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Abstract
ゲs	 Tempora旭	variabi旭ity	in	the	environment	drives	variation	in	vita旭	ratesp	with	conse､
quences	 for	 popu旭ation	dynamics	 and	 旭ife､history	 evo旭utions	 Integra旭	 projection	
mode旭s	ｪIPMsｫ	are	data､driven	structured	popu旭ation	mode旭s	wide旭y	used	to	study	
popu旭ation	 dynamics	 and	 旭ife､history	 evo旭ution	 in	 tempora旭旭y	 variab旭e	 environ､
mentss	Howeverp	many	datasets	have	insufficient	tempora旭	rep旭ication	for	the	en､
vironmenta旭	drivers	of	vita旭	rates	to	be	identified	with	confidencep	 旭imiting	their	
use	for	eva旭uating	popu旭ation	旭eve旭	responses	to	environmenta旭	changes

ゴs	 Parameter	se旭ectionp	where	the	kerne旭	is	constructed	at	each	time	step	by	random旭y	
se旭ecting	 the	 time､varying	 parameters	 from	 their	 joint	 probabi旭ity	 distributionp	 is	
one	approach	to	inc旭uding	stochasticity	in	IPMss	We	consider	a	factor	ana旭ytic	ｪFAｫ	
approach	for	mode旭旭ing	the	covariance	matrix	of	time､varying	parametersp	whereby	
旭atent	 variab旭eｪsｫ	 describe	 the	 covariance	 among	 vita旭	 rate	 parameterss	 This	 de､
creases	the	number	of	parameters	to	estimate	andp	where	the	covariance	is	posi､
tivep	the	旭atent	variab旭e	can	be	interpreted	as	a	measure	of	environmenta旭	qua旭itys	
We	demonstrate	this	using	simu旭ation	studies	and	two	case	studiess

ザs	 The	simu旭ation	studies	suggest	the	FA	approach	provides	simi旭ar旭y	accurate	esti､
mates	of	stochastic	popu旭ation	growth	rate	to	estimating	an	unstructured	covari､
ance	matrixs	We	demonstrate	how	the	旭atent	parameter	can	be	perturbed	to	show	
how	se旭ection	on	reproductive	de旭ays	 in	 the	monocarp	Carduus nutans changes 

under	different	environmenta旭	conditionss	We	deve旭op	a	demographic	mode旭	of	
the	fire	dependent	herb	Eryngium cuneifolium	to	show	how	a	putative	driver	of	the	
variation	in	environmenta旭	qua旭ity	can	be	incorporated	with	the	addition	of	a	sin､
g旭e	parameters	Using	perturbation	ana旭yses	we	determine	optima旭	management	
strategies	for	this	speciess

ジs	 This	approach	estimates	fewer	parameters	than	previous	approaches	and	a旭旭ows	
nove旭	eco､evo旭utionary	insightss	Predictions	on	popu旭ation	dynamics	and	旭ife､his､
tory	 evo旭ution	 under	 different	 environmenta旭	 conditions	 can	 be	made	without	
necessari旭y	 identifying	causa旭	factorss	Putative	environmenta旭	drivers	can	be	in､
corporated	with	re旭ative旭y	few	parametersp	a旭旭owing	for	predictions	on	how	popu､
旭ations	wi旭旭	respond	to	changes	in	the	environments
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ゲ科 |科INTRODUC TION

Environmenta旭	variation	causes	vita旭	rates	to	varyp	affecting	popu旭ation	
dynamics	 and	 旭ife､	history	 evo旭ution	 ｪBenton	 ｹ	 Grantp	 ゲゾゾ葦q	 Boycep	
Haridasp	Leep	ｹ	NCEAS	stochastic	demography	working	groupp	ゴググ葦ｫs	
Interest	in	understanding	the	eco旭ogica旭	consequences	of	environmen､
ta旭	variation	has	 increased	 rapid旭y	as	a	consequence	of	g旭oba旭	 c旭imate	
change	ｪEvansp	ゴグゲゴq	Stenseth	et	a旭sp	ゴググゴｫs	As	experimenta旭	approaches	
to	determining	how	natura旭	popu旭ations	are	affected	by	environmenta旭	
variation	are	frequent旭y	impractica旭p	structured	demographic	mode旭s	are	
often	used	to	understand	the	popu旭ation	 旭eve旭	effects	of	environmen､
ta旭	change	ｪCou旭sonp	ゴグゲゴｫs	Environmenta旭	effects	on	vita旭	rates	can	be	
comp旭exp	 with	 non旭inear	 effectsp	 mu旭tip旭e	 interacting	 driversp	 indirect	
effectsp	 and	 corre旭ations	 between	 the	 drivers	 ｪDar旭ing	ｹ	 Cotep	 ゴググ芦q	
Ehr旭enp	Morrisp	 von	 Eu旭erp	 ｹ	 Dah旭grenp	 ゴグゲ葦q	 Parmesan	 et	a旭sp	 ゴグゲザｫs	
These	cha旭旭engesp	and	the	re旭ative旭y	short	旭ength	of	many	demographic	
datasets	ｪSa旭guero､	Gomez	et	a旭sp	ゴグゲズp	ゴグゲ葦ｫp	mean	it	is	often	difficu旭t	
to	identify	exp旭icit	environmenta旭	drivers	of	vita旭	ratess	This	restricts	the	
abi旭ity	of	mode旭s	 to	predict	how	popu旭ations	wi旭旭	 respond	 to	environ､
menta旭	change	ｪCrone	et	a旭sp	ゴグゲザｫs

Environmenta旭	variation	can	drive	covariation	amongst	vita旭	rates	
ｪDoakp	Morrisp	Pfisterp	Kenda旭旭p	ｹ	Brunap	ゴググズq	Tomimatsu	ｹ	Oharap	
ゴグゲグｫs	A旭旭	 e旭se	equa旭p	 fai旭ing	 to	account	 for	 this	 covariation	wi旭旭	 bias	
mode旭	outputs	ｪFieberg	ｹ	E旭旭nerp	ゴググゲq	Metca旭f	et	a旭sp	ゴグゲズｫs	Positive	
covariance	among	vita旭	ratesp	occurring	when	mu旭tip旭e	vita旭	rates	are	
affected	 by	 the	 same	 environmenta旭	 drivers	 ｪJongejansp	 de	 Kroonp	
Tu旭japurkarp	ｹ	 Sheap	 ゴグゲグｫp	 increases	 the	variance	 of	 the	 stochastic	
popu旭ation	growth	rates	Negative	covariance	can	a旭so	occur	as	a	resu旭t	
of	trade､	offs	between	rates	or	from	opposing	effects	of	environmenta旭	

variab旭es	 on	 different	 rates	 ｪJongejans	 ｹ	 De	 Kroonp	 ゴググズq	 Knopsp	
Koenigp	ｹ	Carmenp	ゴググゼｫs	Howeverp	in	p旭antsp	covariation	is	predom､
inant旭y	 positive	 ｪJongejans	 et	a旭sp	 ゴグゲグｫp	 and	positive	 covariance	 ap､
pears	widespread	among	other	taxa	inc旭uding	mamma旭s	ｪesgsp	Rote旭旭ap	
Linkp	 Chambertp	 Staufferp	 ｹ	 Garrottp	 ゴグゲゴｫ	 and	 birds	 ｪesgsp	 Jenkinsp	
Watsonp	ｹ	Mi旭旭erp	ゲゾ葦ザq	Nur	ｹ	Sydemanp	ゲゾゾゾｫs

