
This is a repository copy of Changes in age structure over four decades were a key ‐

determinant of population growth rate in a long lived mammal‐ .

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/163857/

Version: Published Version

Article:

Jackson, J., Mar, K.U., Htut, W. et al. (2 more authors) (2020) Changes in age structure ‐

over four decades were a key determinant of population growth rate in a long lived ‐

mammal. Journal of Animal Ecology. ISSN 0021-8790 

https://doi.org/10.1111/1365-2656.13290

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/


J Anim Ecol. 2020;00:1�11.    Պ|Պ Ɛwileyonlinelibrary.com/journal/jane

 

ReceivedĹ Ɣ ApriѴ ƑƏƐƖՊ |Պ AcceptedĹ Ɠ June ƑƏƑƏ

DOI: 10.1111/1365-2656.13290  

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

Changes in ageŊstructure over four decades were a key 
determinant of popuѴation growth rate in a ѴongŊѴived mammaѴ

John JacksonƐķƑ Պ|   Khyne Uĺ Mar3Պ|   Win Htut4Պ|   DyѴan Zĺ ChiѴdsƑ Պ|   Virpi Lummaa3

This is an open access articѴe under the terms of the Creative Commons Attribution Licenseķ which permits useķ distribution and reproduction in any mediumķ 
provided the originaѴ work is properѴy citedĺ
š ƑƏƑƏ The Authorsĺ Journal of Animal Ecology pubѴished by John WiѴey ş Sons Ltd on behaѴf of British EcoѴogicaѴ Society

DyѴan Zĺ ChiѴds and Virpi Lummaa hoѴd joint contribution and shared authorshipĺ  

1Department of BioѴogyķ InterdiscipѴinary 
Centre for PopuѴation Dynamicsķ University 
of Southern Denmarkķ Odense Mķ Denmark
2Department of AnimaѴ and PѴant Sciencesķ 
University of SheffieѴdķ SheffieѴdķ UK
3Department of BioѴogyķ University of Turkuķ 
Turkuķ FinѴand
ƓMyanma Timber Enterpriseķ Ministry 
of NaturaѴ Resources and Environment 
Conservationķ Gyogone Forest Compoundķ 
Yangonķ Myanmar

Correspondence
John Jackson
EmaiѴĹ johnjaŠbioѴogyĺsduĺdk

Funding information
HƑƏƑƏ European Research CounciѴĸ The 
Academy of FinѴandĸ NaturaѴ Environment 
Research CounciѴ

HandѴing EditorĹ JeanŊMicheѴ GaiѴѴard

Abstract
Ɛĺ A changing environment directѴy infѴuences birth and mortaѴity ratesķ and thus 

popuѴation growth ratesĺ Howeverķ popuѴation growth rates in the short term are 
aѴso infѴuenced by popuѴation ageŊstructureĺ Despite its importanceķ the contribu-

tion of ageŊstructure to popuѴation growth rates has rareѴy been expѴored empiri-
caѴѴy in wiѴdѴife popuѴations with ѴongŊterm demographic dataĺ

Ƒĺ Here we assessed how changes in ageŊstructure infѴuenced shortŊterm popuѴation 
dynamics in a semiŊcaptive popuѴation of Asian eѴephants Elephas maximus.

ƒĺ We addressed this question using a demographic dataset of femaѴe Asian eѴephants 
from timber camps in Myanmar spanning ƓƔ years ŐƐƖƕƏŋƑƏƐƓőĺ Firstķ we expѴored 
temporaѴ variation in ageŊstructureĺ Thenķ using annuaѴ matrix popuѴation modeѴsķ we 
used a retrospective approach to assess the contributions of ageŊstructure and vitaѴ 
rates to shortŊterm popuѴation growth rates with respect to the average environmentĺ

Ɠĺ AgeŊstructure was highѴy variabѴe over the study periodķ with Ѵarge proportions 
of juveniѴes in the years ƐƖƕƏ and ƐƖѶƔķ and made a substantiaѴ contribution to 
annuaѴ popuѴation growth rate deviationsĺ High aduѴt birth rates between ƐƖƕƏ 
and ƐƖѶƏ wouѴd have resuѴted in Ѵarge positive popuѴation growth ratesķ but these 
were prevented by a Ѵow proportion of reproductiveŊaged femaѴesĺ

Ɣĺ We highѴight that an understanding of both ageŊspecific vitaѴ rates and ageŊ 
structure is needed to assess shortŊterm popuѴation dynamicsĺ Furthermoreķ this 
exampѴe from a humanŊmanaged system suggests that the importance of ageŊ
structure may be accentuated in popuѴations experiencing human disturbance 
where ageŊstructure is unstabѴeķ such as those in captivity or for endangered 
speciesĺ UѴtimateѴyķ changes to the environment drive popuѴation dynamics by in-

fѴuencing birth and mortaѴity ratesķ but understanding demographic structure is 
cruciaѴ for assessing popuѴation growthĺ

K E Y W O R D S

Asian eѴephantsķ demographyķ matrix popuѴation modeѴsķ popuѴation dynamicsķ transient 
dynamics
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ƐՊ |ՊINTRODUC TION

PopuѴation growth rates are vaѴuabѴe indicators of a popuѴationŝs tra-

jectoryķ informing us about how they may respond to changes in their 
environmentĺ AgeŊ or stageŊspecific birth and mortaѴity rates are the 
fundamentaѴ components used to caѴcuѴate popuѴation growth ratesķ 
and accounting for ageŊspecific variation in birth and mortaѴity is vitaѴ 
when quantifying popuѴation dynamics ŐCasweѴѴķ ƑƏƏƐĸ CoѴchero 
et aѴĺķ ƑƏƐƖőĺ Howeverķ popuѴation growth rates in the short term 
are not onѴy determined by birth and mortaѴityķ but by demographic 
structureķ or the number of individuaѴs at different ages and of each 
sexĺ A change in demographic structure mayķ for exampѴeķ Ѵead to 
a popuѴation that Ѵacks a sufficient number of reproductiveŊaged 
individuaѴsķ Ѵimiting popuѴation growth in the short termĺ Changes 
in demographic structure may even resuѴt in rapid popuѴation de-

cѴine ŐLe GaѴѴiardķ Fitzeķ Ferriereķ ş CѴobertķ ƑƏƏƔőĺ As ageŊspecific 
birth and mortaѴity ratesķ or ļvitaѴ ratesĽķ are directѴy impacted by 
the environment ŐPardoķ Barbraudķ Authierķ ş Weimerskirchķ ƑƏƐƒĸ 
Stearnsķ ƐƖƖƑĸ Weimerskirchķ ƑƏƐѶőķ past environmentaѴ perturba-

tions to these rates may resuѴt in changes to ageŊstructureķ which 
eventuaѴѴy Ѵead to persistent differences in popuѴation size reѴative to 
a popuѴation at stabѴe ageŊstructure ŐKoonsķ HoѴmesķ ş Grandķ ƑƏƏƕőĺ 
Indeedķ in a constantѴy changing environment we observe Ѵarge fѴuc-

tuations in the demographic structure of popuѴations through time 
aѴongside changes in popuѴation size ŐEzard et aѴĺķ ƑƏƐƏĸ GaiѴѴardķ 
FestaŊBianchetķ Yoccozķ Loisonķ ş Toigoķ ƑƏƏƏĸ Mossķ ƑƏƏƐĸ TrimbѴeķ 
Ferreiraķ ş Aardeķ ƑƏƏƖőĺ Thusķ with variation in demographic struc-

ture we expect variation in popuѴation dynamicsķ even with constant 
survivaѴ and reproduction ŐCouѴson et aѴĺķ ƑƏƏƐőķ and there is a need 
to expѴore how ageŊstructure infѴuences popuѴation growth in addi-
tion to variation in birth and mortaѴity ratesĺ

Studies assessing popuѴation growth rates have typicaѴѴy focused 
on ѴongŊtermķ stabѴe popuѴation dynamicsķ which are not reѴiant upon 
popuѴation ageŊstructureĺ Howeverķ transient dynamicsķ or shortŊ
term popuѴation dynamics arising from nonŊstabѴe ageŊstructureķ 
have been shown to be a cruciaѴ driver of popuѴation dynamics in 
many popuѴations ŐEѴѴis ş Croneķ ƑƏƐƒĸ Ezard et aѴĺķ ƑƏƐƏĸ McDonaѴdķ 
Stottķ TownѴeyķ ş Hodgsonķ ƑƏƐѵĸ Stottķ TownѴeyķ ş Hodgsonķ ƑƏƐƐőĺ 
For both animaѴs and pѴantsķ transient dynamics are particuѴarѴy pro-

nounced in ѴongŊѴived organisms with ļsѴowĽ Ѵife historiesķ which typi-
caѴѴy dispѴay shortŊterm popuѴation dynamics with a Ѵarger ampѴitude 
ŐGameѴon et aѴĺķ ƑƏƐƓĸ Stott et aѴĺķ ƑƏƐƏőĺ Furthermoreķ the roѴe of 
shortŊterm popuѴation dynamics is ѴikeѴy to be infѴated in popuѴations 
that have been disturbedĺ One exampѴe is species that are hunted such 
as bighorn sheep ŐOvis canadensisőķ for which increased harvest rates 
that target mature individuaѴs with bigger horns resuѴt in a younger 
ageŊstructure ŐSchindѴerķ FestaŊBianchetķ Hoggķ ş PeѴѴetierķ ƑƏƐƕőĺ 
Thereforeķ it is important to consider shortŊterm popuѴation dynam-

ics in species that are endangeredķ captiveѴy managedķ experience 
poachingņharvest and are vuѴnerabѴe to rapid environmentaѴ change 
ŐGaoueķ ƑƏƐѵĸ Jacksonķ ChiѴdsķ Marķ Htutķ ş Lummaaķ ƑƏƐƖőĺ

Decomposing the effects of environmentaѴ processes on popu-

Ѵation growth is a key goaѴ in popuѴation ecoѴogyķ and retrospective 

anaѴyses such as ѴifeŊtabѴe response experiments provide a framework 
for separating the drivers of popuѴation growth rates ŐCasweѴѴķ ƐƖѶƖĸ 
MaѴdonadoŊChaparroķ BѴumsteinķ Armitageķ ş ChiѴdsķ ƑƏƐѶőĺ This 
approach has been appѴied to investigate how invasive species infѴu-

ence popuѴation dynamics ŐKaѴiszķ SpigѴerķ ş Horvitzķ ƑƏƐƓĸ WiѴѴiams 
ş Croneķ ƑƏƏѵőĺ Furthermoreķ the ѴifeŊtabѴe response experiment 
framework has aѴso recentѴy been appѴied to decompose popuѴa-

tion growth rates into contributions from vitaѴ rates and popuѴation 
structure ŐKoonsķ IѴesķ Schaubķ ş CasweѴѴķ ƑƏƐѵőĺ Howeverķ there are 
many direct and indirect interactions between vitaѴ rates and popu-

Ѵation structure Őeĺgĺ CouѴson et aѴĺķ ƑƏƏƐĸ Weimerskirchķ ƑƏƐѶőķ and 
thus assessing their contributions empiricaѴѴy is a chaѴѴengeĺ Extreme 
environmentaѴ conditions such as drought can increase ageŊspecific  
mortaѴity rates for vuѴnerabѴe ageŊcѴasses ŐFoѴeyķ PettoreѴѴiķ ş FoѴeyķ 
ƑƏƏѶőķ which causes a shift to ageŊstructureĺ ConverseѴyķ high den-

sities of individuaѴs at specific ageŊcѴasses couѴd resuѴt in densityŊ 
dependent effects such as competition for resourcesķ thereby  
increasing mortaѴity rates ŐCouѴson et aѴĺķ ƑƏƏƐőĺ One promising aѴ-
ternative is to investigate the contributions of ageŊstructure and 
vitaѴ rates to shortŊterm popuѴation dynamicsķ but few studies have 
appѴied our understanding of transient dynamics empiricaѴѴy to 
quantify the roѴe of ageŊstructureĺ

One key issue when assessing the impact of demographic struc-

ture on popuѴation dynamics is that individuaѴs may Ѵive for severaѴ 
years or even decadesķ making ѴongŊterm studies cruciaѴ ŐCѴuttonŊ
Brock ş SheѴdonķ ƑƏƐƏőĺ IdeaѴѴyķ demographic data on individuaѴs 
spanning severaѴ generations are avaiѴabѴe to quantify vitaѴ rates and 
ageŊstructure within a popuѴation ŐCouѴson et aѴĺķ ƑƏƏƐĸ Mossķ ƑƏƏƐĸ 
Robinsonķ Marķ ş Lummaaķ ƑƏƐƑĸ Weimerskirchķ ƑƏƐѶőĺ LongŊterm 
studies are of particuѴar importance for ѴongŊѴived species where 
changes in the environment and subsequent effects on ageŊstructure 
may Ѵast for severaѴ decades or generationsĺ LongŊѴived species with 
growth rates near repѴacement may be sѴow to recover from anthro-

pogenic disturbanceķ and exhibit deѴayed responses to changes in the 
environment ŐJackson et aѴĺķ ƑƏƐƖĸ Kuussaari et aѴĺķ ƑƏƏƖĸ Lahdenper࢜ķ 
Jacksonķ Htutķ ş Lummaaķ ƑƏƐƖĸ Mossķ ƑƏƏƐĸ Mumby et aѴĺķ ƑƏƐƔĸ 
TurkaѴoķ Wregeķ ş Wittemyerķ ƑƏƐѵőĺ Thereforeķ ageŊstructure may 
be particuѴarѴy important for shortŊterm popuѴation growth rates in 
ѴongŊѴived speciesķ because past perturbations in the environment 
can disturb ageŊstructure for many years before stabѴe dynamics are 
reached.

