
This is a repository copy of Exploring population responses to environmental change when
there is never enough data: a factor analytic approach.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/138803/

Version: Published Version

Article:

Hindle, B.J., Rees, M. orcid.org/0000-0001-8513-9906, Sheppard, A.W. et al. (3 more 
authors) (2018) Exploring population responses to environmental change when there is 
never enough data: a factor analytic approach. Methods in Ecology and Evolution, 9 (11). 
pp. 2283-2293. ISSN 2041-210X 

https://doi.org/10.1111/2041-210X.13085

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


Methods Ecol Evol. 2018;9:2283�2293.	 	 wiѴeyonѴineѴibraryĺcomņjournaѴņmeeƒ	Պ|Պ	2283

 

ReceivedĹ	Ɩ	March	ƑƏƐѶՊ |Պ AcceptedĹ	Ɠ	JuѴy	ƑƏƐѶ
DOIĹ	ƐƏĺƐƐƐƐņƑƏƓƐŊƑƐƏXĺƐƒƏѶƔ

R E S E A R C H  A R T I C L E

Exploring population responses to environmental change when 

there is never enough data: a factor analytic approach

Bethan J. Hindle1 Պ|ՊMark Rees1 Պ|ՊAndy Wĺ Sheppard2Պ|Պ 

Pedro Fĺ QuintanaŊAscencio3 Պ|ՊEric Sĺ Menges4 Պ|ՊDyѴan Zĺ ChiѴds1

1Department	of	AnimaѴ	and	PѴant	
Sciencesķ	University	of	SheffieѴdķ	SheffieѴdķ	
UK

2CommonweaѴth	Scientific	and	IndustriaѴ	
Research	Organisation	ŐCSIROőķ	Canberraķ	
ACTķ	AustraѴia
3Department	of	BioѴogyķ	University	of	
CentraѴ	FѴoridaķ	OrѴandoķ	FѴorida
ƓArchboѴd	BioѴogicaѴ	Stationķ	Venusķ	FѴorida

Correspondence
Bethan	Jĺ	HindѴe
Email: bhindle89@gmail.com

Funding information

NaturaѴ	Environment	Research	CounciѴķ	
GrantņAward	NumberĹ	NEņIƏƑƑƏƑƕņƐ	and	
NEņLƔƏƐѵѶƑņƐĸ	University	of	SheffieѴd

HandѴing	EditorĹ	Satu	RamuѴa

Abstract
Ɛĺ	 TemporaѴ	variabiѴity	in	the	environment	drives	variation	in	vitaѴ	ratesķ	with	conseŊ
quences	 for	 popuѴation	dynamics	 and	 ѴifeŊhistory	 evoѴutionĺ	 IntegraѴ	 projection	
modeѴs	ŐIPMső	are	dataŊdriven	structured	popuѴation	modeѴs	wideѴy	used	to	study	
popuѴation	 dynamics	 and	 ѴifeŊhistory	 evoѴution	 in	 temporaѴѴy	 variabѴe	 environŊ
mentsĺ	Howeverķ	many	datasets	have	insufficient	temporaѴ	repѴication	for	the	enŊ
vironmentaѴ	drivers	of	vitaѴ	rates	to	be	identified	with	confidenceķ	 Ѵimiting	their	
use	for	evaѴuating	popuѴation	ѴeveѴ	responses	to	environmentaѴ	changeĺ

Ƒĺ	 Parameter	seѴectionķ	where	the	kerneѴ	is	constructed	at	each	time	step	by	randomѴy	
seѴecting	 the	 timeŊvarying	 parameters	 from	 their	 joint	 probabiѴity	 distributionķ	 is	
one	approach	to	incѴuding	stochasticity	in	IPMsĺ	We	consider	a	factor	anaѴytic	ŐFAő	
approach	for	modeѴѴing	the	covariance	matrix	of	timeŊvarying	parametersķ	whereby	
Ѵatent	 variabѴeŐső	 describe	 the	 covariance	 among	 vitaѴ	 rate	 parametersĺ	 This	 deŊ
creases	the	number	of	parameters	to	estimate	andķ	where	the	covariance	is	posiŊ
tiveķ	the	Ѵatent	variabѴe	can	be	interpreted	as	a	measure	of	environmentaѴ	quaѴityĺ	
We	demonstrate	this	using	simuѴation	studies	and	two	case	studiesĺ

ƒĺ	 The	simuѴation	studies	suggest	the	FA	approach	provides	simiѴarѴy	accurate	estiŊ
mates	of	stochastic	popuѴation	growth	rate	to	estimating	an	unstructured	covariŊ
ance	matrixĺ	We	demonstrate	how	the	Ѵatent	parameter	can	be	perturbed	to	show	
how	seѴection	on	reproductive	deѴays	 in	 the	monocarp	Carduus nutans changes 

under	different	environmentaѴ	conditionsĺ	We	deveѴop	a	demographic	modeѴ	of	
the	fire	dependent	herb	Eryngium cuneifolium	to	show	how	a	putative	driver	of	the	
variation	in	environmentaѴ	quaѴity	can	be	incorporated	with	the	addition	of	a	sinŊ
gѴe	parameterĺ	Using	perturbation	anaѴyses	we	determine	optimaѴ	management	
strategies	for	this	speciesĺ

Ɠĺ	 This	approach	estimates	fewer	parameters	than	previous	approaches	and	aѴѴows	
noveѴ	ecoŊevoѴutionary	insightsĺ	Predictions	on	popuѴation	dynamics	and	ѴifeŊhisŊ
tory	 evoѴution	 under	 different	 environmentaѴ	 conditions	 can	 be	made	without	
necessariѴy	 identifying	causaѴ	factorsĺ	Putative	environmentaѴ	drivers	can	be	inŊ
corporated	with	reѴativeѴy	few	parametersķ	aѴѴowing	for	predictions	on	how	popuŊ
Ѵations	wiѴѴ	respond	to	changes	in	the	environmentĺ
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ƐՊ |ՊINTRODUC TION

EnvironmentaѴ	variation	causes	vitaѴ	rates	to	varyķ	affecting	popuѴation	
dynamics	 and	 ѴifeŊ	history	 evoѴution	 ŐBenton	 ş	 Grantķ	 ƐƖƖѵĸ	 Boyceķ	
Haridasķ	Leeķ	ş	NCEAS	stochastic	demography	working	groupķ	ƑƏƏѵőĺ	
Interest	in	understanding	the	ecoѴogicaѴ	consequences	of	environmenŊ
taѴ	variation	has	 increased	 rapidѴy	as	a	consequence	of	gѴobaѴ	 cѴimate	
change	ŐEvansķ	ƑƏƐƑĸ	Stenseth	et	aѴĺķ	ƑƏƏƑőĺ	As	experimentaѴ	approaches	
to	determining	how	naturaѴ	popuѴations	are	affected	by	environmentaѴ	
variation	are	frequentѴy	impracticaѴķ	structured	demographic	modeѴs	are	
often	used	to	understand	the	popuѴation	 ѴeveѴ	effects	of	environmenŊ
taѴ	change	ŐCouѴsonķ	ƑƏƐƑőĺ	EnvironmentaѴ	effects	on	vitaѴ	rates	can	be	
compѴexķ	 with	 nonѴinear	 effectsķ	 muѴtipѴe	 interacting	 driversķ	 indirect	
effectsķ	 and	 correѴations	 between	 the	 drivers	 ŐDarѴing	ş	 Coteķ	 ƑƏƏѶĸ	
EhrѴenķ	Morrisķ	 von	 EuѴerķ	 ş	 DahѴgrenķ	 ƑƏƐѵĸ	 Parmesan	 et	aѴĺķ	 ƑƏƐƒőĺ	
These	chaѴѴengesķ	and	the	reѴativeѴy	short	Ѵength	of	many	demographic	
datasets	ŐSaѴgueroŊ	Gomez	et	aѴĺķ	ƑƏƐƔķ	ƑƏƐѵőķ	mean	it	is	often	difficuѴt	
to	identify	expѴicit	environmentaѴ	drivers	of	vitaѴ	ratesĺ	This	restricts	the	
abiѴity	of	modeѴs	 to	predict	how	popuѴations	wiѴѴ	 respond	 to	environŊ
mentaѴ	change	ŐCrone	et	aѴĺķ	ƑƏƐƒőĺ

