
This is a repository copy of Cumulative weather effects can impact across the whole life 
cycle.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/155423/

Version: Published Version

Article:

Hindle, B.J., Pilkington, J.G., Pemberton, J.M. et al. (1 more author) (2019) Cumulative 
weather effects can impact across the whole life cycle. Global Change Biology, 25 (10). pp.
3282-3293. ISSN 1354-1013 

https://doi.org/10.1111/gcb.14742

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/


3282 Պ|Պ   Glob Change Biol. 2019;25:3282�3293.wileyonlinelibrary.com/journal/gcb

 

ReceivedĹ Ƒƕ February ƑƏƐƖՊ |Պ RevisedĹ ѵ June ƑƏƐƖՊ |Պ AcceptedĹ Ɛƒ June ƑƏƐƖ

DOI: 10.1111/gcb.14742  

P R I M A R Y  R E S E A R C H  A R T I C L E

Cumulative weather effects can impact across the whole life 

cycle

Bethan J. Hindle1,2 Պ|   Jill G. Pilkington3Պ|   Josephine M. Pemberton3Պ|    

Dylan Z. Childs1

1Department of AnimaѴ and PѴant 
Sciencesķ University of SheffieѴdķ SheffieѴdķ 
UK
2Department of AppѴied Sciencesķ University 
of the West of EngѴandķ BristoѴķ UK
3SchooѴ of BioѴogicaѴ Sciencesķ Institute 
of EvoѴutionary BioѴogyķ University of 
Edinburghķ Edinburghķ UK

Correspondence

Bethan Jĺ HindѴeķ Department of AppѴied 
Sciencesķ University of the West of EngѴandķ 
Frenchay Campusķ Stoke Giffordķ BristoѴķ 
UKĺ
EmaiѴĹ bethanĺhindѴeŠuweĺacĺuk

Funding information

University of SheffieѴdĸ NaturaѴ Environment 
Research CounciѴķ GrantņAward NumbersĹ 
NEņIƏƑƑƏƑƕņƐ and NEņLƔƏƐѵѶƑņƐĸ 
WeѴѴcome Trust

Abstract

Predicting how species wiѴѴ be affected by future cѴimatic change requires the un-

derѴying environmentaѴ drivers to be identifiedĺ As vitaѴ rates vary over the ѴifecycѴeķ 
structured popuѴation modeѴs derived from statisticaѴ environmentŋdemography reѴa-

tionships are often used to inform such predictionsĺ EnvironmentaѴ drivers are typicaѴѴy 
identified independentѴy for different vitaѴ rates and demographic cѴassesĺ Howeverķ 
these rates often exhibit positive temporaѴ covarianceķ suggesting that vitaѴ rates re-

spond to common environmentaѴ driversĺ AdditionaѴѴyķ modeѴs often onѴy incorporate 
average weather conditions during a singѴeķ a priori chosen time window Őeĺgĺ monthѴy 
meansőĺ Mismatches between these windows and the period when the vitaѴ rates 
are sensitive to variation in cѴimate decrease the predictive performance of such ap-

proachesĺ We used a demographic structuraѴ equation modeѴ ŐSEMő to demonstrate 
that a singѴe axis of environmentaѴ variation drives the majority of the Őcoővariation in 
survivaѴķ reproductionķ and twinning across six ageŋsex cѴasses in a Soay sheep popu-

Ѵationĺ This axis provides a simpѴe target for the compѴex task of identifying the driv-

ers of vitaѴ rate variationĺ We used functionaѴ Ѵinear modeѴs ŐFLMső to determine the 
criticaѴ windows of three ѴocaѴ cѴimatic driversķ aѴѴowing the magnitude and direction 
of the cѴimate effects to differ over timeĺ PreviousѴy unidentified Ѵagged cѴimatic ef-
fects were detected in this weѴѴŊstudied popuѴationĺ The FLMs had a better predictive 
performance than seѴecting a criticaѴ window a prioriķ but not than a ѴargeŊscaѴe cѴimate 
indexĺ Positive covariance amongst vitaѴ rates and temporaѴ variation in the effects of 
environmentaѴ drivers are commonķ suggesting our SEMŋFLM approach is a wideѴy 
appѴicabѴe tooѴ for expѴoring the joint responses of vitaѴ rates to environmentaѴ changeĺ

K E Y W O R D S

cѴimateķ covariationķ density dependenceķ environmentaѴ variationķ functionaѴ Ѵinear modeѴķ 
North AtѴantic OsciѴѴationķ structuraѴ equation modeѴķ survivaѴ

ƐՊ |ՊINTRODUC TION

Rapid cѴimate change has Ѵed to increased interest in the responses of 
species and ecosystems to environmentaѴ variation ŐEhrѴen ş Morrisķ 

ƑƏƐƔĸ Jenouvrierķ ƑƏƐƒĸ Paniwķ Maagķ Cozziķ CѴuttonŊBrockķ ş OzguѴķ 
ƑƏƐƖĸ WoѴkovichķ Cookķ McLauchѴanķ ş Daviesķ ƑƏƐƓőĺ Identifying the 
underѴying environmentaѴ drivers of vitaѴ rates is cruciaѴ for predicting 
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how species abundances and distributions wiѴѴ be affected by fu-

ture cѴimate change ŐEhrѴen ş Morrisķ ƑƏƐƔĸ Grosbois et aѴĺķ ƑƏƏѶőĺ 
Identifying the reѴevant drivers is chaѴѴengingķ because there may be 
a Ѵarge number of possibѴe candidate variabѴes ŐGrosbois et aѴĺķ ƑƏƏѶőĺ 
Moreoverķ time Ѵags between environmentaѴ events and demographic 
responses can occur ŐForchhammerķ Stensethķ Postķ ş Langvatnķ ƐƖƖѶĸ 
MaѴdonadoŊChaparroķ BѴumsteinķ Armitageķ ş ChiѴdsķ ƑƏƐѶőķ with the 
effect of a singѴe driver potentiaѴѴy varying in magnitude and direc-

tion over time ŐAѴbon et aѴĺķ ƑƏƐƕĸ Kruukķ Osmondķ ş Cockburnķ ƑƏƐƔĸ 
Paniw et aѴĺķ ƑƏƐƖĸ Tenhumbergķ Croneķ RamuѴaķ ş Tyreķ ƑƏƐѶőĺ Such 
Ѵags between a cѴimatic event and the demographic response may be 
caused by indirect effectsķ mediated through interactions with other 
species ŐBrownķ ƑƏƐƐőķ or carryŊover effects ŐNorrisķ ƑƏƏƔőķ where the 
environment affects individuaѴ conditionķ resuѴting in deѴayed conse-

quences for demographic rates such as survivaѴ ŐOgѴe et aѴĺķ ƑƏƐƔőĺ 
Given the short temporaѴ and spatiaѴ extent of most demographic data 
sets ŐSaѴgueroŊGomez et aѴĺķ ƑƏƐѵő the number of possibѴe effects can 
easiѴy exceed the degree of temporaѴ or spatiaѴ repѴication ŐEhrѴenķ 
Morrisķ EuѴerķ ş DahѴgrenķ ƑƏƐѵőĺ Methods that make efficient use of 
avaiѴabѴe data areķ thereforeķ necessary to identify putative drivers and 
the temporaѴ windows over which they actķ and to accurateѴy estimate 
the magnitude of their effects ŐDahѴgrenķ ƑƏƐƏĸ Fergusonķ Reichertķ 
FѴetcherķ ş Jagerķ ƑƏƐƕĸ TeѴѴerķ AdѴerķ Edwardsķ Hookerķ ş EѴѴnerķ ƑƏƐѵőĺ