Here we aim to assess how ageŊstructure infѴuences shortŊterm 
popuѴation dynamics in a ѴongŊѴived mammaѴĺ Deviation away from a 
stabѴe ageŊstructure has been shown to drive shortŊterm popuѴation 
dynamics ŐEѴѴis ş Croneķ ƑƏƐƒĸ Koons et aѴĺķ ƑƏƐѵőķ but rareѴy has 
this concept been appѴied empiricaѴѴy to animaѴ popuѴations using 
ѴongŊterm demographic dataĺ To address thisķ we used an exten-

sive muѴtigenerationaѴ demographic studbook ŐN = ƑķƑƑƒő of cap-

tiveŊborn femaѴe Asian eѴephants Elephas maximus from Myanmarķ 
from ƐƖƕƏ to ƑƏƐƓĺ This ѴongŊtermķ individuaѴŊbased dataset enabѴes 
us to accurateѴy capture variation in ageŊstructure and individuaѴ Ѵife 
histories over severaѴ decades ŐChapmanķ Jacksonķ Htutķ Lummaaķ 
ş Lahdenper࢜ķ ƑƏƐƖőķ with which we can estimate vitaѴ rates and 
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popuѴation growth rates ŐJackson et aѴĺķ ƑƏƐƖőĺ Firstķ we expѴore 
changes in popuѴation ageŊstructure through timeĺ Thenķ by cap-

turing shortŊtermķ transient popuѴation dynamics in each year with 
matrix popuѴation modeѴsķ we used a retrospective approach to 
assess the contributions of ageŊstructure and vitaѴ rates to devia-

tions in annuaѴ popuѴation growth ratesķ with respect to the average 
environmentĺ

ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊStudy popuѴation

Asian eѴephants have a substantiaѴ ex situ popuѴation of approxi-
mateѴy ƐѵķƏƏƏ individuaѴs gѴobaѴѴy ŐSukumarķ ƑƏƏѵĸ Sukumar ş 
SantiapiѴѴaiķ ƐƖƖѵőĺ Most captive eѴephants are heѴd in range states 
Őeĺgĺ Indiaķ Myanmar and ThaiѴandő and used as working animaѴsķ ei-
ther for use in the timber industryķ tourism or for ceremoniaѴ pur-
posesĺ The Union of Myanmar has the Ѵargest working popuѴation of 
over ƔķƏƏƏ individuaѴs ŐSukumarķ ƑƏƏѵĸ Toke GaѴeķ ƐƖƕƐőĺ Our study 
popuѴation is comprised of over ƑķƕƏƏ stateŊowned working timber 
eѴephants across Myanmarķ which are used in the Ѵogging industryĺ 
ImportantѴyķ aѴthough timber eѴephants in Myanmar are captiveѴy 
managed and may be infѴuenced by workŊreѴated stressķ we define 
them as semiŊcaptiveĺ They have mortaѴity and fecundity patterns 
comparabѴe to naturaѴ popuѴations ŐCѴubb et aѴĺķ ƑƏƏƖőķ with an onset 
of reproduction at the age of Ɛƒ and a peak age of reproduction at ƐƖ 
ŐHaywardķ Marķ Lahdenper࢜ķ ş Lummaaķ ƑƏƐƓőĺ Furthermoreķ they 
have extended rest periods during the hot season ŐFebruaryŋJuneő 
and at nightķ forage naturaѴѴy in the forest without extensive sup-

pѴementationķ wean caѴves and reproduce naturaѴѴy without human 
managementķ and are not cuѴѴedĺ Timber eѴephants have been man-

aged in Myanmar for centuriesķ and both wiѴdŊcaught and captiveŊ
born individuaѴs breed in captivityķ but the current popuѴation was 
initiaѴѴy estabѴished mostѴy through the capture of wiѴd individuaѴs 
before ƐƖƖƓ ŐJackson et aѴĺķ ƑƏƐƖĸ Ugaķ ƑƏƏƏőĺ In ƑƏƐƓķ approximateѴy 
ƕƔѷ of the popuѴation was born in captivityĺ The stateŊowned tim-

ber eѴephants incѴuded in our study are aѴѴ registered and managed 
centraѴѴy by the Myanma Timber Enterprise ŐMTEőķ and thus keeping 
systems and workѴoad reguѴations are consistent across the country 
ŐMarķ ƑƏƏƕőĺ We used a demographic dataset compiѴed from indi-
viduaѴ eѴephant Ѵogbooks and annuaѴ MTE reportsĺ

AѴѴ registered eѴephants have data on the foѴѴowingĹ identifica-

tion number and nameķ birth origin ŐcaptiveŊborn or wiѴdŊcaughtőķ 
date and pѴace of birth Őestimated for wiѴdŊcaught individuaѴsķ see 
Lahdenper࢜ķ Marķ CourtioѴķ ş Lummaaķ ƑƏƐѶőķ motherŝs identifica-

tion number and nameķ year and pѴace of capture Őif wiѴdŊcapturedőķ 
year or age of tamingķ identities of aѴѴ caѴves sired Őif femaѴeőķ date of 
death or Ѵast known date aѴive and cause of death ŐLynsdaѴeķ Mumbyķ 
Haywardķ Marķ ş Lummaaķ ƑƏƐƕőĺ We restricted the initiaѴ demo-

graphic studbook for severaѴ reasonsĺ Firstķ we used femaѴeŊonѴy data 
for assessing fѴuctuations in ageŊstructure and popuѴation growth 
because we couѴd not reѴiabѴy quantify ageŊspecific reproduction in 

maѴesĺ Using femaѴeŊonѴy data was aѴso appropriate for the current 
study as reproduction was ѴikeѴy not Ѵimited by the number of maѴesķ 
and femaѴes aѴso mated with wiѴd individuaѴs during rest periodsĺ 
Secondķ we onѴy used data from captiveŊborn femaѴesķ to reduce the 
confounding effects of capture from the wiѴd on ageŊstructure and 
popuѴation growthķ and to prevent the need to incorporate immigra-

tion into our anaѴyses ŐJackson et aѴĺķ ƑƏƐƖĸ Lahdenper࢜ et aѴĺķ ƑƏƐѶőĺ 
Thirdķ onѴy sparse demographic records were avaiѴabѴe before the 
ƐƖƔƏsĺ Thusķ we onѴy incѴuded femaѴes that were born after ƐƖƓƏ ŐaѴѴ 
but two individuaѴsőķ reaching peak reproductive age ŐƑƏŋƒƏ years 
oѴdő in the ƐƖѵƏsĺ FinaѴѴyķ we removed any femaѴes with contra-

dictory deathņdepartureņbirth information ŐƔѷ of dataőĺ The finaѴ 
studbook contained ƑķƔѵѶ captiveŊborn femaѴesķ ranging in birth 
year from ƐƖƓƐ to ƑƏƐƓķ and this data were used in aѴѴ subsequent 
analyses.

ƑĺƑՊ|ՊTemporaѴ variation in popuѴation ageŊstructure

We first expѴored ѴongŊterm changes in popuѴation ageŊstructure 
across the study periodķ which may infѴuence popuѴation dynamicsĺ 
We caѴcuѴated the observed ageŊstructure of the popuѴation as the 
proportion of femaѴes in each ƔŊyear ageŊcѴass between the ages 
of Ə and ƔƏ Őeĺgĺ ƏŋƓķ ƔŋƖķ ƐƏŋƐƓő in each year between ƐƖƕƏ and 
ƑƏƐƓĺ We used ƔŊyear ageŊcѴasses to maintain a sufficient sampѴe 
size for each ageŊcѴass in each year to visuaѴize generaѴ patterns of 
changes to ageŊstructureĺ AgeŊstructure was onѴy caѴcuѴated from 
ƐƖƕƏ onwards because before this point onѴy very few captiveŊborn 
individuaѴs were present in the popuѴation Ő<ƓƔƖķ and none above 
the age of ƑƖőĺ In additionķ we incѴuded onѴy popuѴation growth 
measures from ƐƖƕƏ to ƑƏƐƓķ again to account for smaѴѴer sampѴe 
sizes and a Ѵack of oѴdŊaged individuaѴsĺ AѴѴ anaѴyses were carried 
out using R version ƒĺѵĺƑ ŐR Core Teamķ ƑƏƐƖőĺ For fuѴѴ detaiѴs see 
Supporting Information Section B and data supporting the manu-

script in Jacksonķ Marķ Htutķ ChiѴdsķ and Lummaa ŐƑƏƑƏĸ httpsĹņņdoiĺ
orgņƐƏĺƔƏѵƐņdryadĺmƖƏƔq ftwxőĺ

ƑĺƒՊ|ՊParameterizing an ageŊstructured modeѴ

We parameterized annuaѴ ageŊstructured matrix popuѴation modeѴs 
using predicted ageŊspecific per capita vitaѴ ratesĺ We refer to the 
component of popuѴation growth that can be attributed to variation 
in the ageŊspecific vitaѴ rates as the ļenvironmentaѴ contributionĽĺ We 
encoded raw demographic rates as an annuaѴ time seriesķ spanning 
each year of a femaѴeŝs Ѵife from birthņcapture to deathņcensoring 
ŐѴast known aѴive dateő between ƐƖƓƏ and ƑƏƐƓķ where mortaѴity and 
birth rates were recorded as binary response variabѴesķ with Ɛ indi-
cating a birth or death in a given observation yearĺ The timeŊseries 
dataset contained ƓƓķѶƓƑ yearŊage observations from the ƑķƔѵѶ fe-

maѴesĺ We smoothed birth and mortaѴity rates from raw demographic 
data using a generaѴized additive mixed effects modeѴѴing ŐGAMMő 
approachķ impѴemented using the gam function in the MGCV package 

https://doi.org/10.5061/dryad.m905qftwx
https://doi.org/10.5061/dryad.m905qftwx
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ŐWoodķ ƑƏƐƐőĺ The variance in raw demographic data was smoothed 
using GAMMs because the sampѴe size in many ageŊyear combina-

tions was too smaѴѴ to directѴy estimate the corresponding vitaѴ ratesĺ
We modeѴѴed the probabiѴity of birthņmortaѴity as a function 

of age and year using GAMMs fitted with binomiaѴ error struc-

tures and a Ѵogit Ѵink functionĺ The interacting effects of age 
and year were captured with a fuѴѴ tensor product smoothing 
term ŐWoodķ ƑƏƏѵő with a basis dimension of ƑƔ to prevent un-

dersmoothing of the raw dataĺ Birth and mortaѴity modeѴs aѴso 
accounted for spatiaѴ variation in vitaѴ rates by incorporating an 
effect of regionaѴ division in Myanmar Őgrouped to make sampѴe 
sizes more comparabѴeķ see SƐ in Supporting Information Section 
Aőķ penaѴized with a ridge penaѴty ŐWoodķ ƑƏƏѶőĺ We assessed the 
distributionaѴ assumptions of the modeѴs using simuѴated resid-

uaѴ diagnostic tooѴs from the DHARMA package of Rķ testing for 
underņoverdispersion and uniformity in simuѴated residuaѴs from 
ƐķƏƏƏ simuѴations ŐHartigķ ƑƏƐѶőĺ To incorporate the parameter 
uncertainty of vitaѴ rate predictions into subsequent anaѴyses on 
popuѴation growth ratesķ we used posterior simuѴation of the birth 
and mortaѴity modeѴsĺ We caѴcuѴated ƐķƏƏƏ sets of predicted vaѴ-
ues from the posterior mean and covariance matrix of the modeѴĺ 
Posterior simuѴation was seѴected ahead of other bootstrapping 
techniques to prevent the risk of underŊsmoothingĺ