Stochastic	demographic	mode旭sp	such	as	matrix	popu旭ation	mode旭s	
ｪMPMsq	see	Caswe旭旭p	ゴググゲｫ	and	 integra旭	projection	mode旭s	 ｪIPMsq	see	
E旭旭nerp	Chi旭dsp	ｹ	Reesp	ゴグゲ葦ｫp	are	wide旭y	used	to	study	popu旭ation	dynam､
ics	in	tempora旭旭y	variab旭e	environments	ｪesgsp	Inchausti	ｹ	Weimerskirchp	
ゴググゲq	Vindenes	et	a旭sp	ゴグゲジｫs	In	an	IPM	the	annua旭	transitions	are	given	
by	 kerne旭sp	 typica旭旭y	 parameterised	 by	 estimating	 state､	fate	 re旭ation､
shipss	Stochastic	mode旭s	a旭旭ow	the	state､	fate	re旭ationships	to	vary	tem､
pora旭旭y	ｪor	spatia旭旭yｫp	using	either	parameter	or	kerne旭	se旭ection	ｪMetca旭f	
et	a旭sp	ゴグゲズｫs	Under	a	kerne旭	se旭ection	approachp	a	projection	kerne旭	 is	
estimated	 for	 each	 year	 and	 these	 are	 resamp旭ed	 ｪRees	 et	a旭sp	 ゴググ葦q	
Wi旭旭iamsp	 Jacquemynp	 Ochockip	 Brysp	 ｹ	 Mi旭旭erp	 ゴグゲズｫq	 this	 preserves	
the	covariance	amongst	the	vita旭	ratess	Using	a	parameter	se旭ection	ap､
proachp	a	unique	kerne旭	 is	constructed	at	each	time	step	by	random旭y	
se旭ecting	 the	 time､	varying	parameters	 from	 their	 joint	probabi旭ity	dis､
tribution	 ｪMorris	ｹ	Doakp	ゴググゴq	Rees	ｹ	E旭旭nerp	ゴググゾq	Vindenes	et	a旭sp	
ゴグゲジｫs	A	potentia旭	旭imitation	of	the	parameter	se旭ection	approach	is	that	
an	unstructured	covariance	matrix	must	be	estimated	for	the	set	of	time､	
varying	parametersp	often	from	re旭ative旭y	few	tempora旭	rep旭icatess

An	 a旭ternative	 to	 estimating	 an	 unstructured	 covariance	matrix	 is	
to	use	 a	 structured	mode旭	 for	 the	 tempora旭	 parameters	 ｪcoｫvariancess	
Hierarchica旭	ｪmu旭ti旭eve旭ｫ	factor	ana旭ysis	ｪFAq	Figure	ゲaｫp	whereby	one	or	
more	旭atent	variab旭es	are	introduced	to	capture	the	tempora旭	covariance	
among	vita旭	 rate	parametersp	 is	a	promising	candidate	 ｪMarcou旭ides	ｹ	

K E Y W O R D S

Carduus nutansp	covariationp	environmenta旭	variationp	Eryngium cuneifoliump	factor	ana旭ysisp	
integra旭	projection	mode旭p	旭ife	historyp	popu旭ation	dynamics

F I G U RE  ゲ科Structure	of	the	stochastic	vita旭	rate	mode旭s	for	the	simp旭e	旭ife､	history	simu旭ation	using	the	ｪaｫ	factor	ana旭ytic	ｪFAｫ	approach	
and	ｪbｫ	unstructured	covariance	matrix	ｪUCMｫ	approachs	In	the	FA	approach	factor､	旭oading	terms	ｪβQｫ	a旭旭owed	the	direction	and	magnitude	
of	the	旭atent	parameter	ｪQｫ	to	differ	among	the	vita旭	ratess	Submode旭､	specific	year	effects	ｪεｫ	accounted	for	additiona旭	variation	among	yearss	
In	the	UCM	approach	a	fu旭旭y	unstructured	covariance	matrix	ｪΣｫ	was	estimated	by	samp旭ing	the	year	effects	ｪεｫ	from	a	mu旭tivariate	norma旭	
distributions	β0	parameters	are	the	intercepts	and	βz	are	s旭opes	with	respect	to	sizes	The	subscript	t	denotes	stochastic	parameters
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Moustakip	ゴグゲザｫs	The	旭atent	variab旭eｪsｫ	represent	the	under旭ying	causes	
of	covariation	among	observed	variab旭esp	a旭旭owing	comp旭ex	mu旭tivariate	
re旭ationships	to	be	described	in	a	simp旭e	ways	Moreoverp	these	mode旭s	
effective旭y	 capture	 hypotheses	 about	 causa旭	 variab旭es	 that	 cannot	 be	
direct旭y	measured	 ｪGracep	Andersonp	O旭ffp	ｹ	 Scheinerp	 ゴグゲグq	Grace	ｹ	
Bo旭旭enp	ゴググ芦ｫs	The	FA	approach	can	a旭so	be	extended	to	inc旭ude	puta､
tive	under旭ying	drivers	of	variation	in	the	旭atent	variab旭esp	which	a旭旭ows	
covariance	to	be	partitioned	into	exp旭ained	and	unexp旭ained	sources	of	
variations	Howeverp	despite	the	broad	use	of	FA	approaches	in	eco旭ogica旭	
research	ｪesgsp	Oh旭bergerp	Scheuere旭旭p	ｹ	Schind旭erp	ゴグゲ葦q	Thorson	et	a旭sp	
ゴグゲズq	 Zuurp	 Fryerp	 Jo旭旭iffep	Dekkerp	ｹ	Beukemap	 ゴググザｫ	 they	 are	 rare旭y	
used	to	parameterise	demographic	mode旭ss

This	 approach	 has	 two	 potentia旭	 advantagess	 Firstp	 fewer	 parame､
ters	need	to	be	estimated	re旭ative	to	an	unstructured	covariance	matrixs	
Secondp	a	sma旭旭	number	of	旭atent	variab旭es	ｪoften	just	oneｫ	may	account	
for	the	covariation	among	the	vita旭	ratess	When	this	covariance	is	positivep	
the	旭atent	variab旭eｪsｫ	can	be	interpreted	as	axes	of	environmenta旭	qua旭ity	
or	suitabi旭ityp	where	positive	va旭ues	of	a	sing旭e	旭atent	variab旭e	correspond	
to	environments	in	which	surviva旭p	growthp	and	reproduction	are	a旭旭	higher	
than	averages	The	旭atent	termｪsｫ	then	represent	a	target	for	further	ana旭y､
siss	For	examp旭ep	perturbing	the	旭atent	parameter	a旭旭ows	predictions	to	be	
made	on	the	effects	of	environmenta旭	change	on	popu旭ation	dynamics	or	
旭ife､	history	evo旭utions	Where	the	degree	of	tempora旭	rep旭ication	in	the	data	
is	insufficient	for	environmenta旭	drivers	to	be	identified	this	may	represent	
the	best	a旭ternative	for	exp旭oring	how	changes	in	the	stochastic	part	of	the	
environment	affect	such	processess	This	method	is	not	dissimi旭ar	to	the	
use	of	broad	sca旭e	c旭imate	indicesp	such	as	the	North	At旭antic	Osci旭旭ationp	as	
proxies	for	旭oca旭	environmenta旭	conditions	ｪOttersen	et	a旭sp	ゴググゲｫs	Such	in､
dices	do	not	direct旭y	inf旭uence	the	vita旭	ratesp	but	as	they	provide	an	index	
of	the	overa旭旭	c旭imate	conditionsp	incorporating	mu旭tip旭e	旭oca旭	c旭imate	vari､
ab旭esp	they	are	often	better	predictors	of	the	vita旭	rates	than	旭oca旭	c旭imate	
variab旭es	ｪPost	ｹ	Stensethp	ゲゾゾゾq	Stenseth	ｹ	Mysterudp	ゴググズｫs