Within a popuѴation the infѴuence of environmentaѴ drivers 
typicaѴѴy varies according to individuaѴ state variabѴesķ such as 
age and sex ŐGaiѴѴardķ FestaŊBianchetķ Yoccozķ Loisonķ ş Toigoķ 
ƑƏƏƏőĺ This necessitates structured approaches to predict pop-

uѴation responses to future change Őeĺgĺ Jenouvrier et aѴĺķ ƑƏƐƑőĺ 
Stochastic structured modeѴs consider the means and variances 
of vitaѴ ratesĺ These rates often exhibit positive temporaѴ correѴa-

tionsķ with higher reproductive rates in years with high survivaѴ 
andņor growth ŐJongejansķ Kroonķ TuѴjapurkarķ ş Sheaķ ƑƏƐƏĸ Nur 
ş Sydemanķ ƐƖƖƖőĺ Positive correѴations among the vitaѴ rates of 
different ageŋsex cѴasses are aѴso commonĺ For exampѴeķ years 
of high juveniѴe survivaѴ occur simuѴtaneousѴy with high aduѴt 
survivaѴ and years that favour femaѴe survivaѴ aѴso favour maѴes 
ŐRoteѴѴaķ Linkķ Chambertķ Staufferķ ş Garrottķ ƑƏƐƑĸ Saether ş 
Bakkeķ ƑƏƏƏőĺ These positive covariances suggest the infѴuence 
of common environmentaѴ driversķ yet these processes are typi-
caѴѴy considered independent Őeĺgĺ CouѴson et aѴĺķ ƑƏƏƐĸ PokaѴѴus 
ş PauѴiķ ƑƏƐƔőĺ MuѴtiѴeveѴ demographic structuraѴ equation mod-

eѴs ŐSEMső aѴѴow the joint response of disparate vitaѴ rates andņ
or different ageŋsex cѴasses to environmentaѴ variation to be 
captured using a bioѴogicaѴѴy meaningfuѴ modeѴ ŐHindѴe et aѴĺķ 
ƑƏƐѶőĺ SEMs have been wideѴy adopted in ecoѴogyķ for exampѴe 
to modeѴ the joint responses of muѴtipѴe species to environmentaѴ 
change Őeĺgĺ Ovaskainenķ Abregoķ HaѴmeķ ş Dunsonķ ƑƏƐѵĸ Warton  
et aѴĺķ ƑƏƐƔőĺ Their use is rare in singѴe species demographic studies 
Őthough see Evansķ HoѴsingerķ ş Mengesķ ƑƏƐƏĸ HindѴe et aѴĺķ ƑƏƐѶőĺ 
Demographic SEMs introduce Ѵatent variabѴeŐső to capture the co-

variation amongst the vitaѴ ratesĺ These can be conceived as axes 
of common environmentaѴ variationķ each of which may be driven 
by a combination of biotic and abiotic variabѴesĺ The variation in 

each axis may thus be decomposed into the effects of different 
driversķ providing a simpѴer target for the chaѴѴenging task of de-

termining the underѴying drivers of temporaѴ variation than treat-
ing each demographic process independentѴy ŐHindѴe et aѴĺķ ƑƏƐѶőĺ

When attempting to determine environmentaѴ drivers many stud-

ies consider a smaѴѴ number of putative driversķ each acting at a sin-

gѴe time period Őeĺgĺ monthѴy meansőķ chosen a priori based on expert 
knowѴedge of the focaѴ species or cѴoseѴy reѴated taxa ŐFigure Ɛaĸ OgѴe 
et aѴĺķ ƑƏƐƔĸ van de PoѴ et aѴĺķ ƑƏƐѵőĺ A mismatch between these time 
periods and the criticaѴ windows during which the vitaѴ rates are sen-

sitive to variation in the environment wiѴѴ Ѵead to poor predictionsĺ 

F I G U R E  Ɛ Պ Schematic of Őaő windowŊbased approaches and 
Őbő functionaѴ Ѵinear modeѴ ŐFLMő approach to identifying cѴimate 
effectsĺ Points show means of raw temperature data caѴcuѴated 
every fortnight over a singѴe yearĺ Grey Ѵines show an exampѴe 
of the cѴimate coefficients that couѴd be generated under either 
type of approachĺ The red dashed Ѵine is at zero that isķ where 
temperature has no effectĸ the effect of temperature is positive 
above this Ѵine and negative beѴow itĺ Within each subpѴot the 
size of the points demonstrates their weightĺ Open points in Őaő 
indicate where temperature is assumed to have no effectĺ In Őaő 
the magnitude or direction of the temperature coefficients cannot 
differ within the chosen window ŐaѴthough muѴtipѴe windows couѴd 
be incѴudedőķ whereas in Őbő both the magnitude and direction of 
the temperature coefficients can vary over the yearĺ If the cѴimate 
window is chosen a priori the position of the verticaѴ grey Ѵines in 
Őaő is fixedķ whereas under a sѴiding window approach the start and 
end of the window are estimatedĺ The FLM can be estimated using 
spѴine basis expansion Ősee Equation ѵő
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SѴiding window approachesķ where an appropriate window is chosen 
by comparing the fit of modeѴs with different intervaѴsķ provide a partiaѴ 
soѴution to this probѴem ŐFigure Ɛaĸ van de PoѴ et aѴĺķ ƑƏƐѵőĺ Howeverķ a 
singѴe window is usuaѴѴy seѴected ŐHusby et aѴĺķ ƑƏƐƏĸ Stopherķ Bentoķ 
CѴuttonŊBrockķ Pembertonķ ş Kruukķ ƑƏƐƓĸ though see Kruuk et aѴĺķ 
ƑƏƐƔőķ which does not aѴѴow the effect of a singѴe variabѴe to differ 
over timeķ despite evidence of this occurring in naturaѴ popuѴations 
ŐAѴbon et aѴĺķ ƑƏƐƕĸ Kruuk et aѴĺķ ƑƏƐƔőĺ EcoѴogicaѴ responses to envi-
ronmentaѴ factors are ѴikeѴy to be more simiѴar at adjacent time points 
ŐSimsķ EѴstonķ Larkhamķ Nusseyķ ş AѴbonķ ƑƏƏƕĸ TeѴѴer et aѴĺķ ƑƏƐѵőĺ 
For exampѴeķ the effect of high precipitation in February is ѴikeѴy to 
be more simiѴar to that of high precipitation in March than Augustĺ 
FunctionaѴ Ѵinear modeѴs ŐFLMső aѴѴow the effect of environmentaѴ 
variabѴes to be estimated as smoothķ additive functions over time 
ŐFigure Ɛbĸ Robertsķ ƑƏƏѶĸ TeѴѴer et aѴĺķ ƑƏƐѵőĺ This provides a bioѴogi-
caѴѴy reaѴistic framework for estimating cѴimatic effectsķ aѴѴowing them 
to differ in magnitude and direction over the yearķ whiѴst making fewer 
a priori choices on the temporaѴ extent of the effectsĺ

