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Introduction 

Birt h, and t he per iod s h ort ly t here af ter, is a per ilous
time for any or ganism. Followin g parturi tio n o r hat c h-
ing , indiv idu al s face m any ch a l len g es, includin g en-
vironmenta l st ressor s (e .g., t em pera ture or h umidity),
co mpeti tio n, and/o r p redatio n, all o f w hich can impac t
sele ct ion ( Lindst rom 1999 ; Metca lf e a nd Mon agh an
2001 ; G luckm a n a nd Ha nson 2004 ). Furt her more, ma-
jo r anato mic al, behav ioral, and p hysio logic chan g es oc-
c ur throug h out th e ontogen etic p erio d . As suc h, the
co ndi tio ns an organism experiences thro ugho ut the
ontogenetic p erio d have im plica tio ns fo r their sur-
vival, s ucces s, an d ultimate ly, th eir fitn ess ( Lin dstrom
1999 ; Le e et a l. 2003 ; Nord and Ni lsson 2016 ; Nord
and Giroud 2020 ). An understanding of deve lopm ental
st rategy, ne onata l co ndi tio n, and enviro nmenta l cha l-
len g es, as w ell as the p hysio logy of newl y born/hat c hed
indiv idu als experiencing those co ndi tio ns, is cri tical fo r
eva luat ing how adult or ganism s fun ction an d survive.
How ev er, these topics are often studied in isolation,
both acr oss differ en t systems, and a t a single poin t in
time. 

Tw o siblin g sy mposi a “Biology at birt h: t he role of
infancy in providing the foundation f or lif etime suc-
A dvance A ccess publicat ion Ju ly 14, 2023 
C © Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
cess” and “Pathways to ad ul tho o d: environmental, de-
ve lopm ental, an d evol u tio nary influences o n the o n-
togeny o f fo r m and f unction” address t hese concer ns
fr om differ ent bu t co m plemen tary p ersp e ct ives. The
first, “Biology at birth,” hig hlig hts the importance of
un derstan ding infan cy from an in tegra ted p ersp ec-
tive, an d h ow infan cy can s hape an in div idu al’s fu-
ture. The go a l o f this symposi um is to b ring to-
get her rese arc her s across various life science disciplines
fo r co nversatio n, collabo ratio n, and interactio n across
boundaries as a way of promoting novel and inno-
vative r esear ch at this specific m om ent of deve lop-
m ent. Herein, we examin e infan cy through mu lt iple
p hysio logic and com para tive p ersp ectives, under three
general topic headings: (1) how the pre- and perina-
tal environments sha pe infan t phenotype (e .g., mat er-
na l effe cts); (2) infant p hysio logy an d deve lopm ent;
an d (3) th e lifetim e im pacts of infan t experiences on
ph en otype an d per for mance, espe cia l ly when develop-
ment is disrupt ed . Author s in this symposium span
mu lt ip le p hysio logic syst ems (inc luding neurolog ica l,
c ardiovascul ar, musculos ke leta l, digest ive, en docrin e)
and mu lt iple m ode l species (humans, pigs, s h eep,
rodents). 
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 

https://orcid.org/0000-0003-0402-8388
https://orcid.org/0000-0002-4737-1875
https://orcid.org/0000-0002-0427-9673
mailto:christopher.mayerl@nau.edu
mailto:christopher.mayerl@nau.edu
mailto:journals.permissions@oup.com


Birth and the pathway to adulthood 549 

s  

d  

s  

t  

h  

a  

f  

s  

m  

u  

f  

t  

t  

a  

e  

i  

t  

t  

a  

t  

f  

s
 

b  

a  

w  

s  

t  

m  

o  

r  

O  

t  

h  

g  

a  

v

P
d
M  

t  

(  

a  

a  

t  

(  

c  

d  

j  

o  

A  

e  

l  

p  

c  

e  

 