We	conduct	simu旭ation	studies	to	compare	the	accuracy	of	the	FA	
approach	 to	 a	 standard	 parameter	 se旭ection	 approachp	with	 different	
numbers	 of	 tempora旭旭y	 varying	 parameterss	 We	 then	 app旭y	 the	 ap､
proach	in	two	case	studiess	We	construct	a	demographic	mode旭	of	the	
monocarpic	perennia旭	Carduus nutansp	and	show	how	the	旭atent	param､
eter	 can	be	perturbed	 to	make	predictions	 about	optima旭	 旭ife､	history	
strategies	under	changing	environmentss	We	exp旭ore	how	se旭ection	for	
strategies	to	de旭ay	reproduction	differs	as	the	mean	and	variance	of	en､
vironmenta旭	qua旭ity	changess	Fina旭旭yp	we	deve旭op	a	demographic	mode旭	
of	 the	rare	herb	Eryngium cuneifolium	 to	show	how	an	environmenta旭	
variab旭e	ｪtime､	since､	fireｫ	can	be	incorporated	as	a	putative	driver	of	vari､
ation	in	the	旭atent	variab旭es	We	use	perturbation	ana旭yses	to	determine	
the	optima旭	fire	return	interva旭	ｪFRIｫ	for	managing	this	speciess

ゴ科 |科SIMUL ATION STUDYr COMPARING 
FAC TOR ANALY TIC AND UNSTRUC TURED 
APPROACHES

We	 compared	 the	 accuracy	 of	 popu旭ation	 growth	 estimates	 from	
the	FA	approach	to	those	derived	using	an	unstructured	covariance	

matrixs	We	 considered	 two	 scenariosr	 a	 re旭ative旭y	 simp旭e	 旭ife	 his､
tory	with	 four	 tempora旭旭y	 variab旭e	vita旭	 rates	 ｪthe	 wsimp旭e	mode旭xｫp	
typica旭	of	many	pub旭ished	IPMsp	and	a	two､	stage	ｪjuveni旭e	and	adu旭tｫ	
旭ife	history	with	a	tota旭	of	seven	tempora旭旭y	variab旭e	vita旭	rates	ｪthe	
wcomp旭ex	mode旭xｫs	Demographic	rate	functions	in	both	settings	were	
parameterised	using	data	from	a	旭ong､	term	study	of	the	St	Ki旭da	Soay	
sheep	ｪC旭utton､	Brock	ｹ	Pembertonp	ゴググジｫs	These	were	used	to	con､
struct	a	pair	of	density	independent	individua旭､	based	mode旭s	ｪIBMsq	
Appendices	Aゲsゲsゲ	and	Aゲsゴsゲｫp	from	which	simu旭ated	datasets	cou旭d	
be	generateds	On旭y	 the	corre旭ation	coefficients	 for	 the	 tempora旭旭y	
varying	parameters	were	 a旭旭owed	 to	 vary	 in	 each	 simu旭ationp	 such	
that	 on	 each	 occasionp	 a	 corre旭ation	matrix	was	 drawn	 at	 random	
from	a	uniform	distribution	over	the	space	of	positive	definite	matri､
ces	ｪusing	rcorrmatrix	from	the	c旭usterGeneration	package	in	Rq	Qiu	
ｹ	Joep	ゴグゲズｫs

One	 hundred	 simu旭ated	 datasets	 of	 芦pグググ	years	 were	 gener､
ated	from	each	of	the	two	IBMss	A	range	of	rea旭istic	dataset	旭engths	
were	samp旭edr	ゲゴp	ゴズp	and	ズグ	years	ｪAppendices	Aゲsゲsゲ	and	Aゲsゴsゲｫs	
Mu旭tivariate	demographic	mode旭s	were	then	parameterised	using	an	
unstructured	covariance	matrix	 ｪUCM	approachｫ	and	a	 旭atent	vari､
ab旭e	 ｪFA	 approachｫ	 parameterisation	 ｪFigure	ゲq	 Appendices	Aゲsゲsザ	
and	Aゲsゴsザｫs	Under	the	FA	approach	each	vita旭	rate	is	estimated	as	a	
function	of	a	sharedp	unobserved	旭atent	variab旭e	ｪQｫp	which	accounts	
for	the	covariation	among	the	vita旭	ratess	For	examp旭ep	in	the	simp旭e	
simu旭ationp	the	probabi旭ity	of	surviva旭	ｪsｫ	for	an	individua旭	of	size	z in 

year t is given by 

where �s
0
	is	the	interceptp	�s

z
 and �s

Q
	are	s旭opes	with	respect	to	size	and	

the	 旭atent	variab旭ep	respective旭yp	and	�s
t
	accounts	for	any	remaining	

tempora旭	 variations	The	 remaining	vita旭	 rates	are	 structura旭旭y	 ana旭､
ogous	to	Equation	ｪゲｫp	differing	on旭y	 in	their	distributiona旭	assump､
tions	ｪFigure	ゲaｫs	A旭ternative旭yp	under	the	UCM	approach	each	vita旭	
rate	 contains	 a	 random	year	effect	 ｪεtq	 Figure	ゲbｫp	 samp旭ed	 from	a	
mu旭tivariate	norma旭	distributions

In	 the	 simp旭e	 mode旭p	 ゲグ	 parameters	 ｪジ	 variance	 and	 葦	 covari､
ancesｫ	account	for	the	tempora旭	variation	using	the	UCM	approachp	
whereas	the	FA	approach	estimates	eight	parameterss	 In	the	com､
p旭ex	mode旭	ゴ芦	parameters	are	required	for	the	UCM	approach	and	
ゲジ	for	the	FA	approachs	The	demographic	mode旭s	were	fitted	using	
Bayesian	methodsp	 imp旭emented	 in	JAGS	ｪP旭ummerp	ゴググザｫ	and	run	
using	the	runjags	package	ｪDenwoodp	ゴグゲ葦ｫ	in	R	ｪR	Core	Teamp	ゴグゲ葦ｫs

IPMs	 were	 constructed	 from	 each	 set	 of	 posterior	 samp旭es	
ｪAppendices	Aゲsゲsゴ	and	Aゲsゴsゴｫs	The	stochastic	popu旭ation	growth	
rate	 ｪλsｫ	 was	 estimated	 after	 exc旭uding	 the	 first	 ゴpグググ	years	 of	 a	
ズpグググ	year	simu旭ations	This	was	repeated	with	ゲpグググ	samp旭es	from	
the	posteriors	The	true	stochastic	popu旭ation	growth	rate	ｪλtｫ	was	es､
timated	using	an	IPM	parameterised	with	the	true	parameter	va旭ues	
used	in	the	IBMs

The	resu旭ts	of	the	simu旭ation	study	are	summarised	in	Figure	ゴs	
The	 UCM	 approach	 旭ed	 to	 margina旭旭y	 旭ess	 diffuse	 estimates	 of	
stochastic	 popu旭ation	 growth	 rate	 than	 the	 FA	 approachs	 This	
was	 true	 for	 both	 the	 simp旭e	 ｪFigure	ゴaｫ	 and	 comp旭ex	 ｪFigure	ゴbｫ	

ｪゲｫlogit(st(z))=�s
0
+�s

z
z+�s

Q
Qt+�s

t
,
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mode旭ss	Howeverp	even	with	ゲゴ	years	of	 tempora旭	 rep旭ication	 the	
differences	 between	 the	 performance	 of	 the	 two	 methods	 was	
sma旭旭p	 and	with	 ゴズ	years	 of	 rep旭ication	 both	methods	 performed	
we旭旭	 ｪグs芦	└	λs/λt	└	ゲsゲｫs	 The	 estimates	 of	 stochastic	 popu旭ation	
growth	 rate	were	 strong旭y	 corre旭ated	 between	 the	 two	methods	
ｪグs芦芦	┑	ρ	┑	グsゾゾ	 and	 グsゾザ	┑	ρ	┑	グsゾゼ	 for	 the	 simp旭e	 and	 comp旭ex	
mode旭s	respective旭yｫp	indicating	that	most	of	the	among､	simu旭ation	
variation	in	the	stochastic	popu旭ation	growth	rate	arises	from	sam､
p旭ing	variation	rather	than	the	choice	of	mode旭	for	the	time､	varying	
parameterss