EnvironmentaѴ	variation	can	drive	covariation	amongst	vitaѴ	rates	
ŐDoakķ	Morrisķ	Pfisterķ	KendaѴѴķ	ş	Brunaķ	ƑƏƏƔĸ	Tomimatsu	ş	Oharaķ	
ƑƏƐƏőĺ	AѴѴ	 eѴse	equaѴķ	 faiѴing	 to	account	 for	 this	 covariation	wiѴѴ	 bias	
modeѴ	outputs	ŐFieberg	ş	EѴѴnerķ	ƑƏƏƐĸ	MetcaѴf	et	aѴĺķ	ƑƏƐƔőĺ	Positive	
covariance	among	vitaѴ	ratesķ	occurring	when	muѴtipѴe	vitaѴ	rates	are	
affected	 by	 the	 same	 environmentaѴ	 drivers	 ŐJongejansķ	 de	 Kroonķ	
TuѴjapurkarķ	ş	 Sheaķ	 ƑƏƐƏőķ	 increases	 the	variance	 of	 the	 stochastic	
popuѴation	growth	rateĺ	Negative	covariance	can	aѴso	occur	as	a	resuѴt	
of	tradeŊ	offs	between	rates	or	from	opposing	effects	of	environmentaѴ	

variabѴes	 on	 different	 rates	 ŐJongejans	 ş	 De	 Kroonķ	 ƑƏƏƔĸ	 Knopsķ	
Koenigķ	ş	Carmenķ	ƑƏƏƕőĺ	Howeverķ	in	pѴantsķ	covariation	is	predomŊ
inantѴy	 positive	 ŐJongejans	 et	aѴĺķ	 ƑƏƐƏőķ	 and	positive	 covariance	 apŊ
pears	widespread	among	other	taxa	incѴuding	mammaѴs	Őeĺgĺķ	RoteѴѴaķ	
Linkķ	 Chambertķ	 Staufferķ	 ş	 Garrottķ	 ƑƏƐƑő	 and	 birds	 Őeĺgĺķ	 Jenkinsķ	
Watsonķ	ş	MiѴѴerķ	ƐƖѵƒĸ	Nur	ş	Sydemanķ	ƐƖƖƖőĺ

Stochastic	demographic	modeѴsķ	such	as	matrix	popuѴation	modeѴs	
ŐMPMsĸ	see	CasweѴѴķ	ƑƏƏƐő	and	 integraѴ	projection	modeѴs	 ŐIPMsĸ	see	
EѴѴnerķ	ChiѴdsķ	ş	Reesķ	ƑƏƐѵőķ	are	wideѴy	used	to	study	popuѴation	dynamŊ
ics	in	temporaѴѴy	variabѴe	environments	Őeĺgĺķ	Inchausti	ş	Weimerskirchķ	
ƑƏƏƐĸ	Vindenes	et	aѴĺķ	ƑƏƐƓőĺ	In	an	IPM	the	annuaѴ	transitions	are	given	
by	 kerneѴsķ	 typicaѴѴy	 parameterised	 by	 estimating	 stateŊ	fate	 reѴationŊ
shipsĺ	Stochastic	modeѴs	aѴѴow	the	stateŊ	fate	reѴationships	to	vary	temŊ
poraѴѴy	Őor	spatiaѴѴyőķ	using	either	parameter	or	kerneѴ	seѴection	ŐMetcaѴf	
et	aѴĺķ	ƑƏƐƔőĺ	Under	a	kerneѴ	seѴection	approachķ	a	projection	kerneѴ	 is	
estimated	 for	 each	 year	 and	 these	 are	 resampѴed	 ŐRees	 et	aѴĺķ	 ƑƏƏѵĸ	
WiѴѴiamsķ	 Jacquemynķ	 Ochockiķ	 Brysķ	 ş	 MiѴѴerķ	 ƑƏƐƔőĸ	 this	 preserves	
the	covariance	amongst	the	vitaѴ	ratesĺ	Using	a	parameter	seѴection	apŊ
proachķ	a	unique	kerneѴ	 is	constructed	at	each	time	step	by	randomѴy	
seѴecting	 the	 timeŊ	varying	parameters	 from	 their	 joint	probabiѴity	disŊ
tribution	 ŐMorris	ş	Doakķ	ƑƏƏƑĸ	Rees	ş	EѴѴnerķ	ƑƏƏƖĸ	Vindenes	et	aѴĺķ	
ƑƏƐƓőĺ	A	potentiaѴ	Ѵimitation	of	the	parameter	seѴection	approach	is	that	
an	unstructured	covariance	matrix	must	be	estimated	for	the	set	of	timeŊ	
varying	parametersķ	often	from	reѴativeѴy	few	temporaѴ	repѴicatesĺ

An	 aѴternative	 to	 estimating	 an	 unstructured	 covariance	matrix	 is	
to	use	 a	 structured	modeѴ	 for	 the	 temporaѴ	 parameters	 Őcoővariancesĺ	
HierarchicaѴ	ŐmuѴtiѴeveѴő	factor	anaѴysis	ŐFAĸ	Figure	Ɛaőķ	whereby	one	or	
more	Ѵatent	variabѴes	are	introduced	to	capture	the	temporaѴ	covariance	
among	vitaѴ	 rate	parametersķ	 is	a	promising	candidate	 ŐMarcouѴides	ş	

K E Y W O R D S

Carduus nutansķ	covariationķ	environmentaѴ	variationķ	Eryngium cuneifoliumķ	factor	anaѴysisķ	
integraѴ	projection	modeѴķ	Ѵife	historyķ	popuѴation	dynamics

F I G U RE  ƐՊStructure	of	the	stochastic	vitaѴ	rate	modeѴs	for	the	simpѴe	ѴifeŊ	history	simuѴation	using	the	Őaő	factor	anaѴytic	ŐFAő	approach	
and	Őbő	unstructured	covariance	matrix	ŐUCMő	approachĺ	In	the	FA	approach	factorŊ	Ѵoading	terms	ŐβQő	aѴѴowed	the	direction	and	magnitude	
of	the	Ѵatent	parameter	ŐQő	to	differ	among	the	vitaѴ	ratesĺ	SubmodeѴŊ	specific	year	effects	Őεő	accounted	for	additionaѴ	variation	among	yearsĺ	
In	the	UCM	approach	a	fuѴѴy	unstructured	covariance	matrix	ŐΣő	was	estimated	by	sampѴing	the	year	effects	Őεő	from	a	muѴtivariate	normaѴ	
distributionĺ	β0	parameters	are	the	intercepts	and	βz	are	sѴopes	with	respect	to	sizeĺ	The	subscript	t	denotes	stochastic	parameters
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Moustakiķ	ƑƏƐƒőĺ	The	Ѵatent	variabѴeŐső	represent	the	underѴying	causes	
of	covariation	among	observed	variabѴesķ	aѴѴowing	compѴex	muѴtivariate	
reѴationships	to	be	described	in	a	simpѴe	wayĺ	Moreoverķ	these	modeѴs	
effectiveѴy	 capture	 hypotheses	 about	 causaѴ	 variabѴes	 that	 cannot	 be	
directѴy	measured	 ŐGraceķ	Andersonķ	OѴffķ	ş	 Scheinerķ	 ƑƏƐƏĸ	Grace	ş	
BoѴѴenķ	ƑƏƏѶőĺ	The	FA	approach	can	aѴso	be	extended	to	incѴude	putaŊ
tive	underѴying	drivers	of	variation	in	the	Ѵatent	variabѴesķ	which	aѴѴows	
covariance	to	be	partitioned	into	expѴained	and	unexpѴained	sources	of	
variationĺ	Howeverķ	despite	the	broad	use	of	FA	approaches	in	ecoѴogicaѴ	
research	Őeĺgĺķ	OhѴbergerķ	ScheuereѴѴķ	ş	SchindѴerķ	ƑƏƐѵĸ	Thorson	et	aѴĺķ	
ƑƏƐƔĸ	 Zuurķ	 Fryerķ	 JoѴѴiffeķ	Dekkerķ	ş	Beukemaķ	 ƑƏƏƒő	 they	 are	 rareѴy	
used	to	parameterise	demographic	modeѴsĺ