We investigated the dimensionaѴity of the environment and de-

composed the environmentaѴ variation into the effects of underѴying 
drivers in a popuѴation of Soay sheepķ Ovis aries ŐCѴuttonŊBrock ş 
Pembertonķ ƑƏƏƓőĺ This popuѴation exhibits pronounced densityŊde-

pendent fѴuctuationsķ with high survivaѴ and fecundity at Ѵow densities 
and popuѴation crashes often occurring at high densities ŐCѴuttonŊ
Brockķ Priceķ AѴbonķ ş JeweѴѴķ ƐƖƖƐķ ƐƖƖƑőĺ Howeverķ high densities 
do not aѴways resuѴt in crashesķ suggesting the popuѴation responds 
to an interaction between density and the abiotic environment 
ŐCѴuttonŊBrock ş Pembertonķ ƑƏƏƓĸ CouѴson et aѴĺķ ƑƏƏƐőĺ Previous 
studies have found that harsh winter weather conditionsķ such as wet 
and windy weatherķ decrease survivaѴ and fecundity ŐBerryman ş 

Limaķ ƑƏƏѵĸ CatchpoѴeķ Morganķ CouѴsonķ Freemanķ ş AѴbonķ ƑƏƏƏĸ 
CouѴson et aѴĺķ ƑƏƏƐķ ƑƏƏѶĸ GrenfeѴѴ et aѴĺķ ƐƖƖѶĸ MiѴnerķ EѴstonķ ş 
AѴbonķ ƐƖƖƖĸ Stenseth et aѴĺķ ƑƏƏƓőĺ These studies have typicaѴѴy ei-
ther used a ѴargeŊscaѴe index Őwinter North AtѴantic OsciѴѴation ŒNAOœĸ 
eĺgĺ Berryman ş Limaķ ƑƏƏѵĸ Stenseth et aѴĺķ ƑƏƏƓő or have chosen the 
temporaѴ windows of putative ѴocaѴ drivers a priori ŐCatchpoѴe et aѴĺķ 
ƑƏƏƏĸ CouѴson et aѴĺķ ƑƏƏƐőķ focusing on the winter periodķ when the 
vast majority of mortaѴity occurs ŐHaѴѴett et aѴĺķ ƑƏƏƓőĺ Longer term 
cѴimatic effects have not been consideredĺ Moreoverķ there are strong 
temporaѴ correѴations among the different vitaѴ ratesķ across sex and 
age cѴassesķ with years of high Ѵambķ yearѴingķ and aduѴt survivaѴ oc-

curring simuѴtaneousѴy with years of high reproduction ŐFigure Ƒĸ 
CouѴsonķ AѴbonķ PiѴkingtonķ ş CѴuttonŊBrockķ ƐƖƖƖőĺ We used a demo-

graphic SEM to show that the temporaѴ component of the variation 
in demographic rates is reѴativeѴy Ѵow dimensionaѴŌjust two axes of 
environmentaѴ variation are required to expѴain the temporaѴ varia-

tion in survivaѴķ reproduction and twinning across six ageŋsex cѴassesĺ 
We then decomposed the first axis of environmentaѴ variation into 
the effects of densityķ a temporaѴ trendķ and cѴimatic covariatesķ using 
FLMs to determine the criticaѴ window over which three ѴocaѴ weather 
variabѴes and NAO actedĺ We compared the predictive performance 
of the FLMs both to using a ѴargeŊscaѴe cѴimate index and to seѴecting 
the criticaѴ window for a ѴocaѴ weather variabѴe a prioriĺ

ƑՊ |ՊSTUDY SYSTEM

We used ƒƏ years of demographic data ŐƐƖѶƔŋƑƏƐƓő on a popuѴation 
of Soay sheep in the ViѴѴage Bay area of Hirtaķ in the St KiѴda archi-
peѴago off the NorthŊWest of ScotѴand ŐCѴuttonŊBrock ş Pembertonķ 

F I G U R E  Ƒ Պ Observed proportion of 
individuaѴs Őaő reproducing Őewes onѴyő 
and Őbő surviving over the study periodķ 
separated by ageŋsex cѴass
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ƑƏƏƓőĺ NearѴy ƐƏƏѷ of newborn Ѵambs are tagged within days of 
birthĺ PopuѴation censuses are carried out three times a year and 
mortaѴity searches ensure the fate of most individuaѴs is knownĺ The 
Ѵack of Ѵarge herbivorous competitors and predators of the aduѴts 
mean the popuѴation dynamics are ѴargeѴy driven by intraspecific 
competition for food ŐCѴuttonŊBrock ş Pembertonķ ƑƏƏƓőĺ

For the FLMsķ we considered NAO and three ѴocaѴ weather vari-
abѴesĸ minimum temperatureķ precipitationķ and maximum wind speedĺ 
CoѴdķ wetķ and windy conditions may increase heat Ѵoss ŐMcArthur ş 
Ouseyķ ƐƖƖѵĸ Webb ş Kingķ ƐƖѶƓĸ Webster ş Parkķ ƐƖѵƕő and reduce 
grazing due to increased time spent sheѴtering ŐStevensonķ ƐƖƖƓőĺ 
CoѴdķ wet weather may aѴso have indirect effects through springŋ
summer vegetation growth and subsequent food avaiѴabiѴityĺ The 
predictive performance of the FLMs was compared to two reference 
modeѴsĸ using a ѴargeŊscaѴe cѴimate index ŐDecemberŋMarch NAOķ re-

ferred to herein as winter NAOĸ CouѴson et aѴĺķ ƑƏƏƐĸ Stenseth et aѴĺķ 
ƑƏƏƓő and a ѴocaѴ weather variabѴe with the criticaѴ window seѴected 
a priori ŐMarch precipitationĸ CatchpoѴe et aѴĺķ ƑƏƏƏĸ CouѴson et aѴĺķ 
ƑƏƏƐőĺ High winter NAO vaѴues are associated with warmķ wetķ and 
windy weather in northern Europe ŐHurreѴѴ ş VanLoonķ ƐƖƖƕő and de-

creased survivaѴ and fecundity in this popuѴation ŐCouѴson et aѴĺķ ƑƏƏƐĸ 
Stenseth et aѴĺķ ƑƏƏƓőĺ Between January and March the body weight of 
the sheep can decѴine by as much as ƒƏѷ ŐCѴuttonŊBrock et aѴĺķ ƐƖƖƕőĸ 
high precipitation at the end of this periodķ before the onset of rapid 
new vegetation growthķ thus appears ѴikeѴy to decrease survivaѴĺ The 
winter NAO modeѴ differs from the NAO FLMķ where monthѴy NAO 
vaѴues were incѴuded over a ƐƖ month periodĺ