The	accuracy	of	parameter	estimates	under	the	FA	and	UCM	
approaches	 was	 very	 simi旭ar	 ｪAppendices	Aゲsゲsジ	 and	 Aゲsゴsジｫs	
Carrying	out	a	variety	of	mode旭	checks	may	he旭p	to	 improve	the	
accuracy	 of	 the	 mode旭sp	 for	 examp旭ep	 under	 the	 FA	 approach	
here	we	 assume	 a	 sing旭e	 旭atent	 variab旭e	 can	 account	 for	 the	 co､
variation	among	the	vita旭	ratesp	which	may	not	a旭ways	be	the	case	
ｪAppendix	Aゲsザｫs

ザ科 |科C A SE STUDY ゲr  THE EFFEC T 
OF ENVIRONMENTAL QUALIT Y ON 
REPRODUC TIVE DEL AYS IN C ARDUUS 

NUTANS

ザsゲ科|科Background and methods

Carduus nutans	 is	 a	monocarpic	 thist旭e	with	a	persistent	 seedbank	
and	 short､	旭ived	 rosettes	 ｪAppendix	Aゴsゲq	 Popay	 ｹ	 Meddp	 ゲゾゾグq	
Ward旭ep	 Nicho旭sonp	 ｹ	 Rahmanp	 ゲゾゾゴｫs	We	 use	 a	 FA	mode旭	 to	 ex､
p旭ore	how	environmenta旭	change	may	affect	se旭ection	for	reproduc､
tive	 de旭ays	 in	 this	 speciess	 Reproductive	 de旭ays	 can	 act	 as	 a	 form	
of	diversified	bet	hedgingp	spreading	a	cohort	across	mu旭tip旭e	years	
and	therefore	decreasing	the	effect	of	a	bad	year	on	the	cohort	as	
a	who旭e	 ｪChi旭dsp	Metca旭fp	 ｹ	 Reesp	 ゴグゲグq	 Cohenp	 ゲゾ葦葦q	 Rees	 et	a旭sp	
ゴググ葦q	 Tu旭japurkarp	 ゲゾゾグｫs	 In	 monocarpic	 perennia旭	 p旭antsp	 repro､
duction	may	be	deferred	preestab旭ishmentp	through	a	seedbankp	or	
postestab旭ishmentp	through	a	de旭ay	in	f旭owering	ｪChi旭dsp	Reesp	Rosep	

F I G U RE  ゴ科Ratio	between	the	estimated	ｪλsｫ	and	true	ｪλtｫ	stochastic	popu旭ation	growth	rates	for	the	factor	ana旭ytic	ｪFAｫ	and	unstructured	
covariance	matrix	ｪUCMｫ	approaches	for	the	ｪaｫ	simp旭e	and	ｪbｫ	comp旭ex	mode旭ss	The	points	are	c旭ustered	according	to	the	旭ength	of	the	
demographic	dataset	used	to	parameterise	the	IPM	ｪゲゴp	ゴズ	or	ズグ	yearsｫs	To	prevent	overp旭otting	on旭y	ゴズ	of	the	ゲググ	simu旭ations	are	
shown	here	ｪsee	Appendices	Aゲsゲsジ	and	Aゲsゴsジ	for	resu旭ts	of	a旭旭	simu旭ationsｫs	Points	are	the	median	and	旭ines	show	the	interquarti旭e	range	
across	ゲpグググ	samp旭es	from	the	posteriors	for	each	simu旭ations	The	dashed	旭ine	is	at	onep	where	the	estimated	growth	rate	equa旭s	the	true	
growth	rates	True	λ	ranges	between	グsゾ芦･ゲ	and	グsゾゼ･グsゾゾ	for	the	simp旭e	and	comp旭ex	mode旭s	respective旭ys	Median	estimates	of	λ	from	the	
simu旭ations	range	between	グs葦ズ･ゲsゲゴ	and	グs芦ゴ･ゲsゲザ	for	the	simp旭e	and	comp旭ex	mode旭s	respective旭y
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Grubbp	ｹ	E旭旭nerp	ゴググジq	Rees	et	a旭sp	ゴググ葦ｫs	Post､	estab旭ishment	de旭ays	
have	 the	 additiona旭	 benefit	 of	 higher	 fecundity	 as	 individua旭s	may	
grow	旭argerp	producing	more	seeds	ｪRees	et	a旭sp	ゴググ葦ｫs

We	define	the	fittest	strategy	to	be	the	evo旭utionary	stab旭e	strat､
egy	ｪESSｫs	The	predicted	ESS	for	the	study	popu旭ation	is	substantia旭	
seed	dormancy	and	the	majority	of	p旭ants	to	f旭ower	in	their	first	yearp	
with	a	f旭owering	probabi旭ity	of	cs	グsゼズ	for	an	average	sized	individua旭	
ｪRees	et	a旭sp	ゴググ葦ｫs	Using	our	framework	we	predict	how	changes	to	
the	average	or	variabi旭ity	of	the	environment	affect	the	ESS	germi､
nation	and	f旭owering	strategys	We	reparameterised	the	IPM	of	Rees	
et	a旭s	ｪゴググ葦q	Appendix	Aゴsゴｫs	The	mode旭	is	structured	by	the	natura旭	
旭ogarithm	of	 rosette	area	 ｪzｫp	 a	measure	of	p旭ant	 size	 that	predicts	
individua旭	 performances	 Four	 stochastic	 vita旭	 rate	 functionsp	 with	
tempora旭旭y	variab旭e	interceptsp	were	estimatedq	surviva旭p	growthp	re､
cruitmentp	and	recruit	size	ｪAppendix	Aゴsザｫs

The	vita旭	rate	parameters	were	estimated	using	MCMC	samp旭ing	
in	 JAGS	 through	 runjags	 ｪDenwoodp	ゴグゲ葦ｫs	 The	prior	distributions	
were	weak旭y	informative	ｪisesp	within	bio旭ogica旭旭y	reasonab旭e	rangesｫ	
to	improve	mixing	ｪAppendix	Aゴsザq	see	Appendix	Aザ	for	comparison	
with	more	 informative	priorsｫs	The	ゾズ鯵	credib旭e	 interva旭s	of	many	
parameters	were	re旭ative旭y	wide	ｪAppendix	Aゴsジｫp	as	a	resu旭t	of	the	
short	tempora旭	extent	ｪ芦	yearsｫ	of	this	datasets	Herep	to	keep	things	
simp旭ep	as	this	is	just	an	examp旭e	case	study	for	the	factor	ana旭ytic	
approachp	 we	 parameterise	 the	 IPM	 using	 the	 posterior	 meanss	
Thus	we	do	not	consider	the	effect	of	this	uncertainty	on	the	mode旭	

outputs	By	drawing	samp旭es	random旭y	from	the	posterior	instead	it	
wou旭d	be	possib旭e	to	give	a	measure	of	parameter	uncertainty	and	
the	impacts	of	this	on	the	resu旭ts	of	the	perturbation	ana旭yses	be旭ow	
ｪesgsp	 Diezp	 Gi旭adip	 Warrenp	 ｹ	 Pu旭旭iamp	 ゴグゲジq	 Evansp	 Ho旭singerp	 ｹ	
Mengesp	ゴグゲグｫs	Posterior	checks	suggested	the	旭atent	parameter	ｪQｫ	
accounted	for	the	covariation	among	the	vita旭	rates	ｪAppendix	Aゴsジｫs	
The	positive	covariance	among	the	vita旭	rates	means	the	旭atent	pa､
rameter	can	be	assumed	to	be	a	measure	of	environmenta旭	qua旭itys	
The	highest	旭eve旭s	of	tempora旭	variation	were	in	surviva旭	and	recruit､
ment	ｪAppendix	Aゴsジｫs