This	 approach	 has	 two	 potentiaѴ	 advantagesĺ	 Firstķ	 fewer	 parameŊ
ters	need	to	be	estimated	reѴative	to	an	unstructured	covariance	matrixĺ	
Secondķ	a	smaѴѴ	number	of	Ѵatent	variabѴes	Őoften	just	oneő	may	account	
for	the	covariation	among	the	vitaѴ	ratesĺ	When	this	covariance	is	positiveķ	
the	Ѵatent	variabѴeŐső	can	be	interpreted	as	axes	of	environmentaѴ	quaѴity	
or	suitabiѴityķ	where	positive	vaѴues	of	a	singѴe	Ѵatent	variabѴe	correspond	
to	environments	in	which	survivaѴķ	growthķ	and	reproduction	are	aѴѴ	higher	
than	averageĺ	The	Ѵatent	termŐső	then	represent	a	target	for	further	anaѴyŊ
sisĺ	For	exampѴeķ	perturbing	the	Ѵatent	parameter	aѴѴows	predictions	to	be	
made	on	the	effects	of	environmentaѴ	change	on	popuѴation	dynamics	or	
ѴifeŊ	history	evoѴutionĺ	Where	the	degree	of	temporaѴ	repѴication	in	the	data	
is	insufficient	for	environmentaѴ	drivers	to	be	identified	this	may	represent	
the	best	aѴternative	for	expѴoring	how	changes	in	the	stochastic	part	of	the	
environment	affect	such	processesĺ	This	method	is	not	dissimiѴar	to	the	
use	of	broad	scaѴe	cѴimate	indicesķ	such	as	the	North	AtѴantic	OsciѴѴationķ	as	
proxies	for	ѴocaѴ	environmentaѴ	conditions	ŐOttersen	et	aѴĺķ	ƑƏƏƐőĺ	Such	inŊ
dices	do	not	directѴy	infѴuence	the	vitaѴ	ratesķ	but	as	they	provide	an	index	
of	the	overaѴѴ	cѴimate	conditionsķ	incorporating	muѴtipѴe	ѴocaѴ	cѴimate	variŊ
abѴesķ	they	are	often	better	predictors	of	the	vitaѴ	rates	than	ѴocaѴ	cѴimate	
variabѴes	ŐPost	ş	Stensethķ	ƐƖƖƖĸ	Stenseth	ş	Mysterudķ	ƑƏƏƔőĺ

We	conduct	simuѴation	studies	to	compare	the	accuracy	of	the	FA	
approach	 to	 a	 standard	 parameter	 seѴection	 approachķ	with	 different	
numbers	 of	 temporaѴѴy	 varying	 parametersĺ	 We	 then	 appѴy	 the	 apŊ
proach	in	two	case	studiesĺ	We	construct	a	demographic	modeѴ	of	the	
monocarpic	perenniaѴ	Carduus nutansķ	and	show	how	the	Ѵatent	paramŊ
eter	 can	be	perturbed	 to	make	predictions	 about	optimaѴ	 ѴifeŊ	history	
strategies	under	changing	environmentsĺ	We	expѴore	how	seѴection	for	
strategies	to	deѴay	reproduction	differs	as	the	mean	and	variance	of	enŊ
vironmentaѴ	quaѴity	changesĺ	FinaѴѴyķ	we	deveѴop	a	demographic	modeѴ	
of	 the	rare	herb	Eryngium cuneifolium	 to	show	how	an	environmentaѴ	
variabѴe	ŐtimeŊ	sinceŊ	fireő	can	be	incorporated	as	a	putative	driver	of	variŊ
ation	in	the	Ѵatent	variabѴeĺ	We	use	perturbation	anaѴyses	to	determine	
the	optimaѴ	fire	return	intervaѴ	ŐFRIő	for	managing	this	speciesĺ

ƑՊ |ՊSIMUL ATION STUDYĹ COMPARING 
FAC TOR ANALY TIC AND UNSTRUC TURED 
APPROACHES

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

matrixĺ	We	 considered	 two	 scenariosĹ	 a	 reѴativeѴy	 simpѴe	 Ѵife	 hisŊ
tory	with	 four	 temporaѴѴy	 variabѴe	vitaѴ	 rates	 Őthe	 ľsimpѴe	modeѴĿőķ	
typicaѴ	of	many	pubѴished	IPMsķ	and	a	twoŊ	stage	ŐjuveniѴe	and	aduѴtő	
Ѵife	history	with	a	totaѴ	of	seven	temporaѴѴy	variabѴe	vitaѴ	rates	Őthe	
ľcompѴex	modeѴĿőĺ	Demographic	rate	functions	in	both	settings	were	
parameterised	using	data	from	a	ѴongŊ	term	study	of	the	St	KiѴda	Soay	
sheep	ŐCѴuttonŊ	Brock	ş	Pembertonķ	ƑƏƏƓőĺ	These	were	used	to	conŊ
struct	a	pair	of	density	independent	individuaѴŊ	based	modeѴs	ŐIBMsĸ	
Appendices	AƐĺƐĺƐ	and	AƐĺƑĺƐőķ	from	which	simuѴated	datasets	couѴd	
be	generatedĺ	OnѴy	 the	correѴation	coefficients	 for	 the	 temporaѴѴy	
varying	parameters	were	 aѴѴowed	 to	 vary	 in	 each	 simuѴationķ	 such	
that	 on	 each	 occasionķ	 a	 correѴation	matrix	was	 drawn	 at	 random	
from	a	uniform	distribution	over	the	space	of	positive	definite	matriŊ
ces	Őusing	rcorrmatrix	from	the	cѴusterGeneration	package	in	Rĸ	Qiu	
ş	Joeķ	ƑƏƐƔőĺ

One	 hundred	 simuѴated	 datasets	 of	 ѶķƏƏƏ	years	 were	 generŊ
ated	from	each	of	the	two	IBMsĺ	A	range	of	reaѴistic	dataset	Ѵengths	
were	sampѴedĹ	ƐƑķ	ƑƔķ	and	ƔƏ	years	ŐAppendices	AƐĺƐĺƐ	and	AƐĺƑĺƐőĺ	
MuѴtivariate	demographic	modeѴs	were	then	parameterised	using	an	
unstructured	covariance	matrix	 ŐUCM	approachő	and	a	 Ѵatent	variŊ
abѴe	 ŐFA	 approachő	 parameterisation	 ŐFigure	Ɛĸ	 Appendices	AƐĺƐĺƒ	
and	AƐĺƑĺƒőĺ	Under	the	FA	approach	each	vitaѴ	rate	is	estimated	as	a	
function	of	a	sharedķ	unobserved	Ѵatent	variabѴe	ŐQőķ	which	accounts	
for	the	covariation	among	the	vitaѴ	ratesĺ	For	exampѴeķ	in	the	simpѴe	
simuѴationķ	the	probabiѴity	of	survivaѴ	Őső	for	an	individuaѴ	of	size	z in 

year t is given by 

where �s
0
	is	the	interceptķ	�s

z
 and �s

Q
	are	sѴopes	with	respect	to	size	and	

the	 Ѵatent	variabѴeķ	respectiveѴyķ	and	�s
t
	accounts	for	any	remaining	

temporaѴ	 variationĺ	The	 remaining	vitaѴ	 rates	are	 structuraѴѴy	 anaѴŊ
ogous	to	Equation	ŐƐőķ	differing	onѴy	 in	their	distributionaѴ	assumpŊ
tions	ŐFigure	Ɛaőĺ	AѴternativeѴyķ	under	the	UCM	approach	each	vitaѴ	
rate	 contains	 a	 random	year	effect	 Őεtĸ	 Figure	Ɛbőķ	 sampѴed	 from	a	
muѴtivariate	normaѴ	distributionĺ

In	 the	 simpѴe	 modeѴķ	 ƐƏ	 parameters	 ŐƓ	 variance	 and	 ѵ	 covariŊ
anceső	account	for	the	temporaѴ	variation	using	the	UCM	approachķ	
whereas	the	FA	approach	estimates	eight	parametersĺ	 In	the	comŊ
pѴex	modeѴ	ƑѶ	parameters	are	required	for	the	UCM	approach	and	
ƐƓ	for	the	FA	approachĺ	The	demographic	modeѴs	were	fitted	using	
Bayesian	methodsķ	 impѴemented	 in	JAGS	ŐPѴummerķ	ƑƏƏƒő	and	run	
using	the	runjags	package	ŐDenwoodķ	ƑƏƐѵő	in	R	ŐR	Core	Teamķ	ƑƏƐѵőĺ

IPMs	 were	 constructed	 from	 each	 set	 of	 posterior	 sampѴes	
ŐAppendices	AƐĺƐĺƑ	and	AƐĺƑĺƑőĺ	The	stochastic	popuѴation	growth	
rate	 Őλső	 was	 estimated	 after	 excѴuding	 the	 first	 ƑķƏƏƏ	years	 of	 a	
ƔķƏƏƏ	year	simuѴationĺ	This	was	repeated	with	ƐķƏƏƏ	sampѴes	from	
the	posteriorĺ	The	true	stochastic	popuѴation	growth	rate	Őλtő	was	esŊ
timated	using	an	IPM	parameterised	with	the	true	parameter	vaѴues	
used	in	the	IBMĺ

