing	asymmetricaѴ	gene	fѴow	Őand	therefore	swamping	of	
ѴocaѴ	adaptationőķ	at	the	point	where	the	popuѴation	faiѴs	to	track	the	
ѴocaѴ	optimumĺ	The	quantitative	mismatch	between	our	simuѴations	
and	anaѴyticaѴ	modeѴs	ŐPoѴechov࢙	ş	Bartonķ	ƑƏƐƔő	is	generaѴѴy	in	the	
same	direction	as	for	 Ѵinear	gradientsķ	and	so	 is	aѴso	unѴikeѴy	to	be	
expѴained	by	dimensionaѴityĺ	Howeverķ	increasing	carrying	capacity	
tends	 to	 reduce	 this	mismatch	 ŐFigure	ƒaőĺ	 This	 suggests	 that	 sto-

chastic	effects	in	regions	of	Ѵow	popuѴation	densityķ	possibѴy	due	to	
nonuniform	distributions	of	maѴes	and	femaѴesķ	increase	extinction	
risk	in	our	simuѴationsĺ

ƓĺƒՊ|ՊAdaptation aѴong fѴatŊѴinear 
(interrupted) gradients

In	contrast	 to	 the	gradients	expѴored	aboveķ	 stochastic	popuѴation	
processes	 during	 expansion	 consistentѴy	 prevent	 ѴocaѴ	 adaptation	
aѴong	 Ѵinear	gradients	 that	are	 ľinterruptedĿ	by	a	 region	of	habitat	
where	 the	 required	 trait	mean	 does	 not	 changeĺ	Within	 these	 re-

gionsķ	gene	fѴow	does	not	infѴate	genetic	variance	Őor	create	stand-

ing	Ѵoadőķ	generating	densities	around	the	patch	centre	that	aѴmost	
match	 the	 ѴocaѴ	 carrying	 capacity	 ŐFigure	 Ƒbőĺ	 In	 turnķ	 this	 gener-
ates	 strong	asymmetricaѴ	 gene	 fѴow	outward	 from	 the	centre	 that	
imposes	 a	 Ѵoad	 on	 edge	 popuѴationsĺ	 In	 naturaѴ	 popuѴationsķ	 such	
regions	of	reduced	environmentaѴ	change	might	be	generated	by	a	
mountain	ridgeķ	or	area	of	deep	waterķ	superimposed	on	a	ѴatitudinaѴ	

gradientķ	or	an	area	of	habitat	where	a	predator	or	competitor	has	
been	excѴuded	ŐSvenning	et	aѴĺķ	ƑƏƐƓőĺ

Spread	 from	 coѴonization	 can	 be	 prevented	 by	 a	 remarkabѴy	
smaѴѴ	interruption	 to	 an	 ecoѴogicaѴ	 gradientķ	 even	 for	 as	 Ѵong	 as	
ƐƏķƏƏƏ	generations	ŐFigure	Ɠőĺ	Howeverķ	when	run	from	a	perfectѴy	
adapted	 startķ	 these	 popuѴations	 remain	 stabѴe	 for	 up	 to	 ƐƏķƏƏƏ	
generationsĺ	This	 represents	an	 important	contrast	with	 the	other	
gradient	typesķ	suggesting	that	stochastic	effects	prevent	expansion	
from	the	range	centreĺ	Another	important	contrast	is	that	extinction	
never	occurs	at	the	range	centre	Őiĺeĺķ	on	the	fѴat	centraѴ	portionő	for	
the	parameter	combinations	 testedĺ	FѴatŊѴinear	gradients	 therefore	
provide	 stabѴe	 patches	 for	 popuѴation	 persistenceķ	 whiѴe	 prevent-
ing	 ѴocaѴ	adaptation	at	 their	edges	 for	a	wider	 range	of	conditions	
than	 Ѵinear	 gradientsĺ	 These	 simuѴations	 therefore	 predict	 Ősome-

what	counterŊintuitiveѴyő	that	improved	conditions	at	the	centre	of	a	
patchķ	or	a	region	where	the	ecoѴogicaѴ	gradient	becomes	shaѴѴower	
Őeĺgĺķ	 a	 region	of	 reduced	dispersaѴķ	or	 an	eѴevationaѴ	gradient	em-

bedded	within	a	 ѴatitudinaѴ	gradientő	may	prevent	niche	expansion	
through	ѴocaѴ	adaptation	at	the	patch	edgeĺ

SurprisingѴyķ	increasing	carrying	capacity	has	a	quaѴitativeѴy	dif-
ferent	effect	aѴong	a	fѴatŊѴinear	gradient	than	aѴong	a	steepening	or	
Ѵinear	 gradientĺ	 Instead	 of	 faciѴitating	 niche	 expansionķ	 adaptation	
aѴong	 a	 fѴatŊѴinear	 ecoѴogicaѴ	 gradient	 is	 apparentѴy	 more	 difficuѴt	
at	 higher	 carrying	 capacitiesĺ	 For	 exampѴeķ	 at	K	Ʒ	ƕķ	with	dispersaѴ	
TD	Ʒ	ƔƏƏķ	 the	width	of	 the	fѴat	portion	needs	to	be	at	 Ѵeast	ƐķƑƔƏ	
units	 to	 prevent	 spread	 from	 the	 range	 centre	 Őiĺeĺķ	 ƑĺƔ	 times	 the	
mean	dispersaѴ	distanceő	 ŐFigure	Ɠķ	 top	paneѴőĺ	By	contrastķ	 at	 car-
rying	capacity	K	Ʒ	ƑƔ	and	dispersaѴ	TD	Ʒ	ѶƔƏķ	a	fѴat	centre	of	width	
onѴy	ƐƏƏ	units	Őiĺeĺķ	cĺ	ƐņѶ	mean	dispersaѴő	prevents	expansion	across	
the	 entire	 range	 from	 a	 coѴonizing	 start	 ŐFigure	 Ɠķ	 bottom	 paneѴőĺ	
This	is	despite	the	fact	that	perfectѴy	adapted	runs	are	stabѴe	at	both	
these	 parameter	 conditionsĺ	 This	 contrasting	 effect	 of	 stochastic	
processes	 may	 be	 because	 a	 greater	 and	 more	 consistent	 differ-
ence	 in	 density	 from	 the	 centre	 to	 the	 edge	 is	 achieved	 at	 higher	
carrying	 capacity	 and	 dispersaѴ	 ŐFigure	 Ɣa	 vsĺ	 eőķ	 Ѵeading	 to	 more	
consistentѴy	asymmetricaѴ	gene	fѴow	that	more	effectiveѴy	swamps	
ѴocaѴ	adaptation	at	the	edgesĺ	AѴong	fѴatŊѴinear	gradientsķ	thereforeķ	
stochastic	effects	may	favour	ѴocaѴ	adaptation	and	niche	expansionķ	
by	weakening	 the	 swamping	 effects	 caused	 by	 the	 ѴocaѴ	 infѴation	
of	genetic	variance	by	dispersaѴķ	and	consequent	increase	in	stand-

ing	 Ѵoadĺ	Abrupt	changes	aѴong	ecoѴogicaѴ	gradients	 Őiĺeĺķ	at	habitat	
patch	 edgesőķ	 therefore	 seem	 highѴy	 effective	 in	 preventing	 adap-

tationĺ	This	 is	 true	even	for	patches	that	are	smaѴѴ	 reѴative	to	 totaѴ	
dispersaѴĺ	 For	 exampѴeķ	 our	 simuѴations	 suggest	 that	 such	 patches	
need	onѴy	be	a	quarter	the	width	of	mean	dispersaѴ	per	generationķ	
provided	the	patches	can	support	a	high	ѴocaѴ	popuѴation	size	at	their	
centreĺ	Limits	 to	evoѴutionary	 responses	caused	by	such	nonѴinear	
gradients	may	therefore	be	especiaѴѴy	pervasive	for	smaѴѴķ	reѴativeѴy	
mobiѴe	organismsķ	such	as	butterfѴiesĺ

The	 predictions	 for	 steepening	 gradients	 from	 PoѴechov࢙	 and	
Barton	 ŐƑƏƐƔő	 cannot	 be	 appѴied	 directѴy	 to	 the	 fѴatŊѴinear	 gradi-
entsķ	because	 these	estimate	criticaѴ	gradients	based	on	a	smooth	
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increase	in	the	rate	of	environmentaѴ	changeķ	not	on	the	effects	of	
abrupt	changes	in	gradientĺ

ƓĺƓՊ|ՊReѴevance of ѴocaѴ adaptation in patches to 
global range dynamics

The	types	of	gradient	modeѴѴed	here	are	more	ѴikeѴy	to	refѴect	ѴocaѴ	
patch	 dynamics	 than	 gѴobaѴ	 range	 dynamicsĺ	 PopuѴations	 within	
patches	may	adapt	to	ѴocaѴ	conditions	but	be	trapped	by	steepening	
gradients	as	 they	expand	away	 from	the	centreĺ	Patches	may	aѴso	
differ	 in	 overaѴѴ	 quaѴityķ	 refѴected	 by	their	 carrying	 capacityĺ	 This	
means	that	the	evoѴutionary	dynamics	of	ѴocaѴ	patchesķ	each	deter-
mined	by	the	interaction	between	genetic	Ѵoadķ	genetic	variation	and	
popuѴation	demographyķ	wiѴѴ	drive	 Ѵarger	scaѴe	patterns	of	speciesĽ	
persistenceķ	particuѴarѴy	during	responses	to	ecoѴogicaѴ	changeĺ

Steepening	gradients	provide	an	important	bridge	between	pop-

uѴation	 genetic	modeѴs	 of	 adaptation	 aѴong	 uniform	 gradients	 and	
ecoѴogicaѴ	 reaѴityķ	 where	 environmentaѴ	gradients	 are	 compѴex	 in	
formķ	but	are	generaѴѴy	steeper	at	patch	margins	than	within	patchesĺ	
At	a	range	marginķ	there	is	aѴso	a	Ѵarger	scaѴe	gradient	in	patch	avaiѴ-
abiѴityķ	size	and	connectednessķ	but	these	parameters	are	not	con-

stantsĺ	Insteadķ	they	depend	on	ѴocaѴ	adaptation	within	patchesĺ	The	
more	productive	the	patchķ	the	greater	the	density	in	the	centre	and	
therefore	 the	 further	 out	 aѴong	 the	 ecoѴogicaѴ	 gradient	 the	 patch	
margin	wiѴѴ	formĺ	This	 Ѵarger	Őand	more	ecoѴogicaѴѴy	resiѴientő	patch	
wiѴѴ	therefore	act	as	a	more	effective	source	of	coѴonists	for	other	
patches	because	of	the	greater	number	of	individuaѴs	and	the	wider	
range	of	genotypes	it	supportsĺ	This	is	because	new	patches	can	onѴy	
be	 coѴonized	 successfuѴѴy	 if	 a	 nearby	 patch	 has	 sufficient	 genetic	
variation	 to	host	 phenotypes	 sufficientѴy	 cѴose	 to	 the	 optimum	 to	
coѴonize	the	new	patchĺ

ƓĺƔՊ|ՊEmpiricaѴ tests of these modeѴs

An	important	prediction	of	our	simuѴations	and	those	of	PoѴechov࢙	
and	 Barton	 ŐƑƏƐƔőķ	 and	 PoѴechov࢙	 ŐƑƏƐѶő	 is	 that	 we	 shouѴd	 ob-

serve	 reѴativeѴy	 ѴittѴe	maѴadaptation	 across	 a	 speciesĽ	 geographi-
caѴ	 rangeĺ	 Insteadķ	 the	genetic	 variation	generated	by	 gene	 fѴow	
shouѴd	 aѴѴow	 a	 popuѴation	 to	 track	 the	 ѴocaѴ	 trait	 optima	 effec-
tiveѴy	 Őeĺgĺķ	 Fitzpatrick	ş	Reidķ	 ƑƏƐƖő	 untiѴ	 some	 criticaѴ	 gradient	
is	 reached	where	 the	 popuѴation	 coѴѴapsesķ	 generating	 either	 an	
abrupt	edge	in	the	case	of	a	nonѴinear	gradientķ	or	extinction	eve-

rywhere	aѴong	a	 Ѵinear	gradientĺ	Standing	 Ѵoad	 Őand	genetic	vari-
anceő	shouѴd	therefore	increase	Őand	ѴocaѴ	density	decѴineő	as	the	
margin	 is	 approachedķ	 even	 though	 the	 trait	 mean	matches	 the	
optimumĺ	 Howeverķ	 because	 the	 popuѴation	 density	 wiѴѴ	 be	 Ѵow	
where	variance	causes	popuѴation	coѴѴapseķ	empiricaѴ	estimates	of	
genetic	 varianceķ	 density	 and	 trait	mean	 are	 chaѴѴenging	 ŐBridѴeķ	
Gavazķ	ş	Kenningtonķ	ƑƏƏƖĸ	OŝBrienķ	Higgieķ	ReynoѴdsķ	Hoffmannķ	
ş	BridѴeķ	ƑƏƐƕőĺ	In	our	fѴatŊѴinear	simuѴationsķ	we	can	infer	the	crit-
icaѴ	vaѴues	for	these	parameters	onѴy	because	popuѴations	that	faiѴ	
to	spread	from	coѴonisation	ŐFigure	Ɠő	persist	when	started	from	a	
perfectѴyŊadapted	state	 ŐFigure	Ɣőĺ	The	environmentaѴ	 sensitivity	

of	genotypes	 ŐpѴasticityő	may	aѴso	 increase	or	reduce	phenotypic	
variance	 in	 different	 parts	 of	 the	 gradient	 ŐSaxonķ	 OŝBrienķ	 ş	
BridѴeķ	ƑƏƐѶőķ	potentiaѴѴy	increasing	standing	Ѵoadķ	without	neces-
sariѴy	increasing	evoѴutionary	potentiaѴ	ŐChevinķ	CoѴѴinsķ	ş	Lefevreķ	
ƑƏƐƒőĺ

Our	simuѴations	demonstrate	that	stochastic	effects	aѴong	non-

Ѵinear	 gradients	 have	 contrasting	 effects	 depending	 on	 how	 and	
where	 the	 gradient	 changesĺ	 AѴong	 steepening	 gradientsķ	 increas-
ing	carrying	capacity	 increases	the	criticaѴ	gradient	at	which	adap-

tation	 faiѴs	 ŐFigure	ƒaőķ	 and	so	aѴѴows	 the	popuѴation	 to	expand	 its	
niche	further	into	the	steepening	regions	of	ecoѴogicaѴ	change	at	the	
patch	edgeĺ	By	contrastķ	where	a	Ѵinear	gradient	is	interrupted	by	a	
fѴat	region	where	gene	fѴow	generates	no	standing	Ѵoadķ	stochastic-
ity	makes	niche	expansion	more	 ѴikeѴyķ	apparentѴy	by	 reducing	 the	
strength	and	consistency	of	the	density	gradient	Őand	swamping	ef-
fectő	generated	by	the	abrupt	change	in	the	ecoѴogicaѴ	gradientĺ

ƓĺѵՊ|ՊMaximizing evoѴutionary responses in naturaѴ 
populations

Our	simuѴationsķ	and	simiѴar	modeѴsķ	make	important	simpѴifying	as-
sumptionsĺ	 In	 particuѴarķ	 our	 ecoѴogicaѴ	 gradients	 remain	 constant	
over	ƐƏƏs	or	ƐķƏƏƏs	of	generationsĺ	AѴthough	this	might	be	reason-

abѴe	for	some	abiotic	gradientsķ	it	is	Ѵess	ѴikeѴy	where	speciesĽ	inter-
actions	are	strong	Őeĺgĺķ	Case	et	aѴĺķ	ƑƏƏƔĸ	Singer	ş	Parmesanķ	ƑƏƐƖőķ	
where	 interactions	 occur	 between	 aѴѴeѴes	 from	 different	 species	
Őeĺgĺķ	Svensson	ş	ConnaѴѴonķ	ƑƏƐƖőķ	or	where	behaviouraѴ	responses	
of	 organisms	 may	 smooth	 or	 steepen	 ecoѴogicaѴ	 gradients	 ѴocaѴѴy	
ŐNadeauķ	Urbanķ	ş	BridѴeķ	ƑƏƐƕaķ	ƑƏƐƕbőĺ	In	particuѴarķ	rapid	changes	
in	biotic	 interactions	 Őeĺgĺķ	due	to	preyŊswitching	or	hostŊswitching	
by	predators	or	pathogens	in	some	regions	of	cѴimatic	spaceő	couѴd	
quickѴy	 create	nonѴinear	 ecoѴogicaѴ	 gradientsĺ	NonѴinear	 ecoѴogicaѴ	
gradients	wiѴѴ	aѴso	occur	where	changes	in	some	vaѴues	for	a	given	
trait	require	more	aѴѴeѴic	substitutions	than	othersķ	because	of	non-

additive	genetic	effects	ŐButѴin	et	aѴĺķ	ƑƏƏƒĸ	SavoѴainenķ	Lascouxķ	ş	
MeriѴ࢜ķ	ƑƏƐƒőĺ

It	remains	difficuѴt	to	obtain	empiricaѴ	measurements	of	the	eco-

ѴogicaѴ	 and	 genetic	 parameters	 necessary	 to	 predict	 where	 range	
margins	might	occurĺ	NevertheѴessķ	our	simuѴations	do	suggest	some	
principѴes	 for	 managing	 popuѴations	 to	 maximize	 their	 evoѴution-

ary	 potentiaѴĺ	 In	 particuѴarķ	 the	 surprising	 sensitivity	 of	 popuѴation	
density	 to	asymmetricaѴ	effects	generated	by	varying	gradients	 in	
spaceķ	even	on	scaѴes	beѴow	the	dispersaѴ	distanceķ	suggests	that	im-

provements	in	patch	centres	might	reduce	adaptation	towards	patch	
marginsķ	 compromising	 the	persistence	of	a	popuѴation	 in	a	patchķ	
and	 its	potentiaѴ	 to	act	as	a	 source	of	coѴonists	 for	other	patchesĺ	
Improving	habitat	at	patch	centres	might	therefore	reduce	the	geo-

graphicaѴ	 range	of	 target	popuѴationsĺ	Assisted	migration	and	hab-

itat	 improvements	shouѴd	therefore	focus	on	patch	margins	rather	
than	on	their	centresķ	which	wouѴd	reduce	the	density	gradient	Őand	
asymmetry	in	gene	fѴowő	at	the	patch	edgeķ	so	heѴping	popuѴations	
to	adapt	past	the	demographic	sink	created	by	an	abrupt	change	in	
the	environmentaѴ	gradientĺ
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Such	efforts	wouѴd	be	especiaѴѴy	important	for	organisms	where	
the	ecoѴogicaѴ	gradient	varies	in	space	at	a	fine	scaѴe	reѴative	to	indi-
viduaѴ	mobiѴityķ	and	where	ѴocaѴ	popuѴation	densities	can	vary	wideѴyĺ	
SimiѴarѴyķ	for	steepening	Őbut	continuouső	gradientsķ	 if	conservation	
efforts	focus	on	improving	conditions	at	patch	centresķ	gradients	at	
the	edge	wiѴѴ	be	made	steeper	which	wiѴѴ	reduce	the	occupied	areaĺ	
Thereforeķ	for	 both	 fѴatŊѴinear	 and	 steepening	 gradientsķ	 improving	
the	marginķ	even	if	 it	cannot	be	brought	to	the	same	quaѴity	as	the	
centreķ	 wiѴѴ	 increase	 the	 area	 of	 ecoѴogicaѴ	 space	 occupied	 by	 the	
popuѴationĺ	This	wiѴѴķ	in	turnķ	increase	genetic	variation	at	the	centre	
Őeven	if	 it	reduces	centraѴ	densityőķ	so	increasing	evoѴutionary	resiѴ-
ience	to	ongoing	environmentaѴ	change	and	the	potentiaѴ	of	the	patch	
to	act	as	a	source	for	ŐreőcoѴonization	of	other	ecoѴogicaѴ	patchesĺ
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