We then used the predicted birth and mortaѴity rates for cap-

tiveŊborn femaѴes and the ageŊstructure in each year to construct an-

nuaѴ matrix projection modeѴs for the popuѴation between ƐƖƕƏ and 
ƑƏƐƓķ using ƕƐ annuaѴ ageŊcѴasses ŐƏŋƕƏ years oѴdőĹ

where nt is a popuѴation vector giving the starting ageŊstructure of the 
popuѴation Őnumber of individuaѴs in each ageŊcѴasső in year tķ and At is a 

LesѴie matrix containing predicted ageŊspecific survivaѴ and fertiѴity vaѴ-
ues for captiveŊborn femaѴesķ and captures the environmentaѴ compo-

nent Őiĺeĺ the component that is directѴy infѴuenced by the environment in 
each yearő of popuѴation growthķ in year tĺ The LesѴie matrix At is given by

where Pt is the matrix of survivaѴ and Ft is the matrix of fertiѴity 
in year tĺ Here we parameterized Pt using the mean probabiѴities 
of survivaѴ for each age cѴass in each yearķ ptķ given byķ pt = Ɛ ƴ μtķ 
where μt is a vector of the mean predicted probabiѴities of mortaѴ-
ity for each ageŊcѴass in year tĺ We parameterized Ft using the mean 
predicted fertiѴities for each age in each yearķ btķ given by bt = ptftķ 
where reproduction is conditionaѴ on survivaѴ and ft is a vector of 
the mean predicted probabiѴities of birth for each ageŊcѴass in year 
tĺ Because of the smaѴѴ sampѴe size for oѴdŊaged individuaѴs earѴy 
in the studyķ predicted vaѴues were onѴy caѴcuѴated for ageŊyear 
combinations with five or more individuaѴs in the raw demographic 
dataĺ For ageŊyear combinations with Ѵess than five individuaѴsķ the 
earѴiest year with more than five individuaѴs was used in the pѴace 
of year for predictionsĺ From annuaѴ popuѴation projection modeѴsķ 

we caѴcuѴated the shortŊterm popuѴation growth rateķ λķ in year tķ 
given by

where ŇŇ ŇŇ denotes the sum of ŐabsoѴute vaѴueő entries in a vectorĺ The 
shortŊterm popuѴation dynamics described by λŐAtķntő capture reaѴ-
ized annuaѴ popuѴation growth rates instead of stabѴe popuѴation dy-

namics ŐEzard et aѴĺķ ƑƏƐƏőķ from past demographic dataĺ Here λŐAtķntő 
in each year of the study is a function of the two processesķ At and 

nt presented in Equation Ɛĺ ShortŊterm popuѴation growth rates and 
annuaѴ matrix popuѴation modeѴs were used in subsequent anaѴyses 
on ageŊstructureĺ

ƑĺƓՊ|ՊPartitioning the effect of ageŊstructure 
variation on popuѴation growth rate

To investigate how much variation in popuѴation growth rate couѴd 
be attributed to variation in ageŊstructure across the study periodķ 
we used a retrospective approach to partition the deviations in an-

nuaѴ reaѴized popuѴation growth rate λŐAtķntő into contributions from 
the environmentaѴ component Őprojection matrixőķ Atķ and the ageŊ
structure componentķ nt ŐSee Supporting Information Section B for 
further detaiѴsőĺ The goaѴ of this approach was to assess how the 
ageŊstructure and environmentaѴ components in each year affected 
annuaѴ popuѴation growth rates reѴative to the average conditions 
across the study periodĺ Thusķ in addition to the annuaѴ reaѴized 
popuѴation growth rates captured in Equation ƒķ we aѴso con-

structed popuѴation modeѴs to capture the average environmentķ 
and to incorporate the observed ageŊstructure and environmen-

taѴ components separateѴyĺ PopuѴation growth rates from ƐƖƕƏ to 
ƑƏƐƓ in each scenario were aѴso caѴcuѴated incorporating parameter 
uncertainty over ƐķƏƏƏ iterationsķ and confidence intervaѴs in popu-

Ѵation growth rates were caѴcuѴated at the ƖƏѷ confidence ѴeveѴĺ
Firstķ we constructed an averageŊenvironment projection modeѴ 

using the estimated mean projection matrix over the study periodĺ 
The corresponding averageŊenvironment shortŊterm popuѴation 
growth rateķ �(A, n)ķ is defined as

where A is the mean projection matrix across the study periodķ pa-

rameterized using mean ageŊspecific predicted birth and survivaѴ 
rates between ƐƖƕƏ and ƑƏƐƓķ and n is the right eigenvector or sta-

bѴe ageŊstructure vector corresponding to Aĺ We refer to n as the av-

erageŊenvironment ageŊstructureķ and n does not correspond to an 
observed average ageŊstructure in the popuѴationĺ The use of a mean 
projection matrix across the study period as a reference may be con-

founded by the Ѵength of the studyĺ To investigate the vaѴidity of 
our approachķ we repeated subsequent anaѴyses with a timeŊvarying 

ŐƐőnt+1 = Atnt,

ŐƑőAt = Pt + Ft,

Őƒő�
(
At, nt

)
=

‖‖nt+1‖‖
‖
‖nt

‖
‖

=

‖
‖Atnt

‖
‖

‖
‖nt

‖
‖

,

ŐƓő�(A, n) =

‖
‖
‖
An

‖
‖
‖

‖
‖n

‖
‖

,



ՊՍ Պ | ՊƔJournal of Animal EcologyJACKSON ET AL.

averageŊenvironment modeѴķ for which the mean projection matrix 
was caѴcuѴated in each year using a sѴiding window approach with 
ƐƑ years of demographic data before and after the observation year 
Őiĺeĺ ƑƓ years or Ɛ generation Ѵength of demographic data per yearőĺ

Thenķ we constructed annuaѴ ageŊstructured projection modeѴs 
that incѴuded the observed ageŊstructureķ ntķ but heѴd the mean pro-

jection matrixķ Aķ from the average environmentĺ These projections 
capture the contribution of ageŊstructure to annuaѴ popuѴation growth 
ratesĺ The corresponding shortŊterm popuѴation growth rate for these 
modeѴsķ �(A, nt)ķ in year t with the mean projection matrix A is defined as

To capture the contribution of the environmentaѴ component on pop-

uѴation growth ratesķ we constructed annuaѴ ageŊstructured projection 
modeѴs that incѴuded the observed projection matrixķ Atķ but heѴd the 
averageŊenvironment ageŊstructureķ nĺ The corresponding shortŊterm 
popuѴation growth rate for these modeѴsķ �(At, n)ķ in year t with the av-

erageŊenvironment ageŊstructure n is defined as

With the average environment modeѴ terms as a reference ŐA and nőķ  
in each year we partitioned the effects of ageŊstructure and envi-
ronment on observed popuѴation growth ratesĺ To partition ageŊ 
structure effects in each year we used an anaѴysis of variance 
ŐANOVAőĺ The coefficients or effect sizes of ageŊstructure and envi-
ronmentaѴ components in each year give the contribution to shortŊ
term popuѴation growth ratesĺ ANOVAs were repeated and effects 
were caѴcuѴated over ƐķƏƏƏ iterations using the popuѴation growth 
rates caѴcuѴated from predicted vitaѴ rates incorporating parameter 
uncertaintyĺ Confidence intervaѴs for contributions were given at 
the ƖƏѷ confidence Ѵimitĺ On comparing popuѴation growth rates 
incorporating nt ŐEquation Ɣő to the average environment popuѴation 
growth rate ŐEquation Ɠőķ we estimated the effect of ageŊstructure 
on popuѴation growth in each yearĺ On comparing popuѴation growth 
rates incorporating At ŐEquation ѵő to the average environment pop-

uѴation growth rateķ we estimated the effect of the environmentaѴ 
component on popuѴation growth in each yearĺ Interactions between 
At and nt were then estimated by comparing the observed popuѴa-

tion growth rate ŐEquation ƒő to the average environment popuѴation 
growth rateĺ We write the annuaѴ naturaѴ ѴogŊtransformed observed 
popuѴation growth rate Ѵn λŐAtķntő in year t as a Ѵinear function of the 
corresponding popuѴation growth rate in the average environmentķ 
ln�(A, n)ķ an environment effectķ ∆Atķ an ageŊstructure effect ∆nt and 

an interaction effect ∆At × ∆ntķ such that

where ln�(A, n) is the interceptĺ Thereforeķ to estimate these effectsķ 
we compared the popuѴation growth rate in each year using aѴѴ pairwise 

combination of terms described in Equations ƒŋѵĺ We performed the 
modeѴs with the naturaѴ ѴogŊtransformed popuѴation growth rate be-

cause they pѴaced more weight on the main effect terms Ő∆At and ∆ntőķ 
which were more interpretabѴeĺ The resuѴting design of the simuѴation 
experiment was a fuѴѴy factoriaѴ ANOVA without repѴication for each 
year Őiĺeĺ A vs. Atķ and n vs. ntĸ see Supporting Information Section B 
for detaiѴsőĺ The effects in Equation ƕ indicate the independent and in-

teractive contributions of At and nt to Ѵn λŐAtķntő reѴative to the average 
environmentķ and are anaѴogous to ļtreatment contrastsĽ in an ANOVAĺ

FinaѴѴyķ to disentangѴe the infѴuence of survivaѴ and birth rates on 
popuѴation growth rate deviations aѴongside the effect of ageŊstruc-

tureķ we further separated the effect of the environmentaѴ compo-

nent ŐAtő into contributing effects from the annuaѴ probabiѴity of 
survivaѴ Őptő and probabiѴity of birth Őftőķ and their interaction with 
ageŊstructureĺ We used the mean predicted birth probabiѴity as op-

posed to the mean predicted fertiѴities to avoid the confounding in-

fѴuence of survivaѴ on fertiѴity Őas fertiѴity is conditionaѴ on survivaѴőķ 
so birth and mortaѴity effects couѴd be addressed independentѴyĺ We 
partitioned popuѴation growth rate deviations foѴѴowing the same 
ANOVA framework but caѴcuѴating averageŊenvironment terms for 
survivaѴ and birth separateѴy Őp and f ķ respectiveѴyőĺ Thenķ on com-

paring the popuѴation growth rate when incѴuding the observed 
survivaѴ and birth probabiѴities Őpt and ftķ respectiveѴyő separateѴy 
to the average environment termsķ we couѴd estimate the contribu-

tion of survivaѴ and birth to the observed popuѴation growth rateĺ 
SimiѴarѴyķ we write the annuaѴ naturaѴ ѴogŊtransformed observed 
popuѴation growth rateķ Ѵn λŐAtķntőķ in year t as a Ѵinear function of the 
corresponding popuѴation growth rate in the average environmentķ 
ln�(A, n)ķ a survivaѴ effect ∆ptķ a birth effect ∆ftķ an ageŊstructure  
effect ∆nt and interaction effects between survivaѴņbirth and 
ageŊstructureķ ∆pt × ∆nt and ∆ft × ∆ntķ such that

We estimated these effects using pairwise combinations of modeѴ 
termsĸ the design of the simuѴation experiment was a factoriaѴ ANOVAĺ 
Howeverķ this design was not fuѴѴy factoriaѴ because we excѴuded the 
twoŊway interaction between ∆pt and ∆ft Ő∆At in Equation ƕő and 
the threeŊway interaction between ∆ptķ ∆ft and ∆nt Ő∆At × ∆nt in 

Equation ƕőĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊFѴuctuations in ageŊstructure over ƓƔ years

There were Ѵarge changes in the observed ageŊstructure of the 
popuѴation across the study periodķ with the popuѴation biased to-

wards a Ѵarger proportion of younger individuaѴs earѴy in the study 
periodķ and a more even distribution of ages ŐincѴuding oѴder ageŊ
cѴasseső after the year ƑƏƏƏ ŐFigure Ɛőĺ Across the study periodķ 
Ɠƒѷ of individuaѴs were under the age of Ɛƒķ the onset of reproduc-

tionĺ Howeverķ the proportion of individuaѴs oѴder than ƑƔ Őafter 
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ѵՊ |Պ ՊՍJournal of Animal Ecology JACKSON ET AL.