The	resuѴts	of	the	simuѴation	study	are	summarised	in	Figure	Ƒĺ	
The	 UCM	 approach	 Ѵed	 to	 marginaѴѴy	 Ѵess	 diffuse	 estimates	 of	
stochastic	 popuѴation	 growth	 rate	 than	 the	 FA	 approachĺ	 This	
was	 true	 for	 both	 the	 simpѴe	 ŐFigure	Ƒaő	 and	 compѴex	 ŐFigure	Ƒbő	

ŐƐőlogit(st(z))=�s
0
+�s

z
z+�s

Q
Qt+�s

t
,
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modeѴsĺ	Howeverķ	even	with	ƐƑ	years	of	 temporaѴ	 repѴication	 the	
differences	 between	 the	 performance	 of	 the	 two	 methods	 was	
smaѴѴķ	 and	with	 ƑƔ	years	 of	 repѴication	 both	methods	 performed	
weѴѴ	 ŐƏĺѶ	ƽ	λs/λt	ƽ	ƐĺƐőĺ	 The	 estimates	 of	 stochastic	 popuѴation	
growth	 rate	were	 strongѴy	 correѴated	 between	 the	 two	methods	
ŐƏĺѶѶ	ƺ	ρ	ƺ	ƏĺƖƖ	 and	 ƏĺƖƒ	ƺ	ρ	ƺ	ƏĺƖƕ	 for	 the	 simpѴe	 and	 compѴex	
modeѴs	respectiveѴyőķ	indicating	that	most	of	the	amongŊ	simuѴation	
variation	in	the	stochastic	popuѴation	growth	rate	arises	from	samŊ
pѴing	variation	rather	than	the	choice	of	modeѴ	for	the	timeŊ	varying	
parametersĺ

The	accuracy	of	parameter	estimates	under	the	FA	and	UCM	
approaches	 was	 very	 simiѴar	 ŐAppendices	AƐĺƐĺƓ	 and	 AƐĺƑĺƓőĺ	
Carrying	out	a	variety	of	modeѴ	checks	may	heѴp	to	 improve	the	
accuracy	 of	 the	 modeѴsķ	 for	 exampѴeķ	 under	 the	 FA	 approach	
here	we	 assume	 a	 singѴe	 Ѵatent	 variabѴe	 can	 account	 for	 the	 coŊ
variation	among	the	vitaѴ	ratesķ	which	may	not	aѴways	be	the	case	
ŐAppendix	AƐĺƒőĺ

ƒՊ |ՊC A SE STUDY ƐĹ  THE EFFEC T 
OF ENVIRONMENTAL QUALIT Y ON 
REPRODUC TIVE DEL AYS IN C ARDUUS 

NUTANS

ƒĺƐՊ|ՊBackground and methods

Carduus nutans	 is	 a	monocarpic	 thistѴe	with	a	persistent	 seedbank	
and	 shortŊ	Ѵived	 rosettes	 ŐAppendix	AƑĺƐĸ	 Popay	 ş	 Meddķ	 ƐƖƖƏĸ	
WardѴeķ	 NichoѴsonķ	 ş	 Rahmanķ	 ƐƖƖƑőĺ	We	 use	 a	 FA	modeѴ	 to	 exŊ
pѴore	how	environmentaѴ	change	may	affect	seѴection	for	reproducŊ
tive	 deѴays	 in	 this	 speciesĺ	 Reproductive	 deѴays	 can	 act	 as	 a	 form	
of	diversified	bet	hedgingķ	spreading	a	cohort	across	muѴtipѴe	years	
and	therefore	decreasing	the	effect	of	a	bad	year	on	the	cohort	as	
a	whoѴe	 ŐChiѴdsķ	MetcaѴfķ	 ş	 Reesķ	 ƑƏƐƏĸ	 Cohenķ	 ƐƖѵѵĸ	 Rees	 et	aѴĺķ	
ƑƏƏѵĸ	 TuѴjapurkarķ	 ƐƖƖƏőĺ	 In	 monocarpic	 perenniaѴ	 pѴantsķ	 reproŊ
duction	may	be	deferred	preestabѴishmentķ	through	a	seedbankķ	or	
postestabѴishmentķ	through	a	deѴay	in	fѴowering	ŐChiѴdsķ	Reesķ	Roseķ	

F I G U RE  ƑՊRatio	between	the	estimated	Őλső	and	true	Őλtő	stochastic	popuѴation	growth	rates	for	the	factor	anaѴytic	ŐFAő	and	unstructured	
covariance	matrix	ŐUCMő	approaches	for	the	Őaő	simpѴe	and	Őbő	compѴex	modeѴsĺ	The	points	are	cѴustered	according	to	the	Ѵength	of	the	
demographic	dataset	used	to	parameterise	the	IPM	ŐƐƑķ	ƑƔ	or	ƔƏ	yearsőĺ	To	prevent	overpѴotting	onѴy	ƑƔ	of	the	ƐƏƏ	simuѴations	are	
shown	here	Ősee	Appendices	AƐĺƐĺƓ	and	AƐĺƑĺƓ	for	resuѴts	of	aѴѴ	simuѴationsőĺ	Points	are	the	median	and	Ѵines	show	the	interquartiѴe	range	
across	ƐķƏƏƏ	sampѴes	from	the	posteriors	for	each	simuѴationĺ	The	dashed	Ѵine	is	at	oneķ	where	the	estimated	growth	rate	equaѴs	the	true	
growth	rateĺ	True	λ	ranges	between	ƏĺƖѶŋƐ	and	ƏĺƖƕŋƏĺƖƖ	for	the	simpѴe	and	compѴex	modeѴs	respectiveѴyĺ	Median	estimates	of	λ	from	the	
simuѴations	range	between	ƏĺѵƔŋƐĺƐƑ	and	ƏĺѶƑŋƐĺƐƒ	for	the	simpѴe	and	compѴex	modeѴs	respectiveѴy
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Grubbķ	ş	EѴѴnerķ	ƑƏƏƓĸ	Rees	et	aѴĺķ	ƑƏƏѵőĺ	PostŊ	estabѴishment	deѴays	
have	 the	 additionaѴ	 benefit	 of	 higher	 fecundity	 as	 individuaѴs	may	
grow	Ѵargerķ	producing	more	seeds	ŐRees	et	aѴĺķ	ƑƏƏѵőĺ

We	define	the	fittest	strategy	to	be	the	evoѴutionary	stabѴe	stratŊ
egy	ŐESSőĺ	The	predicted	ESS	for	the	study	popuѴation	is	substantiaѴ	
seed	dormancy	and	the	majority	of	pѴants	to	fѴower	in	their	first	yearķ	
with	a	fѴowering	probabiѴity	of	cĺ	ƏĺƕƔ	for	an	average	sized	individuaѴ	
ŐRees	et	aѴĺķ	ƑƏƏѵőĺ	Using	our	framework	we	predict	how	changes	to	
the	average	or	variabiѴity	of	the	environment	affect	the	ESS	germiŊ
nation	and	fѴowering	strategyĺ	We	reparameterised	the	IPM	of	Rees	
et	aѴĺ	ŐƑƏƏѵĸ	Appendix	AƑĺƑőĺ	The	modeѴ	is	structured	by	the	naturaѴ	
Ѵogarithm	of	 rosette	area	 Őzőķ	 a	measure	of	pѴant	 size	 that	predicts	
individuaѴ	 performanceĺ	 Four	 stochastic	 vitaѴ	 rate	 functionsķ	 with	
temporaѴѴy	variabѴe	interceptsķ	were	estimatedĸ	survivaѴķ	growthķ	reŊ
cruitmentķ	and	recruit	size	ŐAppendix	AƑĺƒőĺ

The	vitaѴ	rate	parameters	were	estimated	using	MCMC	sampѴing	
in	 JAGS	 through	 runjags	 ŐDenwoodķ	ƑƏƐѵőĺ	 The	prior	distributions	
were	weakѴy	informative	Őiĺeĺķ	within	bioѴogicaѴѴy	reasonabѴe	rangeső	
to	improve	mixing	ŐAppendix	AƑĺƒĸ	see	Appendix	Aƒ	for	comparison	
with	more	 informative	priorsőĺ	The	ƖƔѷ	credibѴe	 intervaѴs	of	many	
parameters	were	reѴativeѴy	wide	ŐAppendix	AƑĺƓőķ	as	a	resuѴt	of	the	
short	temporaѴ	extent	ŐѶ	yearső	of	this	datasetĺ	Hereķ	to	keep	things	
simpѴeķ	as	this	is	just	an	exampѴe	case	study	for	the	factor	anaѴytic	
approachķ	 we	 parameterise	 the	 IPM	 using	 the	 posterior	 meansĺ	
Thus	we	do	not	consider	the	effect	of	this	uncertainty	on	the	modeѴ	

outputĺ	By	drawing	sampѴes	randomѴy	from	the	posterior	instead	it	
wouѴd	be	possibѴe	to	give	a	measure	of	parameter	uncertainty	and	
the	impacts	of	this	on	the	resuѴts	of	the	perturbation	anaѴyses	beѴow	
Őeĺgĺķ	 Diezķ	 GiѴadiķ	 Warrenķ	 ş	 PuѴѴiamķ	 ƑƏƐƓĸ	 Evansķ	 HoѴsingerķ	 ş	
Mengesķ	ƑƏƐƏőĺ	Posterior	checks	suggested	the	Ѵatent	parameter	ŐQő	
accounted	for	the	covariation	among	the	vitaѴ	rates	ŐAppendix	AƑĺƓőĺ	
The	positive	covariance	among	the	vitaѴ	rates	means	the	Ѵatent	paŊ
rameter	can	be	assumed	to	be	a	measure	of	environmentaѴ	quaѴityĺ	
The	highest	ѴeveѴs	of	temporaѴ	variation	were	in	survivaѴ	and	recruitŊ
ment	ŐAppendix	AƑĺƓőĺ