NAO data were obtained from the NationaѴ Center for 
Atmospheric Research Őhttps ĹņņcѴima tedat aguideĺucarĺeduņcѴima teŊ
dataĸ HurreѴѴķ ƐƖƖƔőĺ DaiѴy ѴocaѴ weather data were acquired from 
Stornoway meteoroѴogicaѴ officeķ the cѴosest weather station open 
for the entire study period ŐapproximateѴy ƐƓƏ km from St KiѴdaĸ data 
avaiѴabѴe from badcĺnercĺacĺukőĺ These data were cѴoseѴy correѴated 
with those from St KiѴda from ƐƖƖƖ onwards Őwhen weather stations 
were set up on siteĸ temperatureķ r Ʒ ĺƖƕķ precipitationķ r Ʒ ĺѶƔķ wind 
speedķ r Ʒ ĺƖƒĸ Figure SƐőĺ Missing data ŐƺƐѷ of temperature and pre-

cipitation and ѵѷ of wind dataő were interpoѴated using the forecast 

package ŐHyndman ş Khandakarķ ƑƏƏѶő in R ŐR Core Teamķ ƑƏƐѵőĺ

ƒՊ |ՊSTRUC TURE OF THE SEM

Demographic SEMs Ősee HindѴe et aѴĺķ ƑƏƐѶ for more detaiѴő ex-

cѴuding cѴimatic drivers were constructed to expѴore the number 
of axes required to account for the temporaѴ covariation among 
the vitaѴ rates and to provide a baseѴine to evaѴuate the predictive 
performance of the cѴimatic modeѴsĺ The popuѴation was spѴit into 
three age cѴassesĹ Ѵambs ŐƏŋƐ yearőķ yearѴings ŐƐŋƑ yearsőķ and aduѴts 
ŐƻƑ yearsőĺ FemaѴe reproduction is not Ѵimited by maѴe avaiѴabiѴityĺ 
A smaѴѴ proportion of yearѴing and aduѴt ewes produce twins each 
year ŐCѴuttonŊBrock ş Pembertonķ ƑƏƏƓőĺ The demographic SEMsķ 
thereforeķ incѴuded ƐƐ submodeѴsĹ August Őtő to August Őt Ƴ Ɛő sur-
vivaѴ of each ageŋsex cѴass Ősix submodeѴsķ s superscriptőķ spring 

reproduction of ewes in each age cѴass Őthree subŊmodeѴsķ r super-
scriptőķ and twinning of yearѴing and aduѴt ewes Őtwo subŊmodeѴsķ 
t superscriptőĺ

We initiaѴѴy fitted a highѴy constrained modeѴ that assumes tempo-

raѴ Őcoővariation in the vitaѴ rates is driven by a singѴe timeŊvarying envi-
ronmentaѴ axis Őeő common to aѴѴ ƐƐ submodeѴs Őthe singѴeŊaxis modeѴőĺ 
When resource avaiѴabiѴity is high ŐѴow sheep densitieső differences in 
the environment have ѴittѴe effect on survivaѴ ŐFigure ƒaĸ GrenfeѴѴ et aѴĺķ 
ƐƖƖѶőĺ The probabiѴity of survivaѴ ŐSő in year t for each ageŋsex cѴass 
Őexcept ram ѴambsŌsee beѴowő wasķ thereforeķ estimated using thresh-

oѴd modeѴs ŐFigure ƒaőķ assuming a binomiaѴ distributionĹ

where β0 are interceptsķ βt and βe are sѴope terms for a temporaѴ trend 
and the first environmentaѴ axis Őeő respectiveѴyķ and θ are thresh-

oѴdsĺ The Ŏ subscript indicates parameters estimated separateѴy for 
each ageŋsex cѴassĺ There was no evidence of a threshoѴd in the fe-

cundity Őreproduction or twinningő or ram Ѵamb survivaѴ submodeѴs 
ŐFigure SƑőĺ The probabiѴity of reproduction ŐRő was estimated using 
a simpѴe Ѵogistic regressionĹ

with the parameters defined as above ŐEquation Ɛőĺ The twinning and ram 
Ѵamb survivaѴ submodeѴs were structuraѴѴy anaѴogous to Equation ŐƑőĺ

As the vitaѴ rates are highѴy density dependent and popuѴation 
sizes have generaѴѴy increased over the study period ŐFigure Sƒĸ 
CouѴson et aѴĺķ ƑƏƏѶő the environmentaѴ axis Őeő was modeѴѴed as a 
function of density ŐD

t
ĸ the Ѵog ƐƏ number of sheep in the popuѴation 

in August of year tő and the study year ŐtőĹ

where αt is a sѴope term for the temporaѴ trendĺ The random year ef-
fects Ő�e

t
ő account for residuaѴ covariation among the vitaѴ rates and 

were sampѴed from a normaѴ distribution with mean zero and SD σe. 

IncѴuding a temporaѴ trend Őαttő here aѴѴows for an interaction between 
density and time across the vitaѴ ratesķ whiѴst the vitaѴ rateŊspecific 
temporaѴ trends Őgiven by βtt in Equations Ɛ and Ƒő aѴѴow for temporaѴ 
trends in the mean vitaѴ rates ŐFigure SƓőĺ

We used a Bayesian framework for inferenceĺ Parameter es-

timates were obtained using Markov Chain Monte CarѴo ŐMCMCő 
simuѴation in JAGS ŐPѴummerķ ƑƏƏƒőķ using the R package runjags 

ŐDenwoodķ ƑƏƐѵőĺ WeakѴy informative priors were used to aid con-

vergence ŐTabѴe SƐőĺ The modeѴs were run using two chainsķ each 
with a discarded burnŊin period of Ɛ Ƶ ƐƏ5 iterationsĺ The chains 
were run for a further ѵ Ƶ ƐƏѵ iterationsķ and thinnedķ keeping every 
ƑķƏƏƏth sampѴe to produce a totaѴ posterior sampѴe of ѵķƏƏƏ across 
both chainsĺ Posterior predictive checks were used to determine 
whether the temporaѴ variation in the vitaѴ rates was weѴѴ expѴained 
by the initiaѴ modeѴ ŐGeѴmanķ CarѴinķ Sternķ ş Rubinķ ƑƏƏƓőĺ
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ƓՊ |ՊDE VELOPMENT OF THE SEM

SurvivaѴ across the six ageŋsex cѴasses was weѴѴ predicted by the 
singѴeŊaxis modeѴ ŐFigure Ɠaőĺ Howeverķ posterior predictive checks 
reveaѴed evidence of unexpѴained variation in the fecundity sub-

modeѴs ŐFigure Ɠaĸ Appendix SƐőĺ Independentķ submodeѴ specific 
random year effects were introduced into the fecundity submodeѴs 
to expѴore this unexpѴained variation ŐAppendix SƐőĺ The posterior 
distributions of the corresponding variance terms were concen-

trated at zero for the yearѴing reproduction and twinning submod-

eѴsĺ Howeverķ the variances of the remaining fecundity components 

were nonzeroķ and the associated year effects were positiveѴy cor-
reѴated ŐAppendix SƐőĺ ConsequentѴyķ we constructed a twoŊaxis 
modeѴ ŐFigure ƒbő by introducing a second Ѵatent variabѴe affecting 
Ѵamb reproductionķ aduѴt reproductionķ and aduѴt twinning onѴyĺ The 
probabiѴity of Ѵamb or aduѴt reproduction was then given byĹ

where βf is the sѴope for the second environmentaѴ axisķ �f
t
ĺ The aduѴt 

twinning submodeѴ is structuraѴѴy anaѴogous to Equation ŐƓőĺ The 
random year effects for the first and second environmentaѴ axes  

ŐƓőlogit
(

R
∙,t

)