peak reproductionő increased across the study period ŐFigure Ɛőĺ 
The variation in ageŊstructure across the study period was par-
ticuѴarѴy pronounced in young ageŊcѴassesĸ the proportion of indi-
viduaѴs between Ə and Ɠ ranged from ƐƐѷ to ƒƐѷ across the study 
period ŐFigure Ɛőĺ As suchķ there were extended periods Ő~Ɣ yearső 
with markedѴy increased numbers of juveniѴes in the popuѴationķ 
foѴѴowed by an increase in the number of aduѴtsĺ These periods 
were observed in approxĺ ƐƖƕƏķ ƐƖѶƔ and to a Ѵesser extent in 
ƑƏƏƖ ŐFigure Ɛőĺ There were reѴativeѴy fewer individuaѴs in oѴder 
ageŊcѴasses present in the study popuѴation between ƐƖƕƏ and 
ƑƏƐƓķ with individuaѴs over the age of ƓƔ onѴy present beyond ƐƖѶѵ 
ŐFigure Ɛőĺ Togetherķ these resuѴts suggest that there have been 
substantiaѴ changes in the demographic structure of the captiveŊ
born popuѴation over ƓƔ yearsķ particuѴarѴy in younger individuaѴsĺ

ƒĺƑՊ|ՊAgeŊstructure is a key driver of shortŊterm 
popuѴation growth rates

GeneraѴѴyķ birth rates increased rapidѴy at the age of ƐƑ untiѴ a repro-

ductive peak between ƐѶ and ƑƓ years of ageķ and decѴined Ѵater in 
Ѵifeķ with few births recorded over the age of ƔƔ ŐFigure SƐőĺ MortaѴity 
rates were higher in young and oѴd individuaѴsķ particuѴarѴy beѴow Ѷ 
and above ƓƔ years oѴdķ with Ѵower mortaѴity in individuaѴs between 
ƐƏ and ƓƔ ŐFigure SƐőĺ For femaѴes between ƐƖ and ƓƔķ the peak ages 
of reproduction and birth rates decѴined across the study periodķ and 
this was particuѴarѴy due to high birth rates in the ƐƖƕƏs and ƐƖѶƏs in 
comparison to Ѵater years ŐFigures SƐ and SƑőĺ There was no evidence 
of nonŊuniformity or overdispersion in the simuѴated modeѴ residu-

aѴs of the birth and mortaѴity modeѴs ŐFigure Sƒőķ indicating that the 
modeѴs met the distributionaѴ assumptions of the additive modeѴsĺ 
Across the study periodķ the observed ѴogŊtransformed popuѴation 
growth rate ŐѴn λŐAtķntőő in each year varied from ƴƏĺƏƐ in ƐƖƖƐķ to 
ƏĺƏƐ between ƑƏƐƑ and ƑƏƐƓ ŐFigure Ƒaőĺ Between ƐƖѶƔ and ƑƏƏƏķ 
popuѴation growth rates were negativeķ but otherwise remained 
above repѴacement rate Őiĺeĺ Ѵn λŐAtķntő > Əĸ Figure Ƒaőĺ

The averageŊenvironment popuѴation growth rate was ef-
fectiveѴy Əķ or at repѴacement rate ŐFigure Ƒaőĺ ImportantѴyķ the 

observed popuѴation ageŊstructure made substantiaѴ contribu-

tions to deviations in popuѴation growth rateķ in addition to ef-
fects from the environmentaѴ component ŐFigure Ƒbőĺ Between 
ƐƖƕƏ and ƐƖѶƔķ popuѴation growth rates were higher when in-

cѴuding the environmentaѴ contribution Őbut hoѴding the average 
environment ageŊstructure constantő reѴative to the average envi-
ronmentķ with a mean contribution of ƏĺƏƐƕ in ƐƖƕƏ ŐFigure Ƒbőĺ If 
this positive contribution was constant and the ageŊstructure was 
heѴd at the averageŊenvironmentķ the popuѴation wouѴd doubѴe in 
size in under ƓƑ yearsĺ Howeverķ the environmentaѴ contribution 
decѴined over the study periodķ becoming negative in ƐƖѶƔķ then 
stabiѴizing and increasing after ƑƏƏƏ ŐFigure Ƒbőĺ

ConverseѴyķ the contribution of ageŊstructure to popuѴation 
growth rate devaitions increased across the study period ŐFigure Ƒbőĺ 
There were negative contributions before ƐƖƕѶ when fewer oѴdŊaged 
individuaѴs were presentķ with popuѴation growth rates incѴuding the 
observed ageŊstructure being substantiaѴѴy Ѵower than the average 
environment popuѴation growth rateĺ The mean contribution of the 
ageŊstructure component in ƐƖƕƏ was ƴƏĺƏƐѵķ which if heѴd con-

stant wouѴd haѴve the popuѴation in under Ɠƒ yearsĺ Furthermoreķ 
the contributions of the ageŊstructure component were of a simi-
Ѵar magnitude to changes in the observed popuѴation growth rate 
ŐFigure Ƒőĺ ImportantѴyķ the opposing contributions of ageŊstructure 
and the environmentaѴ component highѴight the combined roѴe of 
ageŊstructure and the environmentaѴ component as drivers of shortŊ
term popuѴation dynamicsĺ The positive contribution of ageŊstruc-

ture was greatest after ƑƏƏƑķ where the popuѴation growth rate 
incorporating the observed ageŊstructure Őbut hoѴding the average 
environmentaѴ component constantő was ~ƏĺƏƐĺ Howeverķ before 
ƐƖƖƒķ there was a period of ~Ѷ years with smaѴѴ contributions to pop-

uѴation growth rates reѴative to the average environment ŐFigure Ƒbőĺ 
The importance of ageŊstructure for popuѴation growth rates was 
aѴso not dependent on the choice of averageŊenvironment condi-
tionsķ with simiѴar patterns observed when incѴuding a timeŊvarying 
average environment modeѴ as a reference ŐFigure SƓőĺ

FinaѴѴyķ we separated the infѴuence of the environmentaѴ com-

ponent Őprojection matrixő into its two contributing processesķ 
ageŊspecific birth and survivaѴ probabiѴitiesĺ We concѴude that the 

F I G U R E  Ɛ Պ Changes in ageŊstructure 
for captiveŊborn femaѴe timber eѴephants 
between ƐƖƕƏ and ƑƏƐƓĺ A heatmap of 
the observed ageŊstructure in each year 
for each ƔŊyear ageŊcѴassķ with the coѴour 
denoting the proportion of individuaѴsĺ 
The dashed Ѵine indicates the age of the 
onset of reproduction iĺeĺ age Ɛƒ
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cruciaѴ environmentaѴ component governing popuѴation growth 
rates was ageŊspecific birth probabiѴityķ with positive contributions 
between ƐƖƕƏ and ƐƖѶƔķ and decѴining contributions that stabi-
Ѵized Ѵater in the study period ŐFigure ƒőĺ ImportantѴyķ the contri-
bution from ageŊspecific birth probabiѴities mirrored the overaѴѴ 

contribution from the environmentaѴ component and was aѴso ac-

companied by the reduction in mean predicted aduѴt birth rates 
ŐFigures Ƒb and ƒĸ Figure SƑőĺ This suggests that the reduction in the 
contribution of the environmentaѴ component was due to the re-

duction in birth rates over the studyĺ AgeŊspecific survivaѴ probabiѴ-
ity made reѴativeѴy smaѴѴer contributions to popuѴation growth rates 
between ƐƖƕƏ and ƑƏƏƏ but had positive contributions between 
ƑƏƏƏ and ƑƏƐƓ ŐFigure ƒőĺ Combined with negative contributions 
of ageŊstructure earѴy in the study periodķ this resuѴt suggests that 
despite Ѵarger observed birth rates having the potentiaѴ to increase 
popuѴation growth rates in the ƐƖƕƏs and ƐƖѶƏsķ ageŊstructure was 
unstabѴeķ and observed popuѴation growth rates were Ѵowerĺ

ƓՊ |ՊDISCUSSION

Many studies have investigated the drivers of popuѴation dynam-

ics in ѴongŊѴived speciesķ with a particuѴar focus on cѴimate changeķ 
habitat Ѵoss and direct human drivers such as poaching and how 
these infѴuence the vitaѴ rates that govern popuѴation decѴine ŐBoggs 
ş Inouyeķ ƑƏƐƑĸ FѴockhartķ Pichancourtķ Norrisķ ş Martinķ ƑƏƐƔĸ 
Jenouvrier et aѴĺķ ƑƏƐƓĸ Lusseau ş Leeķ ƑƏƐѵĸ Mossķ ƑƏƏƐőĺ Howeverķ 
whiѴe the environmentaѴ component ŐvitaѴ rateső is cruciaѴķ a popuѴa-

tionŝs ageŊstructure cannot be ignored when assessing popuѴation 
dynamicsĺ Our resuѴts highѴight the importance of ageŊstructure 
as a driver of shortŊterm popuѴation dynamics in ѴongŊѴived species 
in addition to environmentaѴ contributions from vitaѴ ratesĺ Firstķ 
we observed Ѵarge changes in popuѴation ageŊstructure across the 
studyĺ Thenķ using a retrospective approachķ we found that there 

F I G U R E  Ƒ Պ AgeŊstructure is a key determinant of popuѴation growth ratesĺ Őaő The observed Ѵog transformed shortŊterm popuѴation 
growth rate ŐyeѴѴow Ѵineķ Ѵn λŐAtķntő from Equation ƒő between ƐƖƕƏ and ƑƏƐƓķ reѴative to the averageŊenvironment shortŊterm popuѴation 
growth rate ŐsoѴid bѴack Ѵineķ ln�(A, n) from Equation Ɠőĺ Lines are popuѴation growth rates with ƖƏѷ confidence Ѵimits from posterior 
simuѴationsĺ Dashed bѴack Ѵine indicates a Ѵn popuѴation growth rate of Əĺ Őbő The contribution of the ageŊstructure component ŐpurpѴeķ ∆ntő 
and environmentaѴ component Őor ageŊspecific vitaѴ rate componentķ pinkķ ∆Atő to variation in annuaѴ ѴogŊtransformed shortŊterm popuѴation 
growth rates ŐѴn λŐAtķntőő between ƐƖƕƏ and ƑƏƐƓĺ The yeѴѴow Ѵine indicates nonŊadditive contributions from both the ageŊstructure and 
environmentaѴ components in a given year Ő∆At × ∆ntőĺ Lines are the mean contributions with ƖƏѷ confidence Ѵimits from posterior 
simuѴationĺ The dashed bѴack Ѵine indicates a contribution of Əĺ Contributions are reѴative to the average environment popuѴation growth 
rateķ such that a negative contribution indicates that the popuѴation growth rate incorporating the observed ageŊstructure or environmentaѴ 
component was Ѵower than the average environment growth rateķ and vice versa
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F I G U R E  ƒ Պ AgeŊspecific birth probabiѴities are the key 
environmentaѴ component for popuѴation growth ratesĺ The 
environmentaѴ component Ő∆Atő was partitioned into its 
components of predicted ageŊspecific birth Őorangeķ ∆ftőķ and 
survivaѴ ŐbѴueķ ∆ftő probabiѴities to assess their contribution to 
ѴogŊtransformed shortŊterm popuѴation growth rates ŐѴn λŐAtķntőő 
in captiveŊborn femaѴes between ƐƖƕƏ and ƑƏƐƓĺ Lines are 
contributions with ƖƏѷ confidence Ѵimits from posterior simuѴationĺ 
Dashed bѴack Ѵine indicates a contribution of Ə
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were substantiaѴ contributions from ageŊstructure to annuaѴ popuѴa-

tion growth ratesĺ These contributions were strongest in the ƐƖƕƏsķ 
where a Ѵack of reproductiveŊaged individuaѴs counteracted high 
aduѴt birth ratesķ preventing Ѵarge observed popuѴation growth ratesĺ