At	each	year	in	the	simu旭ation	the	旭atent	parameter	ｪQｫ	was	sam､
p旭ed	from	a	norma旭	distribution	with	a	mean	of	zero	and	a	standard	
deviation	of	ones	The	submode旭､	specific	year	effects	ｪεｫ	were	drawn	
from	norma旭	distributions	with	means	of	zero	and	the	standard	de､
viations	 ｪσtｫ	estimated	 in	 the	vita旭	 rates	mode旭s	The	 joint	 f旭owering	
intercept	 and	 germination	 probabi旭ity	 ESS	 were	 predicted	 using	
numerica旭	 invasion	 ana旭ysis	 ｪChi旭ds	 et	a旭sp	 ゴググジｫ	 and	 were	 simi旭ar	
to	those	produced	using	a	fixed	effectsp	kerne旭	se旭ection	approach	
ｪAppendix	Aゴsズq	Rees	et	a旭sp	ゴググ葦ｫs

ザsゴ科|科Perturbation ana旭yses

A	prospective	sensitivity	ana旭ysis	was	used	to	determine	how	se旭ec､
tion	on	de旭ayed	f旭owering	and	germination	may	change	as	the	mean	
and	variance	of	 environmenta旭	qua旭ity	 ｪQｫ	 changess	The	mean	and	

F I G U RE  ザ科Effect	of	changing	the	
mean	ｪa	ｹ	bｫ	and	variabi旭ity	ｪstandard	
deviationq	c	ｹ	dｫ	of	the	environmenta旭	
qua旭ity	ｪQｫ	on	the	joint	evo旭utionary	stab旭e	
strategy	ｪESSｫ	f旭owering	intercept	and	
germination	strategies	at	different	旭eve旭s	
of	seed	morta旭ity	ｪdｫ	in	Carduuss	Thresho旭d	
f旭owering	size	is	ca旭cu旭ated	as	−� f
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standard	deviations	of	Q	were	 varied	on	 a	 fixed	 grid	 and	 the	ESS	
were	predicted	at	each	va旭ues	This	was	repeated	for	a	range	of	seed	
morta旭ities	ｪd	┎	グsグゲp	グsゲp	グsゴtグsゾp	グsゾゾq	Rees	et	a旭sp	ゴググ葦ｫs

As	the	qua旭ity	of	the	environment	deteriorates	there	is	se旭ec､
tion	for	ear旭ier	f旭owering	and	reduced	germinationp	whi旭e	improv､
ing	the	qua旭ity	of	the	environment	旭eads	to	the	opposite	responsep	
that	 isp	 se旭ection	 for	 a	perennia旭	 旭ife	 history	dominates	 in	higher	
qua旭ity	environments	ｪFigure	ザ	and	Appendix	Aゴs葦ｫs	In	旭ower	qua旭､
ity	 environments	 se旭ection	 acts	 on	 the	 germination	 probabi旭ityp	
de旭aying	reproduction	preestab旭ishment	by	increasing	the	chance	
of	 seeds	 entering	 the	 seedbanks	 Decomposing	 the	 changes	 in	
ESS	into	the	effects	of	the	different	vita旭	rates	suggests	that	the	
changes	in	f旭owering	size	are	main旭y	driven	by	changes	in	surviva旭	
ｪAppendix	Aゴsゼｫs	 The	 estimated	 surviva旭	 probabi旭ity	 increases	
from	グsグジ	to	グsゼザ	with	an	increase	in	Q	from	グ	to	ゴ	for	a	rosette	
of	旭og	size	ゲsゾズ	ｪstudy	popu旭ation	modeｫs	With	a	mean	Q	of	ゴ	there	
is	an	advantage	in	de旭aying	reproductionp	as	the	risk	of	morta旭ity	
is	re旭ative旭y	sma旭旭	and	旭arger	p旭ants	can	produce	more	seedsq	herep	
se旭ection	acts	on	the	f旭owering	sizep	 increasing	the	size	at	which	
p旭ants	reproduces	The	ESS	thresho旭d	f旭owering	sizep	on	a	旭og	sca旭ep	
doub旭es	 from	ザsザ葦	to	ゼsゲグ	with	an	 increase	 in	mean	Q	 from	グ	to	
ゴp	resu旭ting	in	a	ゾ､	fo旭d	increase	in	the	estimated	number	of	seeds	
produceds	Increasing	旭eve旭s	of	environmenta旭	variabi旭ity	genera旭旭y	
caused	 se旭ection	 for	 ear旭ier	 f旭owering	 and	 a	 旭ower	 germination	
probabi旭ity	ｪFigure	ザｫs

ジ科 |科C A SE STUDY ゴr  INCORPOR ATING A 
PUTATIVE ENVIRONMENTAL DRIVERr THE 
EFFEC T OF FIRE ON THE DEMOGR APHY OF 
ERYNG IUM CUN EIFOLIUM

ジsゲ科|科Background and methods

Eryngium	is	a	fire､	adapted	perennia旭	herb	with	a	persistent	seedbank	
ｪMenges	 ｹ	 Kimmichp	 ゲゾゾ葦q	 Menges	 ｹ	 Quintana､	Ascenciop	 ゴググジｫ	
found	 in	 F旭orida	 rosemary	 scrubp	 in	 recent旭y	 burned	 or	 other	 dis､
turbed	areas	ｪMenges	ｹ	Kimmichp	ゲゾゾ葦ｫs	Fire	ki旭旭s	the	majority	of	ro､
settes	and	the	popu旭ation	recovers	through	the	seedbank	ｪMenges	ｹ	
Kohfe旭dtp	ゲゾゾズｫs	We	used	demographic	data	from	a	sing旭e	popu旭ation	
that	 forms	part	of	a	we旭旭､	studied	meta､	popu旭ation	at	the	Archbo旭d	
Bio旭ogica旭	 Stationp	 F旭orida	 ｪAppendix	Aジsゲq	 Menges	 ｹ	 Quintana､	
Ascenciop	ゴググジｫs

A旭tering	the	frequency	of	fires	is	one	possib旭e	management	strat､
egy	for	this	endangered	speciess	The	recommended	FRI	for	this	spe､
cies	of	┑ゲズ	years	ｪMenges	ｹ	Quintana､	Ascenciop	ゴググジｫ	differs	from	
the	ゲズ･ザグ	year	 recommendations	 for	 its	F旭orida	 scrub旭and	habitat	
ｪMengesp	ゴググゼｫs	A旭ternative	management	strategies	may	therefore	
be	 required	 for	Eryngiums	We	 use	 perturbation	 ana旭yses	 to	 deter､
mine	how	a旭tering	FRIs	and	the	effect	of	fire	on	the	vita旭	rates	affects	
popu旭ation	growths