At	each	year	in	the	simuѴation	the	Ѵatent	parameter	ŐQő	was	samŊ
pѴed	from	a	normaѴ	distribution	with	a	mean	of	zero	and	a	standard	
deviation	of	oneĺ	The	submodeѴŊ	specific	year	effects	Őεő	were	drawn	
from	normaѴ	distributions	with	means	of	zero	and	the	standard	deŊ
viations	 Őσtő	estimated	 in	 the	vitaѴ	 rates	modeѴĺ	The	 joint	 fѴowering	
intercept	 and	 germination	 probabiѴity	 ESS	 were	 predicted	 using	
numericaѴ	 invasion	 anaѴysis	 ŐChiѴds	 et	aѴĺķ	 ƑƏƏƓő	 and	 were	 simiѴar	
to	those	produced	using	a	fixed	effectsķ	kerneѴ	seѴection	approach	
ŐAppendix	AƑĺƔĸ	Rees	et	aѴĺķ	ƑƏƏѵőĺ

ƒĺƑՊ|ՊPerturbation anaѴyses

A	prospective	sensitivity	anaѴysis	was	used	to	determine	how	seѴecŊ
tion	on	deѴayed	fѴowering	and	germination	may	change	as	the	mean	
and	variance	of	 environmentaѴ	quaѴity	 ŐQő	 changesĺ	The	mean	and	

F I G U RE  ƒՊEffect	of	changing	the	
mean	Őa	ş	bő	and	variabiѴity	Őstandard	
deviationĸ	c	ş	dő	of	the	environmentaѴ	
quaѴity	ŐQő	on	the	joint	evoѴutionary	stabѴe	
strategy	ŐESSő	fѴowering	intercept	and	
germination	strategies	at	different	ѴeveѴs	
of	seed	mortaѴity	Ődő	in	Carduusĺ	ThreshoѴd	
fѴowering	size	is	caѴcuѴated	as	−� f
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standard	deviations	of	Q	were	 varied	on	 a	 fixed	 grid	 and	 the	ESS	
were	predicted	at	each	vaѴueĺ	This	was	repeated	for	a	range	of	seed	
mortaѴities	Őd	Ʒ	ƏĺƏƐķ	ƏĺƐķ	ƏĺƑĻƏĺƖķ	ƏĺƖƖĸ	Rees	et	aѴĺķ	ƑƏƏѵőĺ

As	the	quaѴity	of	the	environment	deteriorates	there	is	seѴecŊ
tion	for	earѴier	fѴowering	and	reduced	germinationķ	whiѴe	improvŊ
ing	the	quaѴity	of	the	environment	Ѵeads	to	the	opposite	responseķ	
that	 isķ	 seѴection	 for	 a	perenniaѴ	 Ѵife	 history	dominates	 in	higher	
quaѴity	environments	ŐFigure	ƒ	and	Appendix	AƑĺѵőĺ	In	Ѵower	quaѴŊ
ity	 environments	 seѴection	 acts	 on	 the	 germination	 probabiѴityķ	
deѴaying	reproduction	preestabѴishment	by	increasing	the	chance	
of	 seeds	 entering	 the	 seedbankĺ	 Decomposing	 the	 changes	 in	
ESS	into	the	effects	of	the	different	vitaѴ	rates	suggests	that	the	
changes	in	fѴowering	size	are	mainѴy	driven	by	changes	in	survivaѴ	
ŐAppendix	AƑĺƕőĺ	 The	 estimated	 survivaѴ	 probabiѴity	 increases	
from	ƏĺƏƓ	to	Əĺƕƒ	with	an	increase	in	Q	from	Ə	to	Ƒ	for	a	rosette	
of	Ѵog	size	ƐĺƖƔ	Őstudy	popuѴation	modeőĺ	With	a	mean	Q	of	Ƒ	there	
is	an	advantage	in	deѴaying	reproductionķ	as	the	risk	of	mortaѴity	
is	reѴativeѴy	smaѴѴ	and	Ѵarger	pѴants	can	produce	more	seedsĸ	hereķ	
seѴection	acts	on	the	fѴowering	sizeķ	 increasing	the	size	at	which	
pѴants	reproduceĺ	The	ESS	threshoѴd	fѴowering	sizeķ	on	a	Ѵog	scaѴeķ	
doubѴes	 from	ƒĺƒѵ	to	ƕĺƐƏ	with	an	 increase	 in	mean	Q	 from	Ə	to	
Ƒķ	resuѴting	in	a	ƖŊ	foѴd	increase	in	the	estimated	number	of	seeds	
producedĺ	Increasing	ѴeveѴs	of	environmentaѴ	variabiѴity	generaѴѴy	
caused	 seѴection	 for	 earѴier	 fѴowering	 and	 a	 Ѵower	 germination	
probabiѴity	ŐFigure	ƒőĺ

ƓՊ |ՊC A SE STUDY ƑĹ  INCORPOR ATING A 
PUTATIVE ENVIRONMENTAL DRIVERĹ THE 
EFFEC T OF FIRE ON THE DEMOGR APHY OF 
ERYNG IUM CUN EIFOLIUM

ƓĺƐՊ|ՊBackground and methods

Eryngium	is	a	fireŊ	adapted	perenniaѴ	herb	with	a	persistent	seedbank	
ŐMenges	 ş	 Kimmichķ	 ƐƖƖѵĸ	 Menges	 ş	 QuintanaŊ	Ascencioķ	 ƑƏƏƓő	
found	 in	 FѴorida	 rosemary	 scrubķ	 in	 recentѴy	 burned	 or	 other	 disŊ
turbed	areas	ŐMenges	ş	Kimmichķ	ƐƖƖѵőĺ	Fire	kiѴѴs	the	majority	of	roŊ
settes	and	the	popuѴation	recovers	through	the	seedbank	ŐMenges	ş	
KohfeѴdtķ	ƐƖƖƔőĺ	We	used	demographic	data	from	a	singѴe	popuѴation	
that	 forms	part	of	a	weѴѴŊ	studied	metaŊ	popuѴation	at	the	ArchboѴd	
BioѴogicaѴ	 Stationķ	 FѴorida	 ŐAppendix	AƓĺƐĸ	 Menges	 ş	 QuintanaŊ	
Ascencioķ	ƑƏƏƓőĺ

AѴtering	the	frequency	of	fires	is	one	possibѴe	management	stratŊ
egy	for	this	endangered	speciesĺ	The	recommended	FRI	for	this	speŊ
cies	of	ƺƐƔ	years	ŐMenges	ş	QuintanaŊ	Ascencioķ	ƑƏƏƓő	differs	from	
the	ƐƔŋƒƏ	year	 recommendations	 for	 its	FѴorida	 scrubѴand	habitat	
ŐMengesķ	ƑƏƏƕőĺ	AѴternative	management	strategies	may	therefore	
be	 required	 for	Eryngiumĺ	We	 use	 perturbation	 anaѴyses	 to	 deterŊ
mine	how	aѴtering	FRIs	and	the	effect	of	fire	on	the	vitaѴ	rates	affects	
popuѴation	growthĺ