m  

m  

c  

w  

a  

b  

r  

t  

a  

t  

v  

s  

t  

a  

u  

a  

f  

t  

a  

m  

t  

p  

r  

T  

c  

t  

d  

s  

d  

c  

l  

t  

t  

t  

fi  

s  

m  

d  

i
 

i  

t  

t  

t  

c  

h  

d  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/63/3/548/7224592 by C

alifornia State U
niversity, Los Angeles user on 21 Septem

ber 2023
Th e secon d sym posium, “Pa thways to ad ul tho o d,”
eeks to bring a tten tion to the impo rtance o f un-
erstan ding h ow fact or s exper ienced dur in g ontog eny
hape ad ul t o rganismal b iology. The cent ra l p remise o f
hi s symposium i s th at, in order to fu l ly un derstan d
ow or ganism s w ork, w e mu st al so un derstan d th e vast
 rray of effects t hat influence t he acquisi tio n o f fo rm,
 unction, per for ma nce, a nd behavior. Rather than focus
o lel y on ontogeny, h ere defin ed as postnatal develop-
en t, this sym posium hig hlig h ts how on togeny unfolds
nder vary ing env iro nmental co ndi tio ns and how dif-
 erent lif e his tory s t rateg ies imp act adu lt f orm a n d fun c-
io n. Al t hough t he inco rpo ratio n o f life histo ry varia-
ion in a symposium on organi sm al form and function
ppear s disconnect ed , co ntribu to rs p resent co nvincing
vidence t hat t he morp ho log ica l p athway to adu ltho o d
 s sh ape d by the p ace and age se quence of ev ents leadin g
o maturity. The overa l l intent ion herein is to refocus at-
entio n o n develop ing o rga nisms a n d h ow th ey wor k, in
 n effort t o bett er under stand (1) how or ganism s func-
 ion as juveni les and adu lts and (2) how ontogeny un-
olds to p rod uce a wide array o f ph en otyp es up on which
ele ct ion acts. 
The papers from these two symposia r epr esent a

ro ad integ rat ive p ersp e ct ive on deve lopm ent, starting
 t birth/ha t c hing and ext ending int o ad ul tho o d . Here ,
e introduce s e vera l genera l themes unit in g the tw o
y mposi a and the spe cific p apers cov erin g a ran g e of
axa, syst ems, and per spe ct ives of evol u tio n a nd perf or-
ance: (1) Physiology and Per for mance dur in g dev el-
pm ent; (2) Life lon g con sequen ces of con ditions expe-
 ienced dur ing e a rly lif e; a nd (3) Life history st rateg ies.
 ur go a l h erein an d g oin g f orwa rd is to galva nize in-
eractions a nd cross-f ertilizatio ns across disci plines. We
ope that in doing so, we wi l l p ro m ote n ew an d inte-
 rat iv e w o rk o n bot h t h e un der lying n ormal p hysio logy
n d th e spe cific p athop hysio logies th at ch aracterize de-
e lopm ent. 

hysiology and performance during 

evelopment 
ost r esear ch r egar din g or gani sm a l funct io n, evol u-

 ion, and e cology t ends t o focus o n ad ul t anim al s
 Dia l et a l. 2015 ). How ev er, n eonates are n ot sma l l
d ul ts—few lineages grow isometrically (i .e ., Fiorello
 nd Germa n 1997; Ma ie et al. 2013 ), a nd y oun g in-
eract with the physical world differently than ad ul ts
 Schmid t-Nielso n 1984 ). These fact or s are espe cia l ly
rit ica l to consider because in order to become a r epr o-
 uctive ad ul t, an individ ual must survive ne onata l and
uvenile s ta ges, which t ypic a l ly have th e high est rates
 f p re dat io n ( Case 1978 ; Pro mis low an d Harvey 1990 ;
dams et al . 1995 ). Here , we hig hlig ht r esear ch on s e v-
ra l aspe cts o f o rgani sm a l funct ion, across a ran g e of
ineages, hig hlig hting the o ntogeny o f p hysio logy and
er for mance. Toget her, t hese emph a size the ne e d to
o nsider mul ti ple systems and mul ti ple o rgani sm al lev-
 ls wh en eva luat ing funct ion in a dev elopin g or ganism.
Un derstan ding th e ontogen etic limi ts o f perfo r-
 ance i s perh aps most well studied in r egar ds to the
usculos ke letal system, pa rticula rly with respect to lo-
o moto r functio n (e.g., Car r ier 1996 ). In t hi s i s s ue,
e hig hlig h t the on t ogeny of locomot or per for mance
cross a ran g e of v ert ebrat e taxa, inc luding whales ,
 irds, p igs, cro co dilia ns, a nd a mphibia ns, from a va-
iety of p ersp e ct ives. There is exten siv e variation in
h e musculos ke letal system at the tis s ue level. For ex-
mple, bo nes typ ica l ly be com e m or e r esistant to frac-
ur e thr ough ontogeny ( Car r ier 1983 ), and muscles
ary in fib er typ e and mit oc ho ndrial densi ty in many
pecies ( Noren et al. 2015 ; Per ias amy et al. 2017 ). Fur-
 her more, t he musculoskelet al system is highly plastic,
 nd va ries due to facto rs incl uding loco moto r mode,
sage, an d environm en t ( Haa p asa lo et a l. 1996 ; D u
 nd Sta nden 2017 ). One line age t hat goes t hrough a
air ly extrem e s hift in environm ent ar e fr ogs, which of-
en m etam orph ose from aquatic juveniles to ter restr ial
d ul ts. Kins e y et al. (this volume) invest igate d h ow th e
ateria l propert ies of the femur chan g es through on-