The	Eryngium	 IPM	 ｪAppendix	Aジsゴｫ	was	 structured	by	 the	nat､
ura旭	 旭ogarithm	 of	 rosette	 diameter	 ｪMenges	ｹ	Quintana､	Ascenciop	
ゴググジｫs	We	assume	density	independent	dynamics	to	investigate	the	

persistence	of	the	popu旭ation	ｪMenges	ｹ	Quintana､	Ascenciop	ゴググジq	
see	 Appendix	Aズ	 for	mode旭	with	 density	 dependent	 recruitmentｫs	
The	 intercepts	 of	 four	 vita旭	 rates	were	 assumed	 to	 be	 tempora旭旭y	
variab旭e	ｪsurviva旭p	growthp	f旭owering	probabi旭ityp	and	the	number	of	
f旭owering	stemsq	Appendix	Aジsザｫs	As	the	demography	of	Eryngium is 

strong旭y	affected	by	firep	we	mode旭旭ed	the	mean	of	the	旭atent	param､
eter	ｪQｫ	as	a	旭inear	function	of	time､	since､	fire	ｪTSFq	Appendix	Aジsザｫs	
F旭owering	 and	 the	 number	 of	 f旭owering	 stems	 were	 high旭y	 cor､
re旭atedp	so	the	f旭owering	ｪεfｫ	and	ｪεbｫ	year	effects	were	samp旭ed	from	
a	 bivariate	 norma旭	 distributions	 Samp旭ing	 these	 parameters	 from	
univariate	distributions	resu旭ts	 in	the	 旭atent	variab旭e	fai旭ing	to	fu旭旭y	
account	 for	 the	covariation	among	the	vita旭	 rates	 ｪAppendix	Aジsザｫs	
Posterior	samp旭es	were	again	drawn	using	MCMC	samp旭ing	in	JAGSp	
using	 runjags	 ｪDenwoodp	 ゴグゲ葦ｫs	 Weak旭y	 informative	 priors	 were	
used	ｪAppendix	Aジsザq	see	Appendix	Aザ	for	a	comparison	with	more	
informative	priorsｫs	The	vita旭	rates	were	negative旭y	re旭ated	with	TSFp	
with	surviva旭	particu旭ar旭y	strong旭y	affected	ｪAppendix	Aジsジｫs

The	 posterior	 means	 were	 used	 to	 parameterise	 an	 IPM	
ｪAppendix	 Aジsジｫs	 At	 each	 iterationp	 the	 旭atent	 parameter	 ｪQｫ	 was	
random旭y	samp旭ed	 from	a	norma旭	distribution	with	mean	βtsf × TSF 

and	standard	deviation	of	ones	Submode旭､	specific	year	effects	were	
drawn	 from	 norma旭	 distributions	 ｪbivariate	 norma旭	 for	 f旭owering	
and	 f旭owering	 stemsｫp	 with	 means	 of	 zero	 and	 the	 estimated	 ｪcoｫ
variancess	Estimates	of	germination	probabi旭ity	range	from	グ	to	グsゲ	
and	グsググズ	to	グsグジ	for	first	ｪhfｫ	and	second	year	germination	ｪhbｫ	re､
spective旭y	ｪMenges	ｹ	Quintana､	Ascenciop	ゴググジq	Quintana､	Ascencio	
ｹ	Mengesp	ゴグググｫs	To	se旭ect	a	ferti旭ity	scenario	for	the	perturbation	
ana旭yses	predicted	dynamics	using	a	range	of	these	estimates	and	of	
seed	morta旭ity	probabi旭ities	 ｪグsズp	グsゼp	グsゾｫ	were	compared	to	 those	
observed	 in	the	fie旭d	 ｪAppendix	Aジsズｫs	A	mode旭	with	 旭ow	first	year	
germination	 ｪグsグｫp	 high	 germination	 from	 the	 seedbank	 ｪグsグジｫ	 and	
旭ow	seed	morta旭ity	ｪグsズｫ	was	se旭ected	as	it	was	consistent	with	ob､
served	changes	in	aboveground	popu旭ation	growth	ｪFigure	ジaｫs	That	
isp	 aboveground	 popu旭ations	 were	 predicted	 to	 increase	 immedi､
ate旭y	fo旭旭owing	a	firep	but	not	beyond	ゲグ	years	postfire	 ｪMenges	ｹ	
Quintana､	Ascenciop	ゴググジｫs

ジsゴ科|科Perturbation ana旭yses

The	 effects	 of	 different	 fire	 regimes	were	 exp旭ored	 using	 a	 range	
of	constant	FRIs	from	two	to	ザグ	years	 ｪAppendix	Aジs葦ｫs	Stochastic	
popu旭ation	 growth	 rates	were	 estimated	 by	 iterating	 ゲググ	 popu旭a､
tions	for	ゲpグググ	yearsq	the	first	ゴググ	years	were	exc旭uded	as	transient	
dynamicss	We	 found	popu旭ations	were	 旭ike旭y	 to	dec旭ine	where	 the	
time	 between	 fires	was	 too	 short	 ｪcs	 ┑ジ	yearsｫp	 because	 p旭ants	 do	
not	produce	enough	seeds	 to	 rep旭enish	 the	 seedbankp	or	 too	 旭ong	
ｪcs	┒ゲズ	yearsq	Figure	ジbｫp	as	they	are	outcompeteds	This	is	in	accord､
ance	with	a	previous	studyp	using	a	matrix	se旭ection	approachp	which	
found	 an	 optima旭	 FRI	 of	 旭ess	 than	 ゲズ	years	 ｪMenges	 ｹ	Quintana､	
Ascenciop	ゴググジｫs

To	determine	how	a旭tering	 the	 effect	 of	 fire	 on	 the	 vita旭	 rates	
affected	 popu旭ation	 growth	 the	 βtsf	 parameter	 was	 perturbed	
ｪAppendix	Aジs葦ｫs	This	is	a	measure	of	how	quick旭y	the	environment	
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decays	as	TSF	increasesq	more	negative	va旭ues	of	this	parameter	in､
dicate	 the	qua旭ity	of	 the	environment	decreases	more	quick旭y	 fo旭､
旭owing	a	fires	Stochastic	popu旭ation	growth	rates	were	estimated	as	
beforep	but	 the	 fire	 regimes	were	varied	random旭y	 throughout	 the	
simu旭ations	ｪwith	the	same	chance	of	each	FRI	occurringｫp	either	be､
tween	ゲ	 and	ゲズ	years	 ｪoptimum	 for	Eryngiumｫ	 or	 between	ゲズ	 and	
ザグ	years	 ｪoptimum	 for	 F旭orida	 scrub	 habitatｫs	 Decreasing	 βtsf by 

around	 ゲ｠ザ	 cou旭d	 make	 a	 ゲズrザグ	year	 FRI	 strategy	 sustainab旭e	 for	
Eryngium	 ｪFigure	ジcｫs	 The	 effect	 of	 a旭tering	 the	 tempora旭	 decay	of	
the	environment	is	much	higher	when	the	FRI	is	higherp	to	the	extent	
that	decreasing	βtsf	sufficient旭y	can	make	旭onger	FRIs	preferab旭e	for	
Eryngium	ｪFigure	ジcｫs

ズ科 |科DISCUSSION

Identifying	 the	 environmenta旭	 drivers	 of	 variation	 in	 demographic	
performance	 is	 cha旭旭engings	 A	 variety	 of	 approaches	 have	 been	
proposed	 ｪesgsp	Te旭旭erp	Ad旭erp	Edwardsp	Hookerp	ｹ	E旭旭nerp	ゴグゲ葦q	Van	
der	Po旭	et	a旭sp	ゴグゲ葦ｫp	but	the	performance	of	any	method	is	 旭imited	
by	 the	 degree	 of	 tempora旭	 rep旭ication	 avai旭ab旭es	 The	mean	 旭ength	
for	 a	 demographic	 dataset	 is	 葦	years	 in	 p旭ants	 and	 e旭even	 in	 ani､
ma旭s	 ｪSa旭guero､	Gomez	et	a旭sp	ゴグゲズp	ゴグゲ葦ｫs	Yetp	 simu旭ations	suggest	
ゴグ･ゴズ	years	of	data	are	needed	to	identify	putative	environmenta旭	
driversp	determine	the	tempora旭	window	over	which	they	act	and	re､
旭iab旭y	estimate	the	magnitude	of	their	effects	ｪTe旭旭er	et	a旭sp	ゴグゲ葦q	Van	
der	Po旭	et	a旭sp	ゴグゲ葦ｫs	Efforts	to	identify	drivers	in	many	of	these	pop､
u旭ations	wi旭旭	not	succeedp	forcing	popu旭ation	eco旭ogists	to	assess	the	
旭ike旭y	effects	of	environmenta旭	change	using	indirect	methodss	The	
observation	 thatp	 in	 natura旭	 popu旭ationsp	 different	 components	 of	
demographic	performance	covaryp	often	positive旭yp	ｪJongejans	et	a旭sp	
ゴグゲグq	Nur	ｹ	Sydemanp	ゲゾゾゾq	Rote旭旭a	et	a旭sp	ゴグゲゴｫ	 imp旭ies	different	
demographic	processes	respond	ｪat	旭east	in	partｫ	to	the	same	driverss	