The	Eryngium	 IPM	 ŐAppendix	AƓĺƑő	was	 structured	by	 the	natŊ
uraѴ	 Ѵogarithm	 of	 rosette	 diameter	 ŐMenges	ş	QuintanaŊ	Ascencioķ	
ƑƏƏƓőĺ	We	assume	density	independent	dynamics	to	investigate	the	

persistence	of	the	popuѴation	ŐMenges	ş	QuintanaŊ	Ascencioķ	ƑƏƏƓĸ	
see	 Appendix	AƔ	 for	modeѴ	with	 density	 dependent	 recruitmentőĺ	
The	 intercepts	 of	 four	 vitaѴ	 rates	were	 assumed	 to	 be	 temporaѴѴy	
variabѴe	ŐsurvivaѴķ	growthķ	fѴowering	probabiѴityķ	and	the	number	of	
fѴowering	stemsĸ	Appendix	AƓĺƒőĺ	As	the	demography	of	Eryngium is 

strongѴy	affected	by	fireķ	we	modeѴѴed	the	mean	of	the	Ѵatent	paramŊ
eter	ŐQő	as	a	Ѵinear	function	of	timeŊ	sinceŊ	fire	ŐTSFĸ	Appendix	AƓĺƒőĺ	
FѴowering	 and	 the	 number	 of	 fѴowering	 stems	 were	 highѴy	 corŊ
reѴatedķ	so	the	fѴowering	Őεfő	and	Őεbő	year	effects	were	sampѴed	from	
a	 bivariate	 normaѴ	 distributionĺ	 SampѴing	 these	 parameters	 from	
univariate	distributions	resuѴts	 in	the	 Ѵatent	variabѴe	faiѴing	to	fuѴѴy	
account	 for	 the	covariation	among	the	vitaѴ	 rates	 ŐAppendix	AƓĺƒőĺ	
Posterior	sampѴes	were	again	drawn	using	MCMC	sampѴing	in	JAGSķ	
using	 runjags	 ŐDenwoodķ	 ƑƏƐѵőĺ	 WeakѴy	 informative	 priors	 were	
used	ŐAppendix	AƓĺƒĸ	see	Appendix	Aƒ	for	a	comparison	with	more	
informative	priorsőĺ	The	vitaѴ	rates	were	negativeѴy	reѴated	with	TSFķ	
with	survivaѴ	particuѴarѴy	strongѴy	affected	ŐAppendix	AƓĺƓőĺ

The	 posterior	 means	 were	 used	 to	 parameterise	 an	 IPM	
ŐAppendix	 AƓĺƓőĺ	 At	 each	 iterationķ	 the	 Ѵatent	 parameter	 ŐQő	 was	
randomѴy	sampѴed	 from	a	normaѴ	distribution	with	mean	βtsf × TSF 

and	standard	deviation	of	oneĺ	SubmodeѴŊ	specific	year	effects	were	
drawn	 from	 normaѴ	 distributions	 Őbivariate	 normaѴ	 for	 fѴowering	
and	 fѴowering	 stemsőķ	 with	 means	 of	 zero	 and	 the	 estimated	 Őcoő
variancesĺ	Estimates	of	germination	probabiѴity	range	from	Ə	to	ƏĺƐ	
and	ƏĺƏƏƔ	to	ƏĺƏƓ	for	first	Őhfő	and	second	year	germination	Őhbő	reŊ
spectiveѴy	ŐMenges	ş	QuintanaŊ	Ascencioķ	ƑƏƏƓĸ	QuintanaŊ	Ascencio	
ş	Mengesķ	ƑƏƏƏőĺ	To	seѴect	a	fertiѴity	scenario	for	the	perturbation	
anaѴyses	predicted	dynamics	using	a	range	of	these	estimates	and	of	
seed	mortaѴity	probabiѴities	 ŐƏĺƔķ	Əĺƕķ	ƏĺƖő	were	compared	to	 those	
observed	 in	the	fieѴd	 ŐAppendix	AƓĺƔőĺ	A	modeѴ	with	 Ѵow	first	year	
germination	 ŐƏĺƏőķ	 high	 germination	 from	 the	 seedbank	 ŐƏĺƏƓő	 and	
Ѵow	seed	mortaѴity	ŐƏĺƔő	was	seѴected	as	it	was	consistent	with	obŊ
served	changes	in	aboveground	popuѴation	growth	ŐFigure	Ɠaőĺ	That	
isķ	 aboveground	 popuѴations	 were	 predicted	 to	 increase	 immediŊ
ateѴy	foѴѴowing	a	fireķ	but	not	beyond	ƐƏ	years	postfire	 ŐMenges	ş	
QuintanaŊ	Ascencioķ	ƑƏƏƓőĺ

ƓĺƑՊ|ՊPerturbation anaѴyses

The	 effects	 of	 different	 fire	 regimes	were	 expѴored	 using	 a	 range	
of	constant	FRIs	from	two	to	ƒƏ	years	 ŐAppendix	AƓĺѵőĺ	Stochastic	
popuѴation	 growth	 rates	were	 estimated	 by	 iterating	 ƐƏƏ	 popuѴaŊ
tions	for	ƐķƏƏƏ	yearsĸ	the	first	ƑƏƏ	years	were	excѴuded	as	transient	
dynamicsĺ	We	 found	popuѴations	were	 ѴikeѴy	 to	decѴine	where	 the	
time	 between	 fires	was	 too	 short	 Őcĺ	 ƺƓ	yearsőķ	 because	 pѴants	 do	
not	produce	enough	seeds	 to	 repѴenish	 the	 seedbankķ	or	 too	 Ѵong	
Őcĺ	ƻƐƔ	yearsĸ	Figure	Ɠbőķ	as	they	are	outcompetedĺ	This	is	in	accordŊ
ance	with	a	previous	studyķ	using	a	matrix	seѴection	approachķ	which	
found	 an	 optimaѴ	 FRI	 of	 Ѵess	 than	 ƐƔ	years	 ŐMenges	 ş	QuintanaŊ	
Ascencioķ	ƑƏƏƓőĺ

To	determine	how	aѴtering	 the	 effect	 of	 fire	 on	 the	 vitaѴ	 rates	
affected	 popuѴation	 growth	 the	 βtsf	 parameter	 was	 perturbed	
ŐAppendix	AƓĺѵőĺ	This	is	a	measure	of	how	quickѴy	the	environment	
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decays	as	TSF	increasesĸ	more	negative	vaѴues	of	this	parameter	inŊ
dicate	 the	quaѴity	of	 the	environment	decreases	more	quickѴy	 foѴŊ
Ѵowing	a	fireĺ	Stochastic	popuѴation	growth	rates	were	estimated	as	
beforeķ	but	 the	 fire	 regimes	were	varied	randomѴy	 throughout	 the	
simuѴations	Őwith	the	same	chance	of	each	FRI	occurringőķ	either	beŊ
tween	Ɛ	 and	ƐƔ	years	 Őoptimum	 for	Eryngiumő	 or	 between	ƐƔ	 and	
ƒƏ	years	 Őoptimum	 for	 FѴorida	 scrub	 habitatőĺ	 Decreasing	 βtsf by 

around	 Ɛņƒ	 couѴd	 make	 a	 ƐƔĹƒƏ	year	 FRI	 strategy	 sustainabѴe	 for	
Eryngium	 ŐFigure	Ɠcőĺ	 The	 effect	 of	 aѴtering	 the	 temporaѴ	 decay	of	
the	environment	is	much	higher	when	the	FRI	is	higherķ	to	the	extent	
that	decreasing	βtsf	sufficientѴy	can	make	Ѵonger	FRIs	preferabѴe	for	
Eryngium	ŐFigure	Ɠcőĺ

ƔՊ |ՊDISCUSSION

Identifying	 the	 environmentaѴ	 drivers	 of	 variation	 in	 demographic	
performance	 is	 chaѴѴengingĺ	 A	 variety	 of	 approaches	 have	 been	
proposed	 Őeĺgĺķ	TeѴѴerķ	AdѴerķ	Edwardsķ	Hookerķ	ş	EѴѴnerķ	ƑƏƐѵĸ	Van	
der	PoѴ	et	aѴĺķ	ƑƏƐѵőķ	but	the	performance	of	any	method	is	 Ѵimited	
by	 the	 degree	 of	 temporaѴ	 repѴication	 avaiѴabѴeĺ	 The	mean	 Ѵength	
for	 a	 demographic	 dataset	 is	 ѵ	years	 in	 pѴants	 and	 eѴeven	 in	 aniŊ
maѴs	 ŐSaѴgueroŊ	Gomez	et	aѴĺķ	ƑƏƐƔķ	ƑƏƐѵőĺ	Yetķ	 simuѴations	suggest	
ƑƏŋƑƔ	years	of	data	are	needed	to	identify	putative	environmentaѴ	
driversķ	determine	the	temporaѴ	window	over	which	they	act	and	reŊ
ѴiabѴy	estimate	the	magnitude	of	their	effects	ŐTeѴѴer	et	aѴĺķ	ƑƏƐѵĸ	Van	
der	PoѴ	et	aѴĺķ	ƑƏƐѵőĺ	Efforts	to	identify	drivers	in	many	of	these	popŊ
uѴations	wiѴѴ	not	succeedķ	forcing	popuѴation	ecoѴogists	to	assess	the	
ѴikeѴy	effects	of	environmentaѴ	change	using	indirect	methodsĺ	The	
observation	 thatķ	 in	 naturaѴ	 popuѴationsķ	 different	 components	 of	
demographic	performance	covaryķ	often	positiveѴyķ	ŐJongejans	et	aѴĺķ	
ƑƏƐƏĸ	Nur	ş	Sydemanķ	ƐƖƖƖĸ	RoteѴѴa	et	aѴĺķ	ƑƏƐƑő	 impѴies	different	
demographic	processes	respond	Őat	Ѵeast	in	partő	to	the	same	driversĺ	

We	have	demonstrated	how	a	factor	anaѴytic	ŐFAő	framework	can	be	
used	to	incorporate	a	temporaѴ	axis	of	environmentaѴ	variation	into	a	
demographic	modeѴĺ	The	resuѴting	muѴtiŊ	process	modeѴŌcoupѴed	via	
a	Ѵatent	ľenvironmentaѴ	quaѴityĿ	variabѴeŌrequires	fewer	parameters	
than	its	unstructured	ŐUCMő	counterpartĺ

The	 advantage	 of	 adopting	 the	 FA	 approach	 depends	 on	 the	
appѴication	domainĺ	Accounting	for	vitaѴ	rate	covariation	can	be	imŊ
portant	for	estimating	stochastic	popuѴation	growth	rateĺ	For	examŊ
pѴeķ	MetcaѴf	et	aѴĺ	ŐƑƏƐƔő	demonstrated	that	parameter	and	eѴement	
seѴection	approaches	were	roughѴy	comparabѴe	in	terms	of	accuracy	
as	 Ѵong	 as	 covariance	 amongst	 the	 vitaѴ	 rates	were	 taken	 into	 acŊ
countĺ	In	principѴeķ	an	FA	modeѴ	might	yieѴd	more	precise	estimates	
of	popuѴation	growth	because	it	requires	fewer	parameters	than	its	
unstructured	 ŐUCMő	counterpartķ	 though	this	comes	at	a	potentiaѴ	
cost	of	 increased	bias	when	 the	modeѴ	 is	 insufficientѴy	 fѴexibѴeĺ	 In	
practiceķ	we	found	that	the	UCM	and	FA	approaches	yieѴded	comŊ
parabѴe	estimates	of	popuѴation	growth	rate	in	our	simuѴation	studyķ	
indicating	 that	 sampѴing	 error	was	 the	 dominant	 source	 of	 uncerŊ
tainty	 in	predicted	popuѴation	growth	rateĺ	Thusķ	 the	FA	approach	
may	offer	ѴittѴe	advantage	over	standard	UCM	modeѴs	when	estimatŊ
ing	stochastic	growth	rateĺ	The	goaѴ	of	a	retrospective	anaѴysis	is	to	
attribute	reaѴised	variation	in	a	statistic	such	as	popuѴation	growth	
rate	 to	different	drivers	of	variationĺ	TemporaѴ	covariances	can	be	
important	in	this	contextĺ	For	exampѴeķ	between	one	haѴf	and	oneŊ	
third	of	the	variation	in	popuѴation	growth	was	accounted	for	by	coŊ
variation	among	vitaѴ	rates	in	three	unguѴate	popuѴations	ŐCouѴsonķ	
GaiѴѴardķ	ş	FestaŊ	Bianchetķ	ƑƏƏƔőķ	though	this	resuѴt	is	far	from	uniŊ
versaѴ	 in	nature	 ŐCompagnoni	et	aѴĺķ	ƑƏƐѵőĺ	The	FA	modeѴ	couѴd	be	
used	as	a	basis	for	such	anaѴysesķ	though	in	practice	aѴѴ	this	wouѴd	
achieve	is	to	attribute	covariance	contributions	to	Ѵatent	variabѴeŐsőĺ

The	 main	 advantage	 of	 using	 a	 FA	 modeѴ	 is	 that	 it	 identifies	
the	 main	 axis	 of	 demographic	 variationķ	 which	 then	 provides	 a	
basis	 for	 prospective	 anaѴysis	 of	 how	popuѴations	may	 respond	 to	

F I G U RE  ƓՊ Őaő	Aboveground	popuѴation	growth	rate	for	Eryngium 
(
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(

Nt

Nt−1

))

	estimated	from	ƐķƏƏƏ	simuѴations	of	ƑƑ	yearsĺ	BѴack	
points	show	the	medianķ	thicker	and	thinner	bѴue	bars	show	the	interquartiѴe	range	and	ƖƔѷ	quantiѴes	respectiveѴyĺ	Red	points	are	the	
observed	growth	rates	for	the	study	popuѴation	and	three	other	popuѴations	Ősite	numbers	ƓƔķ	Ɣƕķ	and	ƖƐő	with	simiѴar	fire	return	intervaѴs	
ŐFRIsőĺ	Őbő	Log	λs	under	different	FRIĺ	Őcő	Effect	of	changing	vaѴue	of	βtsf on log λs	under	two	different	FRIsĺ	Dotted	verticaѴ	Ѵine	shows	the	
estimated	vaѴue	of	βtsfĺ	In	aѴѴ	pѴots	hf = 0.0, hb	Ʒ	ƏĺƏƓ	and	d	Ʒ	ƏĺƔĺ	Points	show	the	medianķ	thicker	bars	and	thinner	bars	show	interquartiѴe	
range	and	ƖƔѷ	quantiѴes	respectiveѴy
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environmentaѴ	changeĺ	When	it	is	not	possibѴe	to	expѴicitѴy	identify	
environmentaѴ	 drivers	 of	 demographic	 variationķ	 ѴocaѴ	 perturbaŊ
tion	anaѴysis	of	modeѴ	parameters	 can	be	used	 to	expѴore	 the	poŊ
tentiaѴ	 response	of	 a	popuѴation	 to	environmentaѴ	 change	 ŐRees	ş	
EѴѴnerķ	ƑƏƏƖőĺ	These	anaѴyses	 typicaѴѴy	 consider	each	parameter	 in	
turnķ	assessing	its	effect	on	metrics	such	as	popuѴation	growth	rate	
whiѴe	hoѴding	aѴѴ	eѴse	constantĺ	Howeverķ	the	existence	of	Őpositiveő	
temporaѴ	correѴations	among	demographic	processes	suggests	muѴŊ
tipѴe	 processes	 respond	 in	 a	 coordinated	 manner	 to	 environmenŊ
taѴ	changeĺ	An	FA	modeѴ	aѴѴows	us	to	 identify	the	potentiaѴ	axis	of	
change	andķ	by	 focusing	perturbation	anaѴyses	on	 this	axisķ	makes	
popuѴation	 ѴeveѴ	 predictions	 under	 different	 environmentaѴ	 condiŊ
tions	possibѴeĺ	For	exampѴeķ	this	aѴѴowed	us	to	make	predictions	on	
how	Ѵife	histories	may	evoѴve	under	putative	environmentaѴ	condiŊ
tionsĺ	We	 identified	how	the	environmentaѴ	quaѴity	wouѴd	have	to	
change	for	Carduus	to	aѴter	its	fѴowering	strategyĸ	showing	that	inŊ
creases	 in	 its	average	vitaѴ	 ratesķ	 in	particuѴar	survivaѴķ	wiѴѴ	 Ѵead	 to	
seѴection	for	a	perenniaѴ	Ѵife	historyĺ	WhiѴst	we	focus	here	on	temŊ
poraѴ	variation	this	approach	couѴd	aѴso	be	used	to	predict	joint	deŊ
mographic	responses	to	spatiaѴ	variation	or	extended	to	incorporate	
spatiaѴŊ	temporaѴ	variation	ŐEѴderd	ş	MiѴѴerķ	ƑƏƐѵőĺ

The	key	 Ѵimitation	 is	that	this	 interpretation	of	the	FA	modeѴ	asŊ
sumes	 the	 temporaѴ	 covariances	 are	 ѴargeѴy	 environmentaѴѴy	 drivenĺ	
This	may	not	be	true	if	individuaѴs	substantiaѴѴy	adjust	their	aѴѴocation	
strategy	 in	 response	 to	 environmentaѴ	 conditionsĺ	Negative	 correѴaŊ
tions	among	the	vitaѴ	rates	may	exist	due	to	ѴifeŊ	history	tradeŊ	offs	beŊ
tween	vitaѴ	ratesķ	whereķ	for	exampѴeķ	resources	are	invested	in	survivaѴ	
or	reproduction	to	the	detriment	of	growth	ŐKoenig	ş	Knopsķ	ƐƖƖѶőĺ	
Negative	correѴations	appear	reѴativeѴy	rareķ	however	ŐJongejans	et	aѴĺķ	
ƑƏƐƏőķ	and	where	they	do	exist	are	sometimes	attributabѴe	to	opposing	
responses	to	environmentaѴ	drivers	Őeĺgĺķ	Knops	et	aѴĺķ	ƑƏƏƕőĺ	This	sugŊ
gests	the	magnitude	of	tradeŊ	off	effects	is	generaѴѴy	smaѴѴ	compared	to	
that	of	environmentaѴ	effectsķ	though	ѴifeŊ	history	tradeŊ	offs	may	stiѴѴ	
attenuate	environmentaѴ	driverŐső	of	covariationĺ	Note	that	whiѴst	a	FA	
approach	can	stiѴѴ	be	used	where	the	covariances	among	vitaѴ	rates	are	
negative	the	interpretation	of	the	Ѵatent	variabѴe	is	more	difficuѴt	hereĺ	
That	 isķ	 the	 Ѵatent	variabѴe	can	onѴy	be	assumed	to	be	a	measure	of	
environmentaѴ	quaѴity	where	the	vitaѴ	rates	positiveѴy	covaryĺ

ExpѴicitѴy	incorporating	putative	environmentaѴ	drivers	aѴѴows	
popuѴation	responses	to	management	strategies	or	anticipated	enŊ
vironmentaѴ	change	to	be	predicted	Őeĺgĺķ	GoteѴѴi	ş	EѴѴisonķ	ƑƏƏѵĸ	
Isaza	 et	aѴĺķ	 ƑƏƐѵőĺ	 The	 FA	 approach	 can	 simpѴify	 the	 process	 of	
incorporating	 such	driversķ	 as	 they	 can	be	 incѴuded	 into	a	 singѴe	
modeѴ	of	the	shared	environmentaѴ	axisĺ	Where	expѴicit	environŊ
mentaѴ	 drivers	 Őeĺgĺķ	 popuѴation	 density	 or	 temperatureő	 can	 be	
identifiedķ	 these	 are	 typicaѴѴy	 considered	 on	 a	 processŊ	specific	
basisķ	by	constructing	separate	modeѴs	for	survivaѴķ	reproductionķ	
growthķ	 and	 recruitment	 Őeĺgĺķ	 DahѴgrenķ	 Ostergardķ	 ş	 EhrѴenķ	
ƑƏƐƓĸ	WiѴѴiams	 et	aѴĺķ	 ƑƏƐƔőĺ	 This	 wouѴd	 require	 the	 addition	 of	
four	timeŊ	sinceŊ	fire	sѴope	parameters	in	our	Eryngium	case	studyķ	
one	for	each	temporaѴѴy	variabѴe	vitaѴ	rate	Őeĺgĺķ	Evans	et	aѴĺķ	ƑƏƐƏőĺ	
Instead	 we	 introduced	 a	 higher	 ѴeveѴ	 modeѴķ	 decomposing	 the	
shared	axis	of	environmentaѴ	variation	into	expѴained	and	residuaѴ	

components	 of	 variationĺ	 Thus	 the	 effects	 of	 timeŊ	sinceŊ	fire	 on	
aѴѴ	four	vitaѴ	rates	were	incorporated	with	the	addition	of	a	singѴe	
parameterĺ	This	aѴѴowed	us	to	evaѴuate	the	popuѴation	ѴeveѴ	effects	
of	two	aѴternative	management	strategiesĸ	that	isķ	aѴtering	the	disŊ
turbance	regime	or	ameѴiorating	the	environment	to	decrease	the	
rate	 of	 decay	 in	 environmentaѴ	 quaѴity	 foѴѴowing	 a	 disturbanceĺ	
We	 found	 that	whiѴst	 the	optimum	FRI	 for	Eryngium	 is	 Ѵess	 than	
ƐƔ	yearsķ	decreasing	the	rate	of	environmentaѴ	decay	couѴd	Ѵead	to	
persistent	popuѴations	under	ƐƔŋƒƏ	year	fire	regimes	Őthe	recomŊ
mended	FRI	for	the	FѴorida	scrub	habitatĸ	Mengesķ	ƑƏƏƕőĺ

SimiѴar	 approaches	 to	 our	 anaѴysis	 have	 been	 used	 previousѴy	
ŐEѴderd	ş	MiѴѴerķ	ƑƏƐѵĸ	Evans	ş	HoѴsingerķ	ƑƏƐƑĸ	Evans	et	aѴĺķ	ƑƏƐƏőĺ	
Howeverķ	in	previous	modeѴs	the	sѴope	terms	for	the	environmentaѴ	
quaѴity	parameter	ŐβQő	were	constrained	to	a	vaѴue	of	ƳƐ	or	ƴƐ	among	
a	 set	 of	 demographic	modeѴsĺ	 These	 usuaѴѴy	 operate	 on	 different	
scaѴesĺ	For	exampѴeķ	probabiѴities	such	as	survivaѴ	and	fѴowering	are	
typicaѴѴy	estimated	on	a	 Ѵogit	scaѴeķ	whereas	fecundity	 is	generaѴѴy	
estimated	on	a	Ѵog	scaѴeĸ	a	unit	change	on	these	two	scaѴes	cannot	
be	meaningfuѴѴy	comparedĺ	Moreoverķ	differences	in	the	magnitude	
of	 the	effect	of	 temporaѴ	variation	among	 the	vitaѴ	 rates	were	acŊ
counted	for	by	the	processŊ	specific	year	effects	Őεőĺ	Thus	the	main	
advantage	of	the	FA	approach	is	Ѵostķ	as	the	Ѵatent	variabѴe	cannot	be	
conceived	as	a	measure	of	overaѴѴ	environmentaѴ	quaѴityĺ

Adopting	a	Bayesian	approach	has	a	number	of	benefits	ŐEѴderd	ş	
MiѴѴerķ	ƑƏƐѵőķ	for	exampѴeķ	aѴѴowing	the	effects	of	difference	sources	
of	 uncertainty	 to	 be	 quantified	 ŐEvans	 et	aѴĺķ	 ƑƏƐƏőĺ	 Uncertainty	
is	 ѴikeѴy	 to	 be	 very	 high	 for	 most	 datasets	 ŐMetcaѴf	 et	aѴĺķ	 ƑƏƐƔőĺ	
Parameter	uncertainty	can	have	 important	ecoѴogicaѴ	 impѴicationsķ	
for	exampѴeķ	faiѴing	to	account	for	it	may	underestimate	the	risk	of	
extinction	ŐLudwigķ	ƐƖƖѵőĺ	Carrying	out	a	range	of	checks	foѴѴowing	
modeѴ	 fitting	 ŐAppendix	AƐĺƒő	 can	 heѴp	 to	 increase	 the	 accuracy	
of	the	modeѴ	outputĺ	Such	checks	are	particuѴarѴy	 important	when	
fitting	 very	 constrained	modeѴsķ	 for	 exampѴeķ	 when	 assuming	 the	
temporaѴ	covariation	in	the	vitaѴ	rates	may	be	expѴained	by	a	singѴe	
environmentaѴ	axisĺ	Sometimesķ	as	in	the	Eryngium	case	studyķ	addiŊ
tionaѴ	axes	may	be	necessary	to	fuѴѴy	account	for	the	covariation	in	
the	vitaѴ	ratesĺ	We	recommend	starting	with	a	simpѴe	modeѴ	strucŊ
ture	and	sѴowѴy	adding	in	compѴexity	ŐAppendix	AƐĺƒőĺ

Rapid	 ѴeveѴs	 of	 environmentaѴ	 change	have	 increased	 interest	 in	
determining	how	popuѴation	processes	respond	to	environmentaѴ	stoŊ
chasticity	ŐEvansķ	ƑƏƐƑĸ	Stenseth	et	aѴĺķ	ƑƏƏƑőĺ	Howeverķ	the	ѴongŊ	term	
individuaѴ	ѴeveѴ	data	needed	to	accurateѴy	quantify	such	responses	are	
often	 Ѵackingķ	especiaѴѴy	 for	 rare	 speciesĺ	Where	positive	covariance	
exists	among	vitaѴ	rates	these	can	be	expѴoited	under	a	FA	approach	to	
aѴѴow	predictions	on	the	joint	responses	of	vitaѴ	rates	to	environmentaѴ	
variationĺ	Where	 insufficient	data	exist	 to	 identify	putative	environŊ
mentaѴ	drivers	the	FA	approach	may	offer	the	best	aѴternative	for	preŊ
dicting	popuѴation	responses	to	environmentaѴ	changeĺ
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