ogeny in a species of frog that goes through m etam or-
 hosis (Lith obates c at esb ianus ), comp are d to one that
emains aquatic thro ugho u t i ts life ( Xen opus la evis ).
h ese auth ors foun d that the species exhib i ted different
han g es in bone mineral density and material proper-
ies through on togeny, highligh ting the im pact of both
eve lopm ent an d th e environm en t on ma tura tion of the
 ke letal system. An oth er lin eage that experiences high
em and s in loco moto r perfo rmance at a y oun g ag e are
et ace ans, which must be able to imm ediate ly s us tain
oco motio n under hypoxic co ndi tio ns to remain with
h eir m oth er s. Noren et al . (this volume) hig hlig ht how
his occurs across cetaceans by re vie wing the postna-
al ma tura tion in both mit oc h on dri al densit y, muscle
b er typ e, and lo co moto r perfo rman ce. Th ey dem on-
tra te tha t in cet ace ans, t he pr im ary ch an g es in loco-
ot or musc les occ ur throug h increases in mit oc hon-
ri al densit y and myoglob in co n ten t, wi th li ttle chan g e
n muscle fiber type. 
In addi tio n to variatio n at th e leve l of th e tis s ue, there

 s al so a high deg re e of variat ion in overa l l locomo-
o r perfo rmance through o ntogeny ( Carrier 1996 ). In
his volume, Aerts et al. and Young et al. both inves-
igate h ow locom otor fun ction varies within a preco-
ial m amm al, the pig ( Sus scrofa ). Aerts and colleagues
ig hlig h t how in tra uterin e un dernu tri tio n impacts gai t
ynamics in low birth weight indiv idu als, an d s h ow
hat when development i s norm a l, variat ion in gait pat-
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terns is primarily related to size, rather than n eurom o-
to r co ntrol. How ev er, when in tra uterin e deve lopm ent
is exper iment a l ly varie d, and infants are born prema-
turely, Young et al. (this volume) demonstra te tha t there
are s e vere loco moto r co nsequences, and that a norma l ly
pre cocia l m amm a l can funct ion simi la rly to a n a lt ricia l
species. Th e auth ors s ugges t tha t ra ther than being a
functio n o f size , these c han g es like ly re lat e t o neurolog-
ic al immaturit y. Thus, we c a n see different ia l imp acts
o f develop ment o n perfo rman ce depen ding on wh eth er
an indiv idu al is bor n at ter m, w here size dic t ates per for-
ma nce, or if a n indiv idu a l’s prenata l deve lopm ent i s di s-
rupt ed , resulting in n eurom otor impairm ents to perfor-
m ance. Thi s work hig hlig hts the importance of consid-
er ing bot h prenat a l and post nata l deve lopm ent in dis-
cussio ns o n perfo rmance. In addi tio n, Heers (this vol-
ume) hig hlig hts how juveniles wi th develop ing loco mo-
tor structures can achieve surprisingly high levels of lo-
co moto r perfo rmance through co m pensa t ory mec ha-
ni sms th a t vary by group. F or exam ple, gr ound bir ds
employ their wings early in development and compen-
s ate for t h e rudim en tary na ture of t heir wings t hrough
anat omical , kin ematic, an d be havioral m ech ani sms. In
con trast, wa terfowl have delayed wing deve lopm ent an d
com pensa te by having high leg investment and perfor-
mance ( Dial and Car r ier 2012 ). Suc h c han g es in loco-
m otor fun ction or per for ma nce a r e not r est ricte d to en-
dot her mic paras agitt al vert ebrat es. Iijima et al . () high-
light how loco moto r k inetics, k inematics, and morp ho l-
ogy vary across three o rders o f magni tude in Ameri-
can a l ligat or s, a spraw ling ec tot her mic vert ebrat e . They
demonstra te tha t un li k e ma mmals, which t ypic a l ly ad-
just loco moto r functio n in p ropo rtio n to the Froude
number ( Alexander 1976 , 1984 ), a l ligat or s pr ior itize re-
ducing me chanica l wo rk d ur ing st ance at t he expense
of higher costs for swing as they increase in size. Addi-
t iona l ly, lim b post ur e, gr ound r eactio n fo rces, and limb
m a ss al so vary through a l ligato r o ntogeny (