=�0,r
∙

+�t,r
∙
t−�e,r

∙
e(t)+� f,r

∙
�
f

t
,

F I G U R E  ƒ Պ Őaő Proportion of individuaѴs Őiő reproducingķ Őiiő survivingķ and Őiiiő twinning against popuѴation densityķ separated by ageŋsex 
cѴassĺ Points show observed dataĺ Point size is on a continuous scaѴeķ with Ѵarger points indicating Ѵater years in the studyĺ Lines show fitted 
baseѴine submodeѴs ŐEquation ƒő for the twoŊaxis modeѴ for the midyear of the studyķ with the random year effect at zeroķ using the posterior 
mediansĺ Őbő Path diagram for the twoŊaxis modeѴĺ CoѴours denote the age cѴass and match those used in Őaőĺ The vitaѴ rates are given by 
Equations ŐƐŋƓőĺ Note that the structure of the singѴeŊaxis modeѴ is the sameķ excѴuding the second environmentaѴ axis
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   (iii) Age

Lambs

Yearlings

Adults

Sex
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Year
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Lamb reproduction 

Yearling reproduction 

Ewe lamb survival 

Ram lamb survival 

Ewe yearling survival 

Ram yearling survival 

Density (D
t
) 

Year (t) 

First environmental axis 

Second environmental axis 

Ram adult survival 

Ewe adult survival 

Adult reproduction 

Yearling twinning 

Adult twinning 
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Ő�e
t
 ŒEquation ƒœ and �f

t
 respectiveѴyő were aѴѴowed to covaryĺ Thusķ 

these were sampѴed from a muѴtivariate normaѴ distribution with 
means of zero and covariance matrix Σ.

The vitaѴ rates were weѴѴ predicted using the twoŊaxis modeѴ 
ŐFigure Ɠbőĺ Adding the second environmentaѴ axis improved the fit 
of the Ѵamb reproductionķ aduѴt reproductionķ and aduѴt twinning 
submodeѴs ŐFigure Ɠőĺ Howeverķ it was the first axis that captured 
most of the variation in the vitaѴ rates across the ѴifecycѴeĺ The 
ƖƔѷ credibѴe intervaѴs of the βe sѴope terms overѴap zero in onѴy 
two of ƐƐ submodeѴs ŐaduѴt reproduction and yearѴing twinningĸ 
Appendix SƐőķ indicating that the first axis drove variation in sur-
vivaѴ and fecundity in nearѴy aѴѴ ageŋsex cѴassesĺ Variation in sur-
vivaѴ across the ageŋsex cѴasses and the majority of variation in 
the most variabѴe fecundity rate ŐѴamb reproductionő was captured 
by the first axis ŐFigure Ɠőĺ Variation in yearѴing twinning was not 
captured by either axisķ howeverķ this remains Ѵow throughout the 
study period and is ѴikeѴy to be expѴained by demographic stochas-

ticity Őthe maximum number of yearѴings twinning in Ɛ year was 
three and none of the yearѴings twinned in ƐƖ out of the ƒƏ yearsőĺ 
There was no evidence of correѴations between the yearѴy esti-
mates of the second environmentaѴ axis Ő�f

t
ő and density ŐD

t
ő or 

year Őtĸ Appendix SƐőķ indicating these effects were captured by 
the first axisĺ There was aѴso no evidence of a correѴation with 
the sex ratio ŐAppendix SƐőķ suggesting femaѴe fecundity was not 
Ѵimited by maѴe avaiѴabiѴityĺ

ƔՊ |ՊIDENTIF YING CLIMATIC DRIVERS

We used the twoŊaxis modeѴ for further anaѴysis of environmentaѴ 
effectsĺ Hereķ we consider the first environmentaѴ axis Őeőķ which 
drives the majority of the covariation in the vitaѴ rates ŐFigure Ɠőĺ 
We found no evidence of weather conditions driving the variation 
in the second axis ŐAppendix SƑĺƑőĺ In the reference modeѴsķ the first 
environmentaѴ axis was given byĹ

where M
t
 is the cѴimatic variabѴe Őwinter NAO or mean March precip-

itationő in year t and βm is a sѴope termĺ For the ѴocaѴ weather FLMs 
the means of the daiѴy variabѴes every fortnight Őwő from the begin-

ning of January in t ƴ Ɛ Őw Ʒ Ɛő untiѴ the end of JuѴy in t Őw Ʒ ƓƑőķ were 

ŐƔőe(t)=Dt−�mMt−�
t
t−�

e

t
,

F I G U R E  Ɠ Պ Observed and predicted vitaѴ rates using Őaő the singѴeŊaxis and Őbő twoŊaxis modeѴĺ BѴack borders around the points indicate 
those processes partiaѴѴy driven by the second axis ŐFigure ƒbőĺ The addition of the second axis increases the correѴation between observed 
and predicted vitaѴ rates from ĺƓƕ to ĺƕƓ for aduѴt reproductionķ ĺƔѶ to ĺѶƐ for aduѴt twinningķ and ĺѶƓ to ĺƖƓ for Ѵamb reproductionĺ The 
vitaѴ rates driven by the primary environmentaѴ axis onѴy Őeĺgĺ survivaѴ for aѴѴ demographic cѴasseső were not affected by the addition of 
the second axisĺ VitaѴ rates were predicted using the posterior medians as the parameter estimatesķ the observed density from t ƴ Ɛ and 
incѴuding the estimated random effect for each yearĺ Dashed Ѵines show a ƐĹƐ correѴation

0.00

0.25

0.50

0.75

1.00

0.00 0.25 0.50 0.75 1.00

Observed reproduction

P
re

d
ic

te
d
 r

e
p
ro

d
u
c
ti
o
n

(i)

0.00

0.25

0.50

0.75

1.00

0.00 0.25 0.50 0.75 1.00

Observed survival

P
re

d
ic

te
d
 s

u
rv

iv
a
l

(ii)

0.0

0.1

0.2

0.3

0.0 0.1 0.2 0.3

Observed twinning

P
re

d
ic

te
d
 t
w

in
n
in

g

(iii)

(a)

0.00

0.25

0.50

0.75

1.00

0.00 0.25 0.50 0.75 1.00

Observed reproduction

P
re

d
ic

te
d
 r

e
p
ro

d
u
c
ti
o

n

(i)

0.00

0.25

0.50

0.75

1.00

0.00 0.25 0.50 0.75 1.00

Observed survival

P
re

d
ic

te
d
 s

u
rv

iv
a
l

(ii)

0.0

0.1

0.2

0.3

0.0 0.1 0.2 0.3

Observed twinning
P

re
d
ic

te
d
 t
w

in
n
in

g

(iii)

(b)

Age

Lambs
Yearlings
Adults

Sex

Ewe
Ram



ƒƑѶѶՊ |Պ ՊՍ HINDLE ET AL.