TemporaѴ variation in ageŊspecific vitaѴ rates Őthe ļenvironmentaѴ 
componentĽő was stiѴѴ a key driver of popuѴation growth rate devia-

tions between ƐƖƕƏ and ƑƏƐƓĺ At the beginning of the studyķ contri-
butions from the environmentaѴ component wouѴd have caused the 
popuѴation to doubѴe in size in under Ɠƒ yearsķ which was primariѴy 
driven by high birth ratesĺ Furthermoreķ negative popuѴation growth 
rates between ƐƖѶƔ and ƑƏƏƏ were aѴso associated with negative 
contributions from birth rates in the environmentaѴ componentķ and 
there were decѴines in predicted birth rates for primeŊaged femaѴes 
ŐƐƖŋƓƔőĺ These resuѴts support previous findings of a decѴine in aduѴt 
birth ratesķ which are the key demographic rates for popuѴation 
growthķ between ƐƖѵƏ and ƑƏƐƓ ŐJackson et aѴĺķ ƑƏƐƖőķ but the rea-

sons for this decѴine are Ѵess cѴearĺ Fecundity in ѴongŊѴived mammaѴs 
has generaѴѴy been associated with environmentaѴ conditions such 
as cѴimate or habitat avaiѴabiѴityķ which affects body condition and 
thus a femaѴeŝs abiѴity to provision for offspring ŐCook et aѴĺķ ƑƏƐƒĸ 
CouѴsonķ MiѴnerŊGuѴѴandķ ş CѴuttonŊBrockķ ƑƏƏƏĸ Parkerķ Barbozaķ 
ş GiѴѴinghamķ ƑƏƏƖőĺ For exampѴeķ adverse cѴimatic conditions 
caused by drought in Kenya reduce birth rates in African eѴephants 
ŐMossķ ƑƏƏƐőĺ In the current popuѴationķ cѴimate conditions have been 
Ѵinked to survivaѴķ which was highest at moderate temperatures and 
with increased rainfaѴѴ ŐMumbyķ CourtioѴķ Marķ ş Lummaaķ ƑƏƐƒőĺ The 
decѴine in birth rates across the study period may aѴso refѴect decѴines 
in habitat avaiѴabiѴity with continued deforestation in the region 
ŐLeimgruber et aѴĺķ ƑƏƏƔőķ but further study is needed to investigate 
the Ѵink between the environment and vitaѴ ratesĺ NevertheѴessķ vitaѴ 
rates were criticaѴ for shortŊterm popuѴation dynamicsĺ

ImportantѴyķ despite the positive contribution of birth rates to 
popuѴation growth rates earѴy in the study periodķ observed popuѴa-

tion growth rates were moderate due to a negative contribution from 
popuѴation ageŊstructureĺ In other wordsķ high perŊcapita birth rates 
in the ƐƖƕƏs had the potentiaѴ to cause Ѵarge popuѴation increasesķ 
but the reѴative number of reproductiveŊaged femaѴes was smaѴѴķ and 
so popuѴation growth rates were moderateĺ If constantķ the negative 
contribution of ageŊstructure to popuѴation growth in ƐƖƕƏ wouѴd 
have resuѴted in the popuѴation to haѴve in Ѵess than two genera-

tionsĺ Furthermoreķ popuѴation growth rates were negative between 
ƐƖѶƔ and ƑƏƏƏ as birth rates decѴined and the contribution from 
ageŊstructure remained negativeĺ After ƑƏƏƏķ positive contributions 
from ageŊstructure were dampened by negative environment ef-
fectsĺ The magnitude of contributions from the ageŊstructure com-

ponent was aѴso comparabѴe to the magnitude of annuaѴ popuѴation 
growth ratesĺ Thusķ both an understanding of ageŊstructure and en-

vironmentaѴ components Őiĺeĺ vitaѴ rateső is needed to assess shortŊ
term popuѴation dynamicsĺ

Deviations away from a stabѴe ageŊstructure may be particuѴarѴy 
important for the popuѴation dynamics of disturbed or fragmented 
popuѴationsĺ Indeedķ in the current study we observed Ѵarge changes 
in ageŊstructureķ with a greater proportion of individuaѴs younger 

than Ɛƒ Őthe onset of reproductionĸ Hayward et aѴĺķ ƑƏƐƓő between 
ƐƖƕƏ and ƐƖƖƏķ and more reproductiveŊaged individuaѴs between 
ƐƖƖƏ and ƑƏƐƓĺ We aѴso observed short periods Őaround ƐƖƕƏķ ƐƖѶƔ 
and ƑƏƏƖő with substantiaѴѴy higher numbers of juveniѴesĺ PracticaѴѴy 
for popuѴation managementķ fѴuctuations in ageŊstructure may cause 
a surge in births when juveniѴe femaѴes reach maturityķ and manage-

ment may need to change to target the infѴux of young individuaѴs in 
futureĺ One potentiaѴ expѴanation for this disruption to ageŊstructure 
is an indirect ѴongŊterm consequence of the capture of wiѴd eѴephants 
in Myanmarĺ There was systematic capture from the wiѴd in Myanmar 
untiѴ ƐƖƖƓķ with approxĺ ƒķƏƏƏ individuaѴs wiѴdŊcaptured between 
the ƐƖƔƏs and ƐƖƖƓķ but after this point wiѴdŊcapture occurred at 
Ѵower rates ŐLahdenper࢜ et aѴĺķ ƑƏƐѶĸ Marķ ƑƏƏƕĸ Ugaķ ƑƏƏƏőĺ WiѴdŊ
capture may have been particuѴarѴy infѴuentiaѴ on ageŊstructure be-

cause it targeted younger individuaѴs ŐLahdenper࢜ et aѴĺķ ƑƏƐѶőĺ These 
initiaѴ imbaѴances in ageŊstructure recovered over severaѴ decades as 
the popuѴation approached a more stabѴe ageŊstructureķ resuѴting in 
positive contributions towards popuѴation growth ratesĺ

The disturbance of demographic structure ŐaѴtered ageņ
stageŊstructure and sexŊratioő and its impact on popuѴation dynam-

ics may have important impѴications for popuѴations across the tree 
of Ѵifeĺ In particuѴarķ shortŊterm popuѴation dynamics arising from 
human disturbance through poachingķ huntingķ harvest and rapid en-

vironmentaѴ change may have important impѴications for endangeredķ 
invasive or agricuѴturaѴѴy important speciesĺ In ѴongŊѴived mammaѴsķ 
both hunting and poaching are generaѴѴy focussed on specific ageŊsex 
cѴasses in a popuѴation and can cause changes to demographic struc-

tureĸ oѴder and ѴargeŊbodied individuaѴs with Ѵarger auxiѴiary struc-

tures Őeĺgĺ tuskső have a higher vaѴue to hunters and poachers ŐBischof 
et aѴĺķ ƑƏƐѶĸ CoѴtman et aѴĺķ ƑƏƏƒőĺ Of courseķ poaching and hunting 
have immediate effects on ageŊspecific vitaѴ ratesķ with impѴications 
for popuѴation viabiѴity and extinction risk ŐLusseau ş Leeķ ƑƏƐѵőĺ 
Howeverķ they aѴso have evoѴutionary impѴications byķ for exampѴeķ 
seѴecting for smaѴѴer bodied individuaѴs with smaѴѴer auxiѴiary struc-

tures or disrupting sociaѴ structure ŐCoѴtman et aѴĺķ ƑƏƏƒĸ Gobushķ 
Mutayobaķ ş Wasserķ ƑƏƏѶĸ Jachmannķ Berryķ ş Imaeķ ƐƖƖƔőĺ Recent 
evidence from reguѴated hunting in brown bears aѴso suggests that 
hunting pressure may be responsibѴe for shifts in reproductive strate-

giesķ Ѵife expectancy and reproductive vaѴue ŐBischof et aѴĺķ ƑƏƐѶőĺ
Beyond vertebratesķ changes to stage structure are aѴso cruciaѴ 

for popuѴation dynamicsĺ In perenniaѴ pѴant speciesķ transient dy-

namics contributed more to variation in observed popuѴation growth 
rates than vitaѴ rates aѴone ŐEѴѴis ş Croneķ ƑƏƐƒőĺ Transient dynamics 
and stageŊstructure are aѴso cruciaѴ for pѴant popuѴations targeted 
by harvestķ or in invasive species ŐMcDonaѴd et aѴĺķ ƑƏƐѵőĺ For exam-

pѴeķ in African dry zone Mahogany Khaya senegalensisķ harvest had a 
strong impact on shortŊterm dynamics reѴative to ѴongŊterm growth 
ratesķ driven by changes to survivaѴ in earѴy Ѵife stages ŐGaoueķ ƑƏƐѵőĺ 
Transient dynamics in invasive pѴant species may aѴso vary across 
popuѴations in different ecoѴogicaѴ settingsķ and so understanding 
difference in stageŊstructure may improve management strategies 
ŐHorvitzķ DensѴowķ Johnsonķ Gaoueķ ş UowoѴoķ ƑƏƐѶőĺ Our resuѴts 
add to these studies across taxaķ suggesting that the changes to 
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popuѴation ageŊstructure associated with human interference can 
infѴuence shortŊterm popuѴation dynamics in addition to vitaѴ ratesĺ

SeveraѴ recent studies have expѴored the prevaѴence of nonŊequi-
Ѵibrium dynamics in a broad range of taxaķ Ѵeading to growing accep-

tance of the need to understand transient responses to environmentaѴ 
change ŐGameѴon et aѴĺķ ƑƏƐƓĸ McDonaѴd et aѴĺķ ƑƏƐѵĸ Stott et aѴĺķ ƑƏƐƏőĺ 
Though a number of different methodoѴogicaѴ frameworks are avaiѴabѴe 
to assess such impacts ŐEѴѴis ş Croneķ ƑƏƐƒĸ Ezard et aѴĺķ ƑƏƐƏĸ Koons 
et aѴĺķ ƑƏƐѵőķ these have not typicaѴѴy distinguished between contribu-

tions to popuѴation growth from vitaѴ rate variation and ŐstőageŊstructure 
ŐOzguѴ et aѴĺķ ƑƏƐƏőĺ Howeverķ Koons et aѴĺ ŐƑƏƐѵő recentѴy deveѴoped 
a sensitivityŊbased approach to estimate the contribution from each 
unique demographic parameter and stage abundanceĺ The approach 
used in the current study does not enabѴe the same ѴeveѴ of resoѴution 
because it onѴy estimates the net contribution of stageŊstructure fѴuc-

tuationsĺ Howeverķ it avoids the need to caѴcuѴate shortŊterm growth 
sensitivitiesķ which can be cumbersome for compѴex modeѴsķ and can 
be appѴied without modification to aѴternative frameworks such as 
IntegraѴ Projection ModeѴs ŐEѴѴnerķ ChiѴdsķ ş Reesķ ƑƏƐѵőĺ

The ѴongŊtermķ muѴtigenerationaѴ demographic studbook of timber 
eѴephants in Myanmar has provided noveѴ empiricaѴ insights into the 
demographic drivers of popuѴation dynamicsĺ In ѴongŊѴived species such 
as Asian eѴephantsķ disturbances to the popuѴation may have a Ѵasting 
effect on ageŊstructure over severaѴ decadesĺ UѴtimateѴyķ understand-

ing the interacting effects of demographic structure and environmentaѴ 
variation driving popuѴation growth rates wiѴѴ better equip ecoѴogists 
in understanding popuѴationŊѴeveѴ responses to environmentaѴ changeĺ

ACKNOWLEDG EMENTS
We thank the Ministry of NaturaѴ Resources and Environment 
Conservation and Forestryķ and the Government of the Union of 
Myanmar for giving us permission to work with the MTEĺ Huge thank 
you to Khin Than Winķ Thu Zar Thwin and Mumu Theinķ whose tire-

Ѵess work for the Myanmar timber eѴephant project has made this 
work possibѴeĺ We aѴso thank aѴѴ the vets and officers invoѴved in 
data coѴѴection as weѴѴ as Arpat OzguѴķ Andrew Beckermanķ Tamora 
Jamesķ Jennie CrawѴey and Rob GoodseѴѴ for vitaѴ feedback on the 
study and manuscriptĺ FinaѴѴyķ speciaѴ thanks to the editor and re-

viewersķ who we beѴieve have improved this paper immenseѴyĺ This 
work was supported by European Research CounciѴķ The Academy 
of FinѴand and the NaturaѴ Environment Research CounciѴĺ We con-

firm that we have no confѴicts of interestĺ

AUTHORSŝ  CONTRIBUTIONS
KĺUĺMĺ and WĺHĺ coѴѴected the dataĸ JĺJĺķ DĺZĺCĺ and VĺLĺ designed 
the studyĸ JĺJĺ carried out anaѴysis with support from DĺZĺCĺ and VĺLĺĸ 
JĺJĺ wrote the manuscriptķ with contributions from DĺZĺCĺ and VĺLĺ AѴѴ 
authors approved the manuscript for pubѴicationĺ

DATA AVAIL ABILIT Y STATEMENT
Data and code supporting the manuscript are incѴuded in the Dryad 
DigitaѴ Repository httpsĹņņdoiĺorgņƐƏĺƔƏѵƐņdryadĺmƖƏƔq ftwx ŐJackson 
et aѴĺķ ƑƏƑƏőĺ