We	have	demonstrated	how	a	factor	ana旭ytic	ｪFAｫ	framework	can	be	
used	to	incorporate	a	tempora旭	axis	of	environmenta旭	variation	into	a	
demographic	mode旭s	The	resu旭ting	mu旭ti､	process	mode旭ｦcoup旭ed	via	
a	旭atent	wenvironmenta旭	qua旭ityx	variab旭eｦrequires	fewer	parameters	
than	its	unstructured	ｪUCMｫ	counterparts

The	 advantage	 of	 adopting	 the	 FA	 approach	 depends	 on	 the	
app旭ication	domains	Accounting	for	vita旭	rate	covariation	can	be	im､
portant	for	estimating	stochastic	popu旭ation	growth	rates	For	exam､
p旭ep	Metca旭f	et	a旭s	ｪゴグゲズｫ	demonstrated	that	parameter	and	e旭ement	
se旭ection	approaches	were	rough旭y	comparab旭e	in	terms	of	accuracy	
as	 旭ong	 as	 covariance	 amongst	 the	 vita旭	 rates	were	 taken	 into	 ac､
counts	In	princip旭ep	an	FA	mode旭	might	yie旭d	more	precise	estimates	
of	popu旭ation	growth	because	it	requires	fewer	parameters	than	its	
unstructured	 ｪUCMｫ	counterpartp	 though	this	comes	at	a	potentia旭	
cost	of	 increased	bias	when	 the	mode旭	 is	 insufficient旭y	 f旭exib旭es	 In	
practicep	we	found	that	the	UCM	and	FA	approaches	yie旭ded	com､
parab旭e	estimates	of	popu旭ation	growth	rate	in	our	simu旭ation	studyp	
indicating	 that	 samp旭ing	 error	was	 the	 dominant	 source	 of	 uncer､
tainty	 in	predicted	popu旭ation	growth	rates	Thusp	 the	FA	approach	
may	offer	旭itt旭e	advantage	over	standard	UCM	mode旭s	when	estimat､
ing	stochastic	growth	rates	The	goa旭	of	a	retrospective	ana旭ysis	is	to	
attribute	rea旭ised	variation	in	a	statistic	such	as	popu旭ation	growth	
rate	 to	different	drivers	of	variations	Tempora旭	covariances	can	be	
important	in	this	contexts	For	examp旭ep	between	one	ha旭f	and	one､	
third	of	the	variation	in	popu旭ation	growth	was	accounted	for	by	co､
variation	among	vita旭	rates	in	three	ungu旭ate	popu旭ations	ｪCou旭sonp	
Gai旭旭ardp	ｹ	Festa､	Bianchetp	ゴググズｫp	though	this	resu旭t	is	far	from	uni､
versa旭	 in	nature	 ｪCompagnoni	et	a旭sp	ゴグゲ葦ｫs	The	FA	mode旭	cou旭d	be	
used	as	a	basis	for	such	ana旭ysesp	though	in	practice	a旭旭	this	wou旭d	
achieve	is	to	attribute	covariance	contributions	to	旭atent	variab旭eｪsｫs

The	 main	 advantage	 of	 using	 a	 FA	 mode旭	 is	 that	 it	 identifies	
the	 main	 axis	 of	 demographic	 variationp	 which	 then	 provides	 a	
basis	 for	 prospective	 ana旭ysis	 of	 how	popu旭ations	may	 respond	 to	

F I G U RE  ジ科 ｪaｫ	Aboveground	popu旭ation	growth	rate	for	Eryngium 
(

r= log
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))

	estimated	from	ゲpグググ	simu旭ations	of	ゴゴ	yearss	B旭ack	
points	show	the	medianp	thicker	and	thinner	b旭ue	bars	show	the	interquarti旭e	range	and	ゾズ鯵	quanti旭es	respective旭ys	Red	points	are	the	
observed	growth	rates	for	the	study	popu旭ation	and	three	other	popu旭ations	ｪsite	numbers	ジズp	ズゼp	and	ゾゲｫ	with	simi旭ar	fire	return	interva旭s	
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range	and	ゾズ鯵	quanti旭es	respective旭y
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environmenta旭	changes	When	it	is	not	possib旭e	to	exp旭icit旭y	identify	
environmenta旭	 drivers	 of	 demographic	 variationp	 旭oca旭	 perturba､
tion	ana旭ysis	of	mode旭	parameters	 can	be	used	 to	exp旭ore	 the	po､
tentia旭	 response	of	 a	popu旭ation	 to	environmenta旭	 change	 ｪRees	ｹ	
E旭旭nerp	ゴググゾｫs	These	ana旭yses	 typica旭旭y	 consider	each	parameter	 in	
turnp	assessing	its	effect	on	metrics	such	as	popu旭ation	growth	rate	
whi旭e	ho旭ding	a旭旭	e旭se	constants	Howeverp	the	existence	of	ｪpositiveｫ	
tempora旭	corre旭ations	among	demographic	processes	suggests	mu旭､
tip旭e	 processes	 respond	 in	 a	 coordinated	 manner	 to	 environmen､
ta旭	changes	An	FA	mode旭	a旭旭ows	us	to	 identify	the	potentia旭	axis	of	
change	andp	by	 focusing	perturbation	ana旭yses	on	 this	axisp	makes	
popu旭ation	 旭eve旭	 predictions	 under	 different	 environmenta旭	 condi､
tions	possib旭es	For	examp旭ep	this	a旭旭owed	us	to	make	predictions	on	
how	旭ife	histories	may	evo旭ve	under	putative	environmenta旭	condi､
tionss	We	 identified	how	the	environmenta旭	qua旭ity	wou旭d	have	to	
change	for	Carduus	to	a旭ter	its	f旭owering	strategyq	showing	that	in､
creases	 in	 its	average	vita旭	 ratesp	 in	particu旭ar	surviva旭p	wi旭旭	 旭ead	 to	
se旭ection	for	a	perennia旭	旭ife	historys	Whi旭st	we	focus	here	on	tem､
pora旭	variation	this	approach	cou旭d	a旭so	be	used	to	predict	joint	de､
mographic	responses	to	spatia旭	variation	or	extended	to	incorporate	
spatia旭､	tempora旭	variation	ｪE旭derd	ｹ	Mi旭旭erp	ゴグゲ葦ｫs

The	key	 旭imitation	 is	that	this	 interpretation	of	the	FA	mode旭	as､
sumes	 the	 tempora旭	 covariances	 are	 旭arge旭y	 environmenta旭旭y	 drivens	
This	may	not	be	true	if	individua旭s	substantia旭旭y	adjust	their	a旭旭ocation	
strategy	 in	 response	 to	 environmenta旭	 conditionss	Negative	 corre旭a､
tions	among	the	vita旭	rates	may	exist	due	to	旭ife､	history	trade､	offs	be､
tween	vita旭	ratesp	wherep	for	examp旭ep	resources	are	invested	in	surviva旭	
or	reproduction	to	the	detriment	of	growth	ｪKoenig	ｹ	Knopsp	ゲゾゾ芦ｫs	
Negative	corre旭ations	appear	re旭ative旭y	rarep	however	ｪJongejans	et	a旭sp	
ゴグゲグｫp	and	where	they	do	exist	are	sometimes	attributab旭e	to	opposing	
responses	to	environmenta旭	drivers	ｪesgsp	Knops	et	a旭sp	ゴググゼｫs	This	sug､
gests	the	magnitude	of	trade､	off	effects	is	genera旭旭y	sma旭旭	compared	to	
that	of	environmenta旭	effectsp	though	旭ife､	history	trade､	offs	may	sti旭旭	
attenuate	environmenta旭	driverｪsｫ	of	covariations	Note	that	whi旭st	a	FA	
approach	can	sti旭旭	be	used	where	the	covariances	among	vita旭	rates	are	
negative	the	interpretation	of	the	旭atent	variab旭e	is	more	difficu旭t	heres	
That	 isp	 the	 旭atent	variab旭e	can	on旭y	be	assumed	to	be	a	measure	of	
environmenta旭	qua旭ity	where	the	vita旭	rates	positive旭y	covarys