used as covariates ŐFigure SƔőĺ MonthѴy NAO data over the same 
time period were used for the NAO FLM Őw = ƐķƑ Ļķ ƐƖőĺ SeasonaѴity 
was removed from the weather data by centering ŐFigure SƔőĺ As 
the seasonaѴ component of the cѴimatic signaѴ does not vary among 
years it cannot expѴain the interannuaѴ variation in the demographic 
ratesķ howeverķ removing the seasonaѴity from the data can aid con-

vergence of the modeѴsĺ Each covariate was incѴuded in a separate 
modeѴķ with the first environmentaѴ axis Őeő given byĹ

where C
tw

 is cѴimate variabѴe C in year t and time intervaѴ w Őfort-
night for the ѴocaѴ variabѴes and month for NAOő and f

c
Őwő is a 

smooth function that aѴѴows the effect of the cѴimate covariates 
to vary smoothѴy over the ƐƖ month period Őeĺgĺ Figure Ɛbőĺ The 
FLM was estimated using eight knots and a cubic regression 
ŐľcrĿő spѴine basis Ősee Appendix SƑĺƐőĺ TeѴѴer et aѴĺ ŐƑƏƐѵő and 
Tenhumberg et aѴĺ ŐƑƏƐѶő provide detaiѴ on using FLMs to esti-
mate demographic rates using Ѵagged cѴimatic data Ősee Woodķ 
ƑƏƐƕ for more generaѴ detaiѴőĺ ExampѴe code for using the SEMŊ
FLM approach is avaiѴabѴe on github Őhttps ĹņņdoiĺorgņƐƏĺƔƑѶƐņ
zenodoĺƒƑƒѵƕѵѵőĺ

The out of sampѴe predictive performance and the proportion 
of variance ŐR2ő in e expѴained for each of the FLMs ŐEquation ѵő was 
compared to the base modeѴ ŐEquation ƒőķ and the reference mod-

eѴs ŐEquation Ɣőĺ Leave one out cѴuster cross vaѴidation was used to 
assess predictive performanceĺ The modeѴs were refitted ƒƏ timesķ 
Ѵeaving out each year of data in turnĺ The predictive performance 
of each modeѴ was estimated using the expected Ѵogwise predictive 
density Őêlpdĸ Vehtariķ GeѴmanķ ş Gabryķ ƑƏƐƕőĺ Since ignoring the 
random year effects Őεe and ε

fő may Ѵead to overѴy optimistic esti-
mates of a modeѴŝs predictive performance ŐPavѴouķ AmbѴerķ Seamanķ 
ş Omarķ ƑƏƐƔĸ SkrondaѴ ş RabeŊHeskethķ ƑƏƏƖőķ a Monte CarѴo ap-

proach was used to caѴcuѴate the marginaѴ predictive densityĺ The 
êlpd was then

where S is the number of draws from the posteriorķ M is the number of 
sampѴes from the random year effect distributions and n is the number 
of years of data ŐVehtari et aѴĺķ ƑƏƐƕőĺ The ѴikeѴihood pŐy

i
|θs,mő is caѴcu-

Ѵated as the product of the ѴikeѴihoods for each of the ƐƐ submodeѴsĸ 
y

i
 is the observed data in year i and θs,m is draw s from the posterior of 

the modeѴ that excѴuded the data from year iķ with sampѴe m from the 
random effectsĺ Posterior sampѴes were obtained using MCMC sam-

pѴing in JAGS as above and the êlpd was estimated using the whoѴe 
posterior sampѴe of ѵķƏƏƏ for each yearĺ εe and εf were sampѴed from a 
muѴtivariate normaѴ distribution ƐķƏƏƏ times for each posterior sampѴeĺ 
The difference in the predictive abiѴity of two modeѴs ŐA and Bő on the 
deviance scaѴe was given by −2 (̂elpdA−̂

elpdB) ŐVehtari et aѴĺķ ƑƏƐƕőĺ

ѵՊ |ՊCLIMATIC MODEL RESULTS

The strongest weather effects were over winterķ when the vast ma-

jority of mortaѴity occurs ŐHaѴѴett et aѴĺķ ƑƏƏƓőķ but there was aѴso 
evidence of Ѵonger term effectsķ especiaѴѴy during autumn ŐFigure Ɣőĺ 
The vitaѴ rates were driven by the cumuѴative effect of precipita-

tion from summer t  ƴ Ɛ untiѴ winter in year tĺ Over this time periodķ 
increased precipitation decreased survivaѴ and fecundityķ with the 
strongest effects in autumn and winter ŐFigure Ɣaőĺ High wind speeds 
had a positive effect in winter and spring t ƴ Ɛ and a negative effect 
over autumn and winter in t ŐFigure Ɣbőĺ Higher NAO vaѴues from 
spring in t  ƴ Ɛ were associated with decreased survivaѴ and fecun-

dityķ with particuѴarѴy strong effects over winter in year t ŐFigure Ɣdőĺ
Cross vaѴidation was not carried out on the temperature FLMķ 

as there was no evidence of an effect on the vitaѴ rates ŐFigure Ɣcőĺ 
AѴѴ of the remaining cѴimatic modeѴs had a better predictive perfor-
mance than the baseѴine modeѴ ŐTabѴe Ɛőķ howeverķ the gain was mar-
ginaѴ in the case of March precipitationĺ Wind speed was the best 
performing of the FLMsĸ wind speed and precipitation both outper-
formed the monthѴy NAO FLM ŐTabѴe Ɛőĺ Howeverķ the winter NAO 
modeѴ had a better predictive performance than any of the FLMsķ 
with higher winter NAO vaѴues associated with decreased survivaѴ 
and fecundity ŐTabѴe Ɛőĺ Using an additive framework to incѴude both 
precipitation and wind speed in a singѴe modeѴ did not improve the 
predictive performance beyond the wind speed FLM ŐAppendix 
SƑĺƒőĺ ModeѴs incѴuding the precipitation or wind speed FLM as weѴѴ 
as winter NAO exhibited marginaѴѴy better predictive performance 
than the winter NAO modeѴ ŐAppendix SƑĺƓőĺ

ƕՊ |ՊDISCUSSION

Our anaѴysis shows that vitaѴ rates can vary aѴong considerabѴy fewer 
temporaѴ dimensions than the number of vitaѴ rateŋageŋsex combi-
nations to be estimatedĺ Using a demographic SEM to simuѴtaneousѴy 
estimate the vitaѴ rates provides a simpѴe target for the chaѴѴenging 
task of decomposing temporaѴ variation in the vitaѴ rates into the 
effects of different intrinsic Őeĺgĺ densityő and extrinsic Őeĺgĺ cѴimaticő 
covariatesĺ In the Soay popuѴation a simpѴe demographic SEM with a 
singѴe axis described most of the variation in survivaѴķ reproductionķ 
and twinning across six ageŋsex cѴassesķ with aѴѴ vitaѴ rates weѴѴŊpre-

dicted by two environmentaѴ axesĺ Age and sex differences in the 
mean and variance of vitaѴ rates ŐGaiѴѴardķ FestaŊBianchetķ ş Yoccozķ 
ƐƖƖѶĸ GaiѴѴard et aѴĺķ ƑƏƏƏő have Ѵed to vitaѴ rates for different ageŋ
sex cѴasses being treated independentѴy Őeĺgĺ CouѴson et aѴĺķ ƑƏƏƐőĺ 
Positive covariances amongst the vitaѴ rates across ageŋsex cѴasses 
suggest thatķ despite differences in the magnitude of environmen-

taѴ effectsķ common factors drive the variation in vitaѴ rates across 
ageŋsex cѴassesĺ Such positive covariances are widespread in naturaѴ 
popuѴationsķ incѴuding in pѴants ŐJongejans et aѴĺķ ƑƏƐƏőķ birds ŐNur ş 
Sydemanķ ƐƖƖƖőķ and mammaѴs ŐRoteѴѴa et aѴĺķ ƑƏƐƑőķ suggesting the 
SEM approach is wideѴy appѴicabѴeĺ
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Despite many previous attempts to determine underѴying 
drivers in the Soay sheep popuѴationķ Őeĺgĺ CatchpoѴe et aѴĺķ ƑƏƏƏĸ 
CѴuttonŊBrock et aѴĺķ ƐƖƖƐķ ƐƖƖƑĸ CouѴson et aѴĺķ ƑƏƏƐĸ GrenfeѴѴ  
et aѴĺķ ƐƖƖѶĸ MiѴner et aѴĺķ ƐƖƖƖĸ Stenseth et aѴĺķ ƑƏƏƓőķ we identified 
previousѴy unseen weather effects using the FLMsķ with the vitaѴ 
rates affected by cumuѴative effects from up to ƐƑ months prior to 

the mortaѴity periodĺ The choice of possibѴe driversķ and the periods 
over which they are assumed to actķ are important modeѴѴing deci-
sionsķ yet many studies provide ѴittѴe justification for their chosen 
variabѴes ŐEhrѴen et aѴĺķ ƑƏƐѵĸ van de PoѴ et aѴĺķ ƑƏƐѵőĺ Our anaѴysis 
reinforces previous resuѴtsķ whereby increased wind speeds and 
precipitation over winter increase mortaѴity ŐCouѴson et aѴĺķ ƑƏƏƐĸ 
MiѴner et aѴĺķ ƐƖƖƖőĺ Howeverķ we aѴso found that high precipitation 
and wind speeds during the autumn rut appeared nearѴy as costѴy 
as during winterķ demonstrating that the FLM method can uncover 
noveѴ cѴimatic effects even in weѴѴŊstudied popuѴationsĺ Rutting is 
energeticaѴѴy costѴyķ with decreased foraging time and increased en-

ergy expenditure ŐStevenson ş Bancroftķ ƐƖƖƔőĺ EnvironmentaѴ con-

ditions during this period mayķ thereforeķ have substantiaѴ effects on 
body condition and subsequent survivaѴ ŐBarbozaķ Hartbauerķ Hauerķ 
ş BѴakeķ ƑƏƏƓőĺ

The weight of individuaѴs in summer is not associated with pop-

uѴation density in the previous winter ŐCѴuttonŊBrock et aѴĺķ ƐƖƖƐőķ 
indicating that by summer individuaѴs are abѴe to regain their con-

dition foѴѴowing harsh wintersĺ Thus it appears unѴikeѴy that win-

ter conditions wiѴѴ create interannuaѴ carryŊover effectsĺ Howeverķ 
we found that higher maximum wind speeds in winter and spring 
t ƴ Ɛ appeared to increase survivaѴ in year t. SequentiaѴ density de-

pendenceķ where harsh environmentaѴ conditions decrease density 
resuѴting in higher survivaѴ ŐRakhimberdievķ Houtķ Bruggeķ Spaansķ 
ş Piersmaķ ƑƏƐƔőķ couѴd Ѵead to deѴayed cѴimatic effectsĺ Howeverķ 

F I G U R E  Ɣ Պ FunctionaѴ Ѵinear modeѴs 
for Őaő precipitationķ Őbő wind speedķ Őcő 
temperatureķ and Ődő North AtѴantic 
OsciѴѴation ŐNAOőĺ Thick bѴack Ѵines show 
the posterior mediansķ thinner grey Ѵines 
show ƐƏƏ simuѴations from the posteriorĺ 
The horizontaѴ dashed red Ѵine is at Əĺ 
Dashed verticaѴ Ѵines and Ѵetters at the 
top of the pѴot indicate the seasonsĺ 
Coefficients above the Ѵine indicate that 
higher vaѴues of the weather variabѴe 
during that time period were associated 
with an increase in survivaѴ and fecundityĺ 
The rut occurs during autumn and 
mortaѴity occurs during winter and earѴy 
spring
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TA B L E  Ɛ Պ Performance of the cѴimatic modeѴs

Model

Relative predictive 

performance R
2

March precipitation ƴƏĺѵƕ ĺѵѶ ŐĺƔѶŋĺƕƓő

MonthѴy NAO FLM ƴƐĺƖѵ ĺƕƕ ŐĺѵƒŋĺѶƓő

FortnightѴy precipitation FLM ƴƒĺѶƑ ĺƕƕ ŐĺѵƔŋĺѶƓő

FortnightѴy wind speed FLM ƴƔĺƕƒ ĺѶƐ ŐĺѵƖŋĺѶƕő

Winter NAO ƴƐƒĺƔƕ ĺѶѵ ŐĺƕƖŋĺƖƏő

Note: ReѴative predictive performance is the difference in out of sampѴe 
predictive performance ŐEquation ƕő between the baseѴine modeѴ Őwith 
no cѴimate effectsĸ Equation ƒő and each cѴimate modeѴķ on the deviance 
scaѴeĺ More negative vaѴues indicate modeѴs with a better predictive 
performanceĺ R2 is the proportion of variation in the first environmentaѴ 
axis Őeő expѴained by the fixed effects Őiĺeĺ densityķ the temporaѴ trendķ 
and the reѴevant cѴimatic variabѴesőĺ VaѴues are the median and ƖƔѷ 
quantiѴesķ caѴcuѴated by sampѴing from the posterior distributionĺ R2 for 
the base modeѴ is ĺѵѶ ŐĺƔƕŋĺƕƓőĺ
AbbreviationĹ FLMķ functionaѴ Ѵinear modeѴĸ NAOķ North AtѴantic 
OsciѴѴationĺ
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the incѴusion of density during the summer Őiĺeĺ after the higher wind 
speeds effectő in this case suggests the Ѵagged effect is independent 
of any density effectsĺ The mechanisms by which this Ѵagged effect 
of wind speed may be operating thus need further researchĺ It is pos-

sibѴe that wind speed is mereѴy correѴated with another environmen-

taѴ driver ŐEhrѴen et aѴĺķ ƑƏƐѵĸ Grosbois et aѴĺķ ƑƏƏѶő that underpins 
an indirectķ deѴayed effect of the vegetation ŐTerraube et aѴĺķ ƑƏƐƔőĺ 
Howeverķ the Ѵack of evidence of Ѵagged effects of temperatureķ 
which wouѴd be ѴikeѴy to drive changes in vegetation productivity 
ŐHunter ş Grantķ ƐƖƕƐőķ is suggestive of a Ѵack of indirect effects via 
resource avaiѴabiѴity in this popuѴationĺ

The reѴative importance of precipitation and windspeedķ com-

pared to temperatureķ expѴains why NAO is a good predictor of the 
vitaѴ rates in this popuѴation as higher winter NAO vaѴues are associ-
ated with wetter and windierķ yet warmerķ winters in the study area 
ŐHurreѴѴ ş VanLoonķ ƐƖƖƕőĺ Predictions of future NAO are wideѴy 
variabѴeķ depending on the modeѴ and emissions scenario usedķ how-

everķ overaѴѴ the pattern suggests that the mean NAO wiѴѴ increase 
by the end of the century ŐSimmonds ş CouѴsonķ ƑƏƐƔőĺ Given the 
negative reѴationship between winter NAO and the demographic 
ratesķ found in this study and many previous studies Őeĺgĺ CouѴson  
et aѴĺķ ƑƏƏƐĸ Stenseth et aѴĺķ ƑƏƏƓőķ popuѴation sizes may be ѴikeѴy 
to decrease in the future ŐSimmonds ş CouѴsonķ ƑƏƐƔőĺ This is sup-

ported by predictions in the ѴocaѴ cѴimatic variabѴesķ where increases 
in winter precipitation and wind speedsķ aѴong with decreases in 
summer wind speeds across the United Kingdom ŐMurphy et aѴĺķ 
ƑƏƐƖő wouѴd aѴso be predicted to Ѵead to a decrease in popuѴation 
sizeĺ

We have demonstrated that the use of fѴexibѴe statisticaѴ tooѴs 
to determine the temporaѴ windows over which ѴocaѴ variabѴes act 
can improve their predictive performance reѴative to a priori deci-
sions about the reѴevant windowsĺ Howeverķ aѴѴ three ѴocaѴ variabѴes 
were stiѴѴ outperformed by a ѴargeŊscaѴe cѴimatic index Őwinter NAOőĺ 
Such ѴargeŊscaѴe indices have often been used as a proxy forķ and 
have frequentѴy outperformedķ ѴocaѴ weather variabѴes ŐHaѴѴett  
et aѴĺķ ƑƏƏƓĸ Post ş Stensethķ ƐƖƖƖőĺ Despite thisķ the reѴationship 
between ѴargeŊscaѴe indices and ѴocaѴ weather may be temporaѴѴy 
andņor spatiaѴѴy variabѴe ŐAnders ş Postķ ƑƏƏѵĸ Stenseth et aѴĺķ ƑƏƏƒőĺ 
Thus ѴargeŊscaѴe indices may provide inaccurate future predictions 
of popuѴation dynamicsķ whiѴst using such indices to compare the 
sensitivity of popuѴations to cѴimatic conditions across Ѵarge spatiaѴ 
scaѴes may simpѴy recover patterns in the strength of the reѴationship 
between the index and ѴocaѴ weather variabѴes ŐAnders ş Postķ ƑƏƏѵĸ 
van de PoѴ et aѴĺķ ƑƏƐƒőĺ A ѴikeѴy reason for the reѴativeѴy high predic-

tive performance of ѴargeŊscaѴe indices is that they incorporate the 
effects of muѴtipѴe ѴocaѴ variabѴesĺ AѴthough interactions between 
ѴocaѴ variabѴes are ѴikeѴy to be important ŐEhrѴen et aѴĺķ ƑƏƐѵĸ Stenseth 
ş Mysterudķ ƑƏƏƔőķ incѴuding muѴtipѴe cѴimatic drivers is not simpѴeķ 
as they are often correѴated ŐGrosbois et aѴĺķ ƑƏƏѶőĺ The choice of 
ѴocaѴ weather variabѴes versus ѴargeŊscaѴe indices for such studies 
dependsķ thereforeķ on the study system and spatiaѴ and temporaѴ 
extent of the study as weѴѴ as its purposeĺ LargeŊscaѴe indices do not 
directѴy infѴuence vitaѴ ratesķ which means their use cannot improve 

the mechanistic understanding of how popuѴations respond to envi-
ronmentaѴ variation ŐStenseth et aѴĺķ ƑƏƏƒő without aѴso considering 
the associations between such indices and ѴocaѴ weather conditions 
ŐAѴmaraz ş Amatķ ƑƏƏƓĸ Anders ş Postķ ƑƏƏѵőĺ If the aim of the 
study is to predict dynamics under future change the variabѴe with 
the highest predictive performanceķ which frequentѴy is a broadscaѴe 
indexķ is probabѴy most appropriateĺ AѴternativeѴyķ if the aim is to un-

derstand how a popuѴation responds to environmentaѴ variation ѴocaѴ 
cѴimatic drivers may be more reѴevant ŐNieѴsen et aѴĺķ ƑƏƐƑőĺ

The ƒƏ year data set used in this anaѴysis has higher ѴeveѴs of 
temporaѴ repѴication than the majority of demographic data sets 
ŐSaѴgueroŊGomez et aѴĺķ ƑƏƐѵķ ƑƏƐƔőĺ The SEM component of the 
modeѴ can work weѴѴ with more Ѵimited temporaѴ repѴicationķ for 
exampѴeķ HindѴe et aѴĺ ŐƑƏƐѶő used a Ѷ year data setĺ The FLM part 
of the approach has higher data requirementsķ howeverķ with TeѴѴer  
et aѴĺ ŐƑƏƐѵő suggesting that ƑƏŋƑƔ years of data may be needed to 
accurateѴy identify environmentaѴ drivers and preciseѴy estimate 
their effectsĺ Howeverķ aѴternative approaches aѴso perform reѴa-

tiveѴy poorѴy with Ѵow temporaѴ repѴication Ővan de PoѴ et aѴĺķ ƑƏƐѵőķ 
suggesting this issue is due to the compѴexity of the probѴem rather 
than being specific to FLMsĺ As with any statisticaѴ approach check-

ing the fit of the modeѴ is important and can heѴp to improve pre-

dictive performanceĺ Cross vaѴidation is rareѴy used in studies of the 
environmentaѴ drivers of demographic rates ŐGrosbois et aѴĺķ ƑƏƏѶőĺ 
When identifying environmentaѴ drivers the aim is often to predict 
popuѴation responses to a future change in those drivers ŐGoteѴѴi ş 
EѴѴisonķ ƑƏƏѵőĸ thusķ outŊofŊsampѴe predictive performance is a key 
measure of modeѴ utiѴity ŐWenger ş OѴdenķ ƑƏƐƑőĺ Many studies in-

stead reѴy on withinŊsampѴe measuresķ such as Akaike information 
criteria ŐAICőķ which may be subjected to overfitting ŐDahѴgrenķ ƑƏƐƏĸ 
Murtaughķ ƑƏƏƖĸ RaffaѴovichķ Deaneķ Armstrongķ ş Tsaoķ ƑƏƏѶĸ van 
de PoѴ et aѴĺķ ƑƏƐѵőĺ Moreoverķ the use of measures such as AIC is 
not straightforward for hierarchicaѴ modeѴsķ which are typicaѴѴy nec-

essary for dependent demographic data cѴustered in time or space 
ŐVaida ş BѴanchardķ ƑƏƏƔőĺ

Rapid cѴimate change has increased interest in predicting ecoѴog-

icaѴ responses to environmentaѴ variationĺ For accurate predictions 
reѴevant drivers and their temporaѴ windows of infѴuence must be 
identified and their effects must be accurateѴy quantifiedĺ We have 
demonstrated that the dimensionaѴity of the environment can be 
remarkabѴy Ѵowķ suggesting the infѴuence of common environmen-

taѴ drivers across the vitaѴ rates and Ѵife cycѴeķ and thus providing 
a simpѴer target for identifying such driversĺ By incorporating cѴi-
matic drivers over extended temporaѴ periods FLMs can increase 
the predictive performance of ѴocaѴ variabѴesĺ IncѴuding interactions 
among cѴimatic variabѴes may further increase the predictive perfor-
mance of ѴocaѴ modeѴsķ beyond that of ѴargeŊscaѴe indices ŐStenseth 
ş Mysterudķ ƑƏƏƔőĺ
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