ORCID
John Jackson  httpsĹņņorcidĺorgņƏƏƏƏŊƏƏƏƑŊƓƔѵƒŊƑѶƓƏ 

Dylan Z. Childs  httpsĹņņorcidĺorgņƏƏƏƏŊƏƏƏƑŊƏѵƕƔŊƓƖƒƒ 

Virpi Lummaa  httpsĹņņorcidĺorgņƏƏƏƏŊƏƏƏƑŊƑƐƑѶŊƕƔѶƕ 

R E FE R E N CE S
Bischofķ Rĺķ Bonenfantķ Cĺķ Rivrudķ Iĺ Mĺķ Zedrosserķ Aĺķ Friebeķ Aĺķ CouѴsonķ 

Tĺķ Ļ Swensonķ Jĺ Eĺ ŐƑƏƐѶőĺ ReguѴated hunting reŊshapes the Ѵife his-

tory of brown bearsĺ Nature Ecology and Evolutionķ 2ŐƐőķ ƐƐѵŋƐƑƒĺ 
httpsĹņņdoiĺorgņƐƏĺƐƏƒѶņsƓƐƔƔ ƖŊƏƐƕŊƏƓƏƏŊƕ

Boggsķ Cĺ Lĺķ ş Inouyeķ Dĺ Wĺ ŐƑƏƐƑőĺ A singѴe cѴimate driver has direct 
and indirect effects on insect popuѴation dynamicsĺ Ecology Lettersķ 
15ŐƔőķ ƔƏƑŋƔƏѶĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņjĺƐƓѵƐŊƏƑƓѶĺƑƏƐƑĺƏƐƕѵѵĺx

CasweѴѴķ Hĺ ŐƐƖѶƖőĺ AnaѴysis of Ѵife tabѴe response experimentsĹ DecomposiŊ
tion of effects on popuѴation growth rateĺ Ecological Modellingķ 46ķ 
ƑƑƐŋƑƒƕĺ httpsĹņņdoiĺorgņƐƏĺƐƏƐѵņƏƒƏƓŊƒѶƏƏŐѶƖőƖƏƏƐƖ Ŋƕ

CasweѴѴķ Hĺ ŐƑƏƏƐőĺ Matrix population modelsĺ SunderѴandķ MAĹ Sinauerĺ
Chapmanķ Sĺ Nĺķ Jacksonķ Jĺķ Htutķ Wĺķ Lummaaķ Vĺķ ş Lahdenper࢜ķ Mĺ 

ŐƑƏƐƖőĺ Asian eѴephants exhibit postŊreproductive Ѵifespansĺ BMC 

Evolutionary Biologyķ 19ŐƐƖƒőķ ƐŋƐƐĺ httpsĹņņdoiĺorgņƐƏĺƐƐѶѵņsƐƑѶѵ 
2-019-1513-1

CѴubbķ Rĺķ RowcѴiffeķ Mĺķ Leeķ Pĺķ Marķ Kĺ Uĺķ Mossķ Cĺķ ş Masonķ Gĺ Jĺ 
ŐƑƏƏƖőĺ Fecundity and popuѴation viabiѴity in femaѴe zoo eѴephantsĹ 
ProbѴems and possibѴe soѴutionsĺ Animal Welfareķ 18ķ ƑƒƕŋƑƓƕĺ

CѴuttonŊBrockķ Tĺ Hĺķ ş SheѴdonķ Bĺ Cĺ ŐƑƏƐƏőĺ IndividuaѴs and popuѴationsĹ 
The roѴe of ѴongŊtermķ individuaѴŊbased studies of animaѴs in ecoѴogy 
and evoѴutionary bioѴogyĺ Trends in Ecology & Evolutionķ 25ŐƐƏőķ ƔѵƑŋ
Ɣƕƒĺ httpsĹņņdoiĺorgņƐƏĺƐƏƐѵņjĺtreeĺƑƏƐƏĺƏѶĺƏƏƑ

CoѴcheroķ Fĺķ Jonesķ Oĺ Rĺķ Condeķ Dĺ Aĺķ Hodgsonķ Dĺķ Zajitschekķ Fĺķ 
Schmidtķ Bĺ Rĺķ Ļ GaiѴѴardķ JĺŊMĺ ŐƑƏƐƖőĺ The diversity of popuѴation 
responses to environmentaѴ changeĺ Ecology Lettersķ 22ŐƑőķ ƒƓƑŋƒƔƒĺ 
httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņeѴeĺƐƒƐƖƔ

CoѴtmanķ Dĺ Wĺķ OĽDonoghueķ Pĺķ Jorgensonķ Jĺ Tĺķ Hoggķ Jĺ Tĺķ Strobeckķ 
Cĺķ ş FestaŊBianchetķ Mĺ ŐƑƏƏƒőĺ UndesirabѴe evoѴutionary conse-

quences of trophy huntingĺ Natureķ 426ŐѵƖѵƕőķ ѵƔƔŋѵƔѶĺ httpsĹņņdoiĺ
orgņƐƏĺƐƏƒѶņnatur eƏƑƐѶƕĺƐ

Cookķ Rĺ Cĺķ Cookķ Jĺ Gĺķ VaѴesķ Dĺ Jĺķ Johnsonķ Bĺ Kĺķ MccorquodaѴeķ Sĺ Mĺķ 
ShipѴeyķ Lĺ Aĺķ Ļ Schmitzķ Lĺ ŐƑƏƐƒőĺ RegionaѴ and seasonaѴ patterns 
of nutritionaѴ condition and reproduction in eѴkĺ Wildlife Monographsķ 
184ķ ƐŋƓƔĺ httpsĹņņdoiĺorgņƐƏĺƐƏƏƑņwmonĺƐƏƏѶ

CouѴsonķ Tĺķ CatchpoѴeķ Eĺ Aĺķ AѴbonķ Sĺ Dĺķ Morganķ Bĺ Jĺ Tĺķ Pembertonķ 
Jĺ Mĺķ CѴuttonŊBrockķ Tĺ Hĺķ Ļ GrenfeѴѴķ Bĺ Tĺ ŐƑƏƏƐőĺ Ageķ sexķ den-

styķ winter weatherķ and popuѴation crashes in Soay sheepĺ Scienceķ 
292ŐƔƔƑƐőķ ƐƔƑѶŋƐƔƒƐĺ

CouѴsonķ Tĺķ MiѴnerŊGuѴѴandķ Eĺ Jĺķ ş CѴuttonŊBrockķ Tĺ Hĺ ŐƑƏƏƏőĺ The 
reѴative roѴes of density and cѴimatic variation on popuѴation dy-

namics and fecundity rates in three contrasting unguѴate speciesĺ 
Proceedings of the Royal Society B: Biological Sciencesķ 267ŐƐƓƔƓőķ 
ƐƕƕƐŋƐƕƕƖĺ httpsĹņņdoiĺorgņƐƏĺƐƏƖѶņrspbĺƑƏƏƏĺƐƑƏƖ

EѴѴisķ Mĺ Mĺķ ş Croneķ Eĺ Eĺ ŐƑƏƐƒőĺ The roѴe of transient dynamics in sto-

chastic popuѴation growth for nine perenniaѴ pѴantsĺ Ecologyķ 94ŐѶőķ 
ƐѵѶƐŋƐѵѶѵĺ httpsĹņņdoiĺorgņƐƏĺƐѶƖƏņƐƒŊƏƏƑѶĺƐ

EѴѴnerķ Sĺ Pĺķ ChiѴdsķ Dĺ Zĺķ ş Reesķ Mĺ ŐƑƏƐѵőĺ Data-driven modelling of struc-

tured populations. A practical guide to the Integral Projection Model.. 

Chamķ SwitzerѴandĹ Springerĺ
Ezardķ Tĺ Hĺ Gĺķ BuѴѴockķ Jĺ Mĺķ DaѴgѴeishķ Hĺ Jĺķ MiѴѴonķ Aĺķ PeѴѴetierķ Fĺķ 

OzguѴķ Aĺķ ş Koonsķ Dĺ Nĺ ŐƑƏƐƏőĺ Matrix modeѴs for a changeabѴe 
worѴdĹ The importance of transient dynamics in popuѴation man-

agementĺ Journal of Applied Ecologyķ 47Őƒőķ ƔƐƔŋƔƑƒĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņjĺƐƒѵƔŊƑѵѵƓĺƑƏƐƏĺƏƐѶƏƐĺx

FѴockhartķ Dĺ Tĺ Tĺķ Pichancourtķ Jĺ Bĺķ Norrisķ Dĺ Rĺķ ş Martinķ Tĺ 
Gĺ ŐƑƏƐƔőĺ UnraveѴѴing the annuaѴ cycѴe in a migratory animaѴĹ 
BreedingŊseason habitat Ѵoss drives popuѴation decѴines of monarch 

https://doi.org/10.5061/dryad.m905qftwx
https://orcid.org/0000-0002-4563-2840
https://orcid.org/0000-0002-4563-2840
https://orcid.org/0000-0002-0675-4933
https://orcid.org/0000-0002-0675-4933
https://orcid.org/0000-0002-2128-7587
https://orcid.org/0000-0002-2128-7587
https://doi.org/10.1038/s41559-017-0400-7
https://doi.org/10.1111/j.1461-0248.2012.01766.x
https://doi.org/10.1016/0304-3800(89)90019-7
https://doi.org/10.1186/s12862-019-1513-1
https://doi.org/10.1186/s12862-019-1513-1
https://doi.org/10.1016/j.tree.2010.08.002
https://doi.org/10.1111/ele.13195
https://doi.org/10.1038/nature02187.1
https://doi.org/10.1038/nature02187.1
https://doi.org/10.1002/wmon.1008
https://doi.org/10.1098/rspb.2000.1209
https://doi.org/10.1890/13-0028.1
https://doi.org/10.1111/j.1365-2664.2010.01801.x
https://doi.org/10.1111/j.1365-2664.2010.01801.x


ƐƏՊ |Պ ՊՍJournal of Animal Ecology JACKSON ET AL.

butterfѴiesĺ Journal of Animal Ecologyķ 84ŐƐőķ ƐƔƔŋƐѵƔĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņƐƒѵƔŊƑѵƔѵĺƐƑƑƔƒ

FoѴeyķ Cĺķ PettoreѴѴiķ Nĺķ ş FoѴeyķ Lĺ ŐƑƏƏѶőĺ Severe drought and caѴf 
survivaѴ in eѴephantsĺ Biology Lettersķ 4ŐƔőķ ƔƓƐŋƔƓƓĺ httpsĹņņdoiĺ
orgņƐƏĺƐƏƖѶņrsbѴĺƑƏƏѶĺƏƒƕƏ

GaiѴѴardķ JĺŊMĺķ FestaŊBianchetķ Mĺķ Yoccozķ Nĺ Gĺķ Loisonķ Aĺķ ş Toigoķ Cĺ 
ŐƑƏƏƏőĺ TemporaѴ variation in fitness components and popuѴation dy-

namics of Ѵarge herbivoresĺ Annual Review of Ecology and Systematicsķ 
31ķ ƒѵƕŋƒƖƒĺ httpsĹņņdoiĺorgņƐƏĺƐƐƓѵņannur evĺecoѴs ysĺƒƐĺƐĺƒѵƕ

GameѴonķ Mĺķ Gimenezķ Oĺķ Baubetķ Eĺķ CouѴsonķ Tĺķ TuѴjapurkarķ Sĺķ 
ş GaiѴѴardķ JĺŊMĺ ŐƑƏƐƓőĺ InfѴuence of ѴifeŊhistory tactics on tran-

sient dynamicsĹ A comparative anaѴysis across mammaѴian pop-

uѴationsĺ The American Naturalistķ 184ŐƔőķ ѵƕƒŋѵѶƒĺ httpsĹņņdoiĺ
orgņƐƏĺƐƏѶѵņѵƕƕƖƑƖ

Gaoueķ Oĺ Gĺ ŐƑƏƐѵőĺ Transient dynamics reveaѴ the importance of earѴy Ѵife 
survivaѴ to the response of a tropicaѴ tree to harvestĺ Journal of Applied 

Ecologyķ 53ŐƐőķ ƐƐƑŋƐƐƖĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņƐƒѵƔŊƑѵѵƓĺƐƑƔƔƒ
Gobushķ Kĺ Sĺķ Mutayobaķ Bĺ Mĺķ ş Wasserķ Sĺ Kĺ ŐƑƏƏѶőĺ LongŊterm im-

pacts of poaching on reѴatednessķ stress physioѴogyķ and reproductive 
output of aduѴt femaѴe African eѴephantsĺ Conservation Biologyķ 22Őѵőķ 
ƐƔƖƏŋƐƔƖƖĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņjĺƐƔƑƒŊƐƕƒƖĺƑƏƏѶĺƏƐƏƒƔĺx