Exp旭icit旭y	incorporating	putative	environmenta旭	drivers	a旭旭ows	
popu旭ation	responses	to	management	strategies	or	anticipated	en､
vironmenta旭	change	to	be	predicted	ｪesgsp	Gote旭旭i	ｹ	E旭旭isonp	ゴググ葦q	
Isaza	 et	a旭sp	 ゴグゲ葦ｫs	 The	 FA	 approach	 can	 simp旭ify	 the	 process	 of	
incorporating	 such	driversp	 as	 they	 can	be	 inc旭uded	 into	a	 sing旭e	
mode旭	of	the	shared	environmenta旭	axiss	Where	exp旭icit	environ､
menta旭	 drivers	 ｪesgsp	 popu旭ation	 density	 or	 temperatureｫ	 can	 be	
identifiedp	 these	 are	 typica旭旭y	 considered	 on	 a	 process､	specific	
basisp	by	constructing	separate	mode旭s	for	surviva旭p	reproductionp	
growthp	 and	 recruitment	 ｪesgsp	 Dah旭grenp	 Ostergardp	 ｹ	 Ehr旭enp	
ゴグゲジq	Wi旭旭iams	 et	a旭sp	 ゴグゲズｫs	 This	 wou旭d	 require	 the	 addition	 of	
four	time､	since､	fire	s旭ope	parameters	in	our	Eryngium	case	studyp	
one	for	each	tempora旭旭y	variab旭e	vita旭	rate	ｪesgsp	Evans	et	a旭sp	ゴグゲグｫs	
Instead	 we	 introduced	 a	 higher	 旭eve旭	 mode旭p	 decomposing	 the	
shared	axis	of	environmenta旭	variation	into	exp旭ained	and	residua旭	

components	 of	 variations	 Thus	 the	 effects	 of	 time､	since､	fire	 on	
a旭旭	four	vita旭	rates	were	incorporated	with	the	addition	of	a	sing旭e	
parameters	This	a旭旭owed	us	to	eva旭uate	the	popu旭ation	旭eve旭	effects	
of	two	a旭ternative	management	strategiesq	that	isp	a旭tering	the	dis､
turbance	regime	or	ame旭iorating	the	environment	to	decrease	the	
rate	 of	 decay	 in	 environmenta旭	 qua旭ity	 fo旭旭owing	 a	 disturbances	
We	 found	 that	whi旭st	 the	optimum	FRI	 for	Eryngium	 is	 旭ess	 than	
ゲズ	yearsp	decreasing	the	rate	of	environmenta旭	decay	cou旭d	旭ead	to	
persistent	popu旭ations	under	ゲズ･ザグ	year	fire	regimes	ｪthe	recom､
mended	FRI	for	the	F旭orida	scrub	habitatq	Mengesp	ゴググゼｫs

Simi旭ar	 approaches	 to	 our	 ana旭ysis	 have	 been	 used	 previous旭y	
ｪE旭derd	ｹ	Mi旭旭erp	ゴグゲ葦q	Evans	ｹ	Ho旭singerp	ゴグゲゴq	Evans	et	a旭sp	ゴグゲグｫs	
Howeverp	in	previous	mode旭s	the	s旭ope	terms	for	the	environmenta旭	
qua旭ity	parameter	ｪβQｫ	were	constrained	to	a	va旭ue	of	┊ゲ	or	┋ゲ	among	
a	 set	 of	 demographic	mode旭ss	 These	 usua旭旭y	 operate	 on	 different	
sca旭ess	For	examp旭ep	probabi旭ities	such	as	surviva旭	and	f旭owering	are	
typica旭旭y	estimated	on	a	 旭ogit	sca旭ep	whereas	fecundity	 is	genera旭旭y	
estimated	on	a	旭og	sca旭eq	a	unit	change	on	these	two	sca旭es	cannot	
be	meaningfu旭旭y	compareds	Moreoverp	differences	in	the	magnitude	
of	 the	effect	of	 tempora旭	variation	among	 the	vita旭	 rates	were	ac､
counted	for	by	the	process､	specific	year	effects	ｪεｫs	Thus	the	main	
advantage	of	the	FA	approach	is	旭ostp	as	the	旭atent	variab旭e	cannot	be	
conceived	as	a	measure	of	overa旭旭	environmenta旭	qua旭itys

Adopting	a	Bayesian	approach	has	a	number	of	benefits	ｪE旭derd	ｹ	
Mi旭旭erp	ゴグゲ葦ｫp	for	examp旭ep	a旭旭owing	the	effects	of	difference	sources	
of	 uncertainty	 to	 be	 quantified	 ｪEvans	 et	a旭sp	 ゴグゲグｫs	 Uncertainty	
is	 旭ike旭y	 to	 be	 very	 high	 for	 most	 datasets	 ｪMetca旭f	 et	a旭sp	 ゴグゲズｫs	
Parameter	uncertainty	can	have	 important	eco旭ogica旭	 imp旭icationsp	
for	examp旭ep	fai旭ing	to	account	for	it	may	underestimate	the	risk	of	
extinction	ｪLudwigp	ゲゾゾ葦ｫs	Carrying	out	a	range	of	checks	fo旭旭owing	
mode旭	 fitting	 ｪAppendix	Aゲsザｫ	 can	 he旭p	 to	 increase	 the	 accuracy	
of	the	mode旭	outputs	Such	checks	are	particu旭ar旭y	 important	when	
fitting	 very	 constrained	mode旭sp	 for	 examp旭ep	 when	 assuming	 the	
tempora旭	covariation	in	the	vita旭	rates	may	be	exp旭ained	by	a	sing旭e	
environmenta旭	axiss	Sometimesp	as	in	the	Eryngium	case	studyp	addi､
tiona旭	axes	may	be	necessary	to	fu旭旭y	account	for	the	covariation	in	
the	vita旭	ratess	We	recommend	starting	with	a	simp旭e	mode旭	struc､
ture	and	s旭ow旭y	adding	in	comp旭exity	ｪAppendix	Aゲsザｫs

Rapid	 旭eve旭s	 of	 environmenta旭	 change	have	 increased	 interest	 in	
determining	how	popu旭ation	processes	respond	to	environmenta旭	sto､
chasticity	ｪEvansp	ゴグゲゴq	Stenseth	et	a旭sp	ゴググゴｫs	Howeverp	the	旭ong､	term	
individua旭	旭eve旭	data	needed	to	accurate旭y	quantify	such	responses	are	
often	 旭ackingp	especia旭旭y	 for	 rare	 speciess	Where	positive	covariance	
exists	among	vita旭	rates	these	can	be	exp旭oited	under	a	FA	approach	to	
a旭旭ow	predictions	on	the	joint	responses	of	vita旭	rates	to	environmenta旭	
variations	Where	 insufficient	data	exist	 to	 identify	putative	environ､
menta旭	drivers	the	FA	approach	may	offer	the	best	a旭ternative	for	pre､
dicting	popu旭ation	responses	to	environmenta旭	changes
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