Hartigķ Fĺ ŐƑƏƐѶőĺ DHARMa: Residual diagnostics for hierarchical (multi-

level/mixed) regression modelsĺ Retrieved from httpsĹņņcranĺrŊproje 
ctĺorgņpacka ge=DHARMa

Haywardķ Aĺ Dĺķ Marķ Kĺ Uĺķ Lahdenper࢜ķ Mĺķ ş Lummaaķ Vĺ ŐƑƏƐƓőĺ EarѴy 
reproductive investmentķ senescence and Ѵifetime reproductive suc-

cess in femaѴe Asian eѴephantsĺ Journal of Evolutionary Biologyķ 27ŐƓőķ 
ƕƕƑŋƕѶƒĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņjebĺƐƑƒƔƏ

Horvitzķ Cĺ Cĺķ DensѴowķ Jĺ Sĺķ Johnsonķ Tĺķ Gaoueķ Oĺķ ş UowoѴoķ Aĺ 
ŐƑƏƐѶőĺ UnexpѴained variabiѴity among spatiaѴ repѴicates in transient 
eѴasticityĹ ImpѴications for evoѴutionary ecoѴogy and management 
of invasive speciesĺ Population Ecologyķ 60ŐƐŋƑőķ ѵƐŋƕƔĺ httpsĹņņdoiĺ
orgņƐƏĺƐƏƏƕņsƐƏƐƓ ƓŊƏƐѶŊƏѵƐƒŊx

Jachmannķ Hĺķ Berryķ Pĺ Sĺ Mĺķ ş Imaeķ Hĺ ŐƐƖƖƔőĺ TuskѴessness in African 
eѴephantsĹ A future trendĺ African Journal of Ecologyķ 33Őƒőķ ƑƒƏŋƑƒƔĺ 
httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņjĺƐƒѵƔŊƑƏƑѶĺƐƖƖƔĺtbƏƏѶ ƏƏĺx

Jacksonķ Jĺķ ChiѴdsķ Dĺ Zĺķ Marķ Kĺ Uĺķ Htutķ Wĺķ ş Lummaaķ Vĺ ŐƑƏƐƖőĺ 
LongŊterm trends in wiѴdŊcapture and popuѴation dynamics point to 
an uncertain future for captive eѴephantsĺ Proceedings of the Royal 

Society B: Biological Sciencesķ 286ŐƐѶƖƖőĺ httpsĹņņdoiĺorgņƐƏĺƐƏƖѶņ
rspbĺƑƏƐѶĺƑѶƐƏ

Jacksonķ Jĺķ Marķ Kĺ Uĺķ Htutķ Wĺķ ChiѴdsķ Dĺ Zĺķ ş Lummaaķ Vĺ ŐƑƏƑƏőĺ Data 
fromĹ Changes in ageŊstructure over four decades were a key de-

terminant of popuѴation growth rate in a ѴongŊѴived mammaѴĺ Dryad 

Digital Repositoryķ httpsĹņņdoiĺorgņƐƏĺƔƏѵƐņdryadĺmƖƏƔq ftwx
Jenouvrierķ Sĺķ HoѴѴandķ Mĺķ Stroeveķ Jĺķ Serrezeķ Mĺķ Barbraudķ Cĺķ 

Weimerskirchķ Hĺķ ş CasweѴѴķ Hĺ ŐƑƏƐƓőĺ Projected continentŊwide de-

cѴines of the emperor penguin under cѴimate changeĺ Nature Climate 

Changeķ 4ŐJuneőķ ƕƐƔŋƕƐѶĺ httpsĹņņdoiĺorgņƐƏĺƐƏƒѶņNCLIM ATEƑƑѶƏ
KaѴiszķ Sĺķ SpigѴerķ Rĺ Bĺķ ş Horvitzķ Cĺ Cĺ ŐƑƏƐƓőĺ In a ѴongŊterm experimen-

taѴ demography studyķ excѴuding unguѴates reversed invaderĽs expѴo-

sive popuѴation growth rate and restored nativesĺ Proceedings of the 

National Academy of Sciences of the United States of Americaķ 111ŐƐƑőķ 
ƓƔƏƐŋƓƔƏѵĺ httpsĹņņdoiĺorgņƐƏĺƐƏƕƒņpnasĺƐƒƐƏƐ ƑƐƐƐƐ

Koonsķ Dĺ Nĺķ HoѴmesķ Rĺ Rĺķ ş Grandķ Jĺ Bĺ ŐƑƏƏƕőĺ PopuѴation inertia 
and its sensitivity to changes in vitaѴ rates and popuѴation structureĺ 
Ecologyķ 88ŐƐƐőķ ƑѶƔƕŋƑѶѵƕĺ httpsĹņņdoiĺorgņƐƏĺƐѶƖƏņƏѵŊƐѶƏƐĺƐ

Koonsķ Dĺ Nĺķ IѴesķ Dĺ Tĺķ Schaubķ Mĺķ ş CasweѴѴķ Hĺ ŐƑƏƐѵőĺ A ѴifeŊhistory 
perspective on the demographic drivers of structured popuѴation dy-

namics in changing environmentsĺ Ecology Lettersķ 19ŐƖőķ ƐƏƑƒŋƐƏƒƐĺ 
httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņeѴeĺƐƑѵƑѶ

Kuussaariķ Mĺķ Bommarcoķ Rĺķ Heikkinenķ Rĺ Kĺķ HeѴmķ Aĺķ Kraussķ Jĺķ 
Lindborgķ Rĺķ Ļ SteffanŊDewenterķ Iĺ ŐƑƏƏƖőĺ Extinction debtĹ A chaѴ-
Ѵenge for biodiversity conservationĺ Trends in Ecology & Evolutionķ 
24ŐƐƏőķ ƔѵƓŋƔƕƐĺ httpsĹņņdoiĺorgņƐƏĺƐƏƐѵņjĺtreeĺƑƏƏƖĺƏƓĺƏƐƐ

Lahdenper࢜ķ Mĺķ Jacksonķ Jĺķ Htutķ Wĺķ ş Lummaaķ Vĺ ŐƑƏƐƖőĺ Capture 
from the wiѴd has ѴongŊterm costs on reproductive success in Asian 
eѴephantsĺ Proceedings of the Royal Society B: Biological Sciencesķ 286. 

httpsĹņņdoiĺorgņƐƏĺƔƏѵƐņdryadĺqƏmƏdѶƓ
Lahdenper࢜ķ Mĺķ Marķ Kĺ Uĺķ CourtioѴķ Aĺķ ş Lummaaķ Vĺ ŐƑƏƐѶőĺ 

Differences in ageŊspecific mortaѴity between wiѴdŊcaught and cap-

tiveŊborn Asian eѴephantsĺ Nature Communicationsķ 9ŐƒƏƑƒőĺ httpsĹņņ
doiĺorgņƐƏĺƐƏƒѶņsƓƐƓѵ ƕŊƏƐѶŊƏƔƔƐƔ ŊѶ

Le GaѴѴiardķ JĺŊFĺķ Fitzeķ Pĺ Sĺķ Ferriereķ Rĺķ ş CѴobertķ Jĺ ŐƑƏƏƔőĺ Sex ratio 
biasķ maѴe aggressionķ and popuѴation coѴѴapse in Ѵizardsĺ Proceedings 

of the National Academy of Sciences of the United States of Americaķ 
102ŐƔƏőķ ƐѶƑƒƐŋƐѶƑƒѵĺ httpsĹņņdoiĺorgņƐƏĺƐƏƕƒņpnasĺƏƔƏƔƐ ƕƑƐƏƑ

Leimgruberķ Pĺķ KeѴѴyķ Dĺ Sĺķ Steiningerķ Mĺ Kĺķ Brunnerķ Jĺķ MুѴѴerķ Tĺķ ş 
Songerķ Mĺ ŐƑƏƏƔőĺ Forest cover change patterns in Myanmar ŐBurmaő 
1990�2000. Environmental Conservationķ 32ŐƓőķ ƒƔѵŋƒѵƓĺ httpsĹņņdoiĺ
orgņƐƏĺƐƏƐƕņSƏƒƕѵ ѶƖƑƖƏ ƔƏƏƑƓƖƒ

Lusseauķ Dĺķ ş Leeķ Pĺ Cĺ ŐƑƏƐѵőĺ Can we sustainabѴy harvest ivoryĵ Current 

Biologyķ 26ŐƑƐőķ ƑƖƔƐŋƑƖƔѵĺ httpsĹņņdoiĺorgņƐƏĺƐƏƐѵņjĺcubĺƑƏƐѵĺƏѶĺƏѵƏ
LynsdaѴeķ Cĺ Lĺķ Mumbyķ Hĺ Sĺķ Haywardķ Aĺ Dĺķ Marķ Kĺ Uĺķ ş Lummaaķ 

Vĺ ŐƑƏƐƕőĺ ParasiteŊassociated mortaѴity in a ѴongŊѴived mammaѴĹ 
Variation with host ageķ sexķ and reproductionĺ Ecology and Evolutionķ 
7ŐJuneőķ ƐŋƐƑĺ httpsĹņņdoiĺorgņƐƏĺƐƏƏƑņeceƒĺƒƔƔƖ

MaѴdonadoŊChaparroķ Aĺ Aĺķ BѴumsteinķ Dĺ Tĺķ Armitageķ Kĺ Bĺķ ş ChiѴdsķ 
Dĺ Zĺ ŐƑƏƐѶőĺ Transient LTRE anaѴysis reveaѴs the demographic and 
traitŊmediated processes that buffer popuѴation growthĺ Ecology 

Lettersķ 21ŐƐƐőķ ƐѵƖƒŋƐƕƏƒĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņeѴeĺƐƒƐƓѶ
Marķ Kĺ Uĺ ŐƑƏƏƕőĺ The demography and life history strategies of timber ele-

phants in Myanmarĺ Londonķ UKĹ University CoѴѴege Londonĺ
McDonaѴdķ Jĺ Lĺķ Stottķ Iĺķ TownѴeyķ Sĺķ ş Hodgsonķ Dĺ Jĺ ŐƑƏƐѵőĺ Transients 

drive the demographic dynamics of pѴant popuѴations in variabѴe 
environmentsĺ Journal of Ecologyķ 104ŐƑőķ ƒƏѵŋƒƐƓĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņƐƒѵƔŊƑƕƓƔĺƐƑƔƑѶ

Mossķ Cĺ Jĺ ŐƑƏƏƐőĺ The demography of an African eѴephant ŐLoxodonta 

africanaő popuѴation in AmboseѴiķ Kenyaĺ Journal of Zoologyķ 255ķ ƐƓƔŋ
ƐƔѵĺ httpsĹņņdoiĺorgņƐƏĺƐƏƐƕņSƏƖƔƑ ѶƒѵƖƏ ƐƏƏƐƑƐƑ

Mumbyķ Hĺ Sĺķ CourtioѴķ Aĺķ Marķ Kĺ Uĺķ ş Lummaaķ Vĺ ŐƑƏƐƒőĺ CѴimatic 
variation and ageŊspecific survivaѴ in Asian eѴephants from Myanmarĺ 
Ecologyķ 94ŐƔőķ ƐƐƒƐŋƐƐƓƐĺ httpsĹņņdoiĺorgņƐƏĺƐѶƖƏņƐƑŊƏѶƒƓĺƐ

Mumbyķ Hĺ Sĺķ Marķ Kĺ Uĺķ Haywardķ Aĺ Dĺķ Htutķ Wĺķ HtutŊaungķ Yĺķ ş 
Lummaaķ Vĺ ŐƑƏƐƔőĺ EѴephants born in the high stress season have 
faster reproductive ageingĺ Scientific Reportsķ 5ķ ƐŋƐƐĺ httpsĹņņdoiĺ
orgņƐƏĺƐƏƒѶņsrepƐ ƒƖƓѵ

OzguѴķ Aĺķ ChiѴdsķ Dĺ Zĺķ OѴiķ Mĺ Kĺķ Armitageķ Kĺ Bĺķ BѴumsteinķ Dĺ Tĺķ 
OѴsonķ Lĺ Eĺķ Ļ CouѴsonķ Tĺ ŐƑƏƐƏőĺ CoupѴed dynamics of body mass 
and popuѴation growth in response to environmentaѴ changeĺ Natureķ 
466ŐƕƒƏƔőķ ƓѶƑŋƓѶƔĺ httpsĹņņdoiĺorgņƐƏĺƐƏƒѶņnatur eƏƖƑƐƏ

Pardoķ Dĺķ Barbraudķ Cĺķ Authierķ Mĺķ ş Weimerskirchķ Hĺ ŐƑƏƐƒőĺ Evidence 
for an ageŊdependent infѴuence of environmentaѴ variations on 
a ѴongŊѴived seabirdŝs ѴifeŊhistory traitsĺ Ecologyķ 94ŐƐőķ ƑƏѶŋƑƑƏĺ 
httpsĹņņdoiĺorgņƐƏĺƐѶƖƏņƐƑŊƏƑƐƔĺƐ

Parkerķ Kĺ Lĺķ Barbozaķ Pĺ Sĺķ ş GiѴѴinghamķ Mĺ Pĺ ŐƑƏƏƖőĺ Nutrition inte-

grates environementaѴ process of unguѴatesĺ Functional Ecologyķ 23ķ 
ƔƕŋѵƖĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņjĺƐƒѵƔŊƑƓƒƔĺƑƏƏѶĺƏƐƔƑѶĺx

R Core Teamĺ ŐƑƏƐƖőĺ R: A language and environment for statistical comput-

ingĺ Retrieved from httpsĹņņwwwĺrŊproje ctĺorgņ
Robinsonķ Mĺ Rĺķ Marķ Kĺ Uĺķ ş Lummaaķ Vĺ ŐƑƏƐƑőĺ Senescence and 

ageŊspecific tradeŊoffs between reproduction and survivaѴ in fe-

maѴe Asian eѴephantsĺ Ecology Lettersķ 15Őƒőķ ƑѵƏŋƑѵѵĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņjĺƐƓѵƐŊƏƑƓѶĺƑƏƐƐĺƏƐƕƒƔĺx

SchindѴerķ Sĺķ FestaŊBianchetķ Mĺķ Hoggķ Jĺ Tĺķ ş PeѴѴetierķ Fĺ ŐƑƏƐƕőĺ 
Huntingķ age structureķ and horn size distribution in bighorn 
sheep. Journal of Wildlife Managementķ 81ŐƔőķ ƕƖƑŋƕƖƖĺ httpsĹņņdoiĺ
orgņƐƏĺƐƏƏƑņjwmgĺƑƐƑƔƖ

Stearnsķ Sĺ Cĺ ŐƐƖƖƑőĺ The evolution of life historiesĺ Oxfordķ UKĹ Oxford 
University Pressĺ

https://doi.org/10.1111/1365-2656.12253
https://doi.org/10.1111/1365-2656.12253
https://doi.org/10.1098/rsbl.2008.0370
https://doi.org/10.1098/rsbl.2008.0370
https://doi.org/10.1146/annurev.ecolsys.31.1.367
https://doi.org/10.1086/677929
https://doi.org/10.1086/677929
https://doi.org/10.1111/1365-2664.12553
https://doi.org/10.1111/j.1523-1739.2008.01035.x
https://cran.r-project.org/package=DHARMa
https://cran.r-project.org/package=DHARMa
https://doi.org/10.1111/jeb.12350
https://doi.org/10.1007/s10144-018-0613-x
https://doi.org/10.1007/s10144-018-0613-x
https://doi.org/10.1111/j.1365-2028.1995.tb00800.x
https://doi.org/10.1098/rspb.2018.2810
https://doi.org/10.1098/rspb.2018.2810
https://doi.org/10.5061/dryad.m905qftwx
https://doi.org/10.1038/NCLIMATE2280
https://doi.org/10.1073/pnas.1310121111
https://doi.org/10.1890/06-1801.1
https://doi.org/10.1111/ele.12628
https://doi.org/10.1016/j.tree.2009.04.011
https://doi.org/10.5061/dryad.q0m0d84
https://doi.org/10.1038/s41467-018-05515-8
https://doi.org/10.1038/s41467-018-05515-8
https://doi.org/10.1073/pnas.0505172102
https://doi.org/10.1017/S0376892905002493
https://doi.org/10.1017/S0376892905002493
https://doi.org/10.1016/j.cub.2016.08.060
https://doi.org/10.1002/ece3.3559
https://doi.org/10.1111/ele.13148
https://doi.org/10.1111/1365-2745.12528
https://doi.org/10.1111/1365-2745.12528
https://doi.org/10.1017/S0952836901001212
https://doi.org/10.1890/12-0834.1
https://doi.org/10.1038/srep13946
https://doi.org/10.1038/srep13946
https://doi.org/10.1038/nature09210
https://doi.org/10.1890/12-0215.1
https://doi.org/10.1111/j.1365-2435.2008.01528.x
https://www.r-project.org/
https://doi.org/10.1111/j.1461-0248.2011.01735.x
https://doi.org/10.1111/j.1461-0248.2011.01735.x
https://doi.org/10.1002/jwmg.21259
https://doi.org/10.1002/jwmg.21259


ՊՍ Պ | ՊƐƐJournal of Animal EcologyJACKSON ET AL.

Stottķ Iĺķ Francoķ Mĺķ CarsѴakeķ Dĺķ TownѴeyķ Sĺķ Hodgsonķ Dĺķ ş Stottķ Lĺ 
ŐƑƏƐƏőĺ Boom or bustĵ A comparative anaѴysis of transient popuѴa-

tion dynamics in pѴantsĺ Journal of Ecologyķ 98ŐƑőķ ƒƏƑŋƒƐƐĺ httpsĹņņ
doiĺorgņƐƏĺƐƐƐƐņjĺѴƒѵƔŊƑƕƓƔĺƑƏƏƖĺƏƐѵƒƑĺx

Stottķ Iĺķ TownѴeyķ Sĺķ ş Hodgsonķ Dĺ Jĺ ŐƑƏƐƐőĺ A framework for studying tran-

sient dynamics of popuѴation projection matrix modeѴsĺ Ecology Lettersķ 
14ŐƖőķ ƖƔƖŋƖƕƏĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņjĺƐƓѵƐŊƏƑƓѶĺƑƏƐƐĺƏƐѵƔƖĺx

Sukumarķ Rĺ ŐƑƏƏѵőĺ A brief review of the statusķ distribution and bioѴogy 
of wiѴd Asian eѴephantsĺ International Zoo Yearbookķ 40ķ ƐŋѶĺ httpsĹņņ
doiĺorgņƐƏĺƐƐƐƐņjĺƐƕƓѶŊƐƏƖƏĺƑƏƏѵĺƏƏƏƏƐĺx

Sukumarķ Rĺķ ş SantiapiѴѴaiķ Cĺ ŐƐƖƖѵőĺ Elephas maximusĹ Status and distri-
butionĺ In Jĺ Shoshaniķ ş Pĺ Tassy ŐEdĺőķ The Proboscidea: Evolution and 

palaeoecology of elephants and their relatives Őppĺ ƒƑƕŋƒƒƐőĺ Oxfordķ 
UKĹ Oxford University Pressĺ

Toke GaѴeķ Uĺ ŐƐƖƕƐőĺ Burmese timber elephantsĺ Yangonķ BurmaĹ Trade 
Corporationĺ

TrimbѴeķ Mĺ Jĺķ Ferreiraķ Sĺ Mĺķ ş Van Aardeķ Rĺ Jĺ ŐƑƏƏƖőĺ Drivers of 
megaherbivore demographic fѴuctuationsĹ Inference fromeѴephantsĺ 
Journal of Zoologyķ 279ŐƐƖѶƏőķ ƐѶŋƑѵĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņjĺƐƓѵƖŊ 
ƕƖƖѶĺƑƏƏƖĺƏƏƔѵƏĺx

TurkaѴoķ Aĺ Kĺķ Wregeķ Pĺ Hĺķ ş Wittemyerķ Gĺ ŐƑƏƐѵőĺ SѴow intrinsic growth 
rate in forest eѴephants indicates recovery from poaching wiѴѴ re-

quire decadesĺ Journal of Applied Ecologyķ 54ŐƐőķ ƐƔƒŋƐƔƖĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņƐƒѵƔŊƑѵѵƓĺƐƑƕѵƓ

Ugaķ Uĺ ŐƑƏƏƏőĺ Conservation and use of wild Asian elephants (EѴephas max-

imus)ĺ Yangonķ MyanmarĹ Ministry of Forestryķ Government of the 
Union of Myanmarĺ

Weimerskirchķ Hĺ ŐƑƏƐѶőĺ Linking demographic processes and foraging ecoѴ-
ogy in wandering aѴbatross ŋ Conservation impѴicationsĺ Journal of Animal 

Ecologyķ 87ŐƓőķ ƖƓƔŋƖƔƔĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņƐƒѵƔŊƑѵƔѵĺƐƑѶƐƕ

WiѴѴiamsķ Jĺ Lĺķ ş Croneķ Eĺ Eĺ ŐƑƏƏѵőĺ The impact of invasive grasses 
on the popuѴation growth of Anemone patensķ a ѴongŊѴived native 
forbĺ Ecologyķ 87ŐƐƑőķ ƒƑƏƏŋƒƑƏѶĺ httpsĹņņdoiĺorgņƐƏĺƐѶƖƏņƏƏƐƑŊ 
ƖѵƔѶŐƑƏƏѵőѶƕŒƒƑƏƏĹTIOIG OœƑĺƏĺCOĸƑ

Woodķ Sĺ Nĺ ŐƑƏƏѵőĺ LowŊrank scaѴeŊinvariant tensor product smooths 
for generaѴized additive mixed modeѴsĺ Biometricsķ 62ŐƓőķ ƐƏƑƔŋƐƏƒѵĺ 
httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņjĺƐƔƓƐŊƏƓƑƏĺƑƏƏѵĺƏƏƔƕƓĺx

Woodķ Sĺ Nĺ ŐƑƏƏѶőĺ Fast stabѴe direct fitting and smoothness seѴec-

tion for generaѴized additive modeѴsĺ Journal of the Royal Statistical 

Society. Series B (Methodological)ķ 70Őƒőķ ƓƖƔŋƔƐѶĺ httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņjĺƐƓѵƕŊƖѶѵѶĺƑƏƏƕĺƏƏѵƓѵĺx

Woodķ Sĺ Nĺ ŐƑƏƐƐőĺ Fast stabѴe restricted maximum ѴikeѴihood and mar-
ginaѴ ѴikeѴihood estimation of semiparametric generaѴized Ѵinear mod-

els. Journal of the Royal Statistical Society. Series B (Methodological)ķ 
73ŐƐőķ ƒŋƒѵĺ httpsĹņņdoiĺorgņƐƏĺƐƐƐƐņjĺƐƓѵƕŊƖѶѵѶĺƑƏƐƏĺƏƏƕƓƖĺx

SUPPORTING INFORMATION
AdditionaѴ supporting information may be found onѴine in the 
Supporting Information sectionĺ

How to cite this articѴeĹ Jackson Jķ Mar KUķ Htut Wķ ChiѴds 
DZķ Lummaa Vĺ Changes in ageŊstructure over four decades 
were a key determinant of popuѴation growth rate in a 
ѴongŊѴived mammaѴĺ J Anim Ecol. 2020;00:1�11. httpsĹņņdoiĺ
orgņƐƏĺƐƐƐƐņƐƒѵƔŊƑѵƔѵĺƐƒƑƖƏ

https://doi.org/10.1111/j.l365-2745.2009.01632.x
https://doi.org/10.1111/j.l365-2745.2009.01632.x
https://doi.org/10.1111/j.1461-0248.2011.01659.x
https://doi.org/10.1111/j.1748-1090.2006.00001.x
https://doi.org/10.1111/j.1748-1090.2006.00001.x
https://doi.org/10.1111/j.1469-7998.2009.00560.x
https://doi.org/10.1111/j.1469-7998.2009.00560.x
https://doi.org/10.1111/1365-2664.12764
https://doi.org/10.1111/1365-2664.12764
https://doi.org/10.1111/1365-2656.12817
https://doi.org/10.1890/0012-9658(2006)87[3200:TIOIGO]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[3200:TIOIGO]2.0.CO;2
https://doi.org/10.1111/j.1541-0420.2006.00574.x
https://doi.org/10.1111/j.1467-9868.2007.00646.x
https://doi.org/10.1111/j.1467-9868.2007.00646.x
https://doi.org/10.1111/j.1467-9868.2010.00749.x
https://doi.org/10.1111/1365-2656.13290
https://doi.org/10.1111/1365-2656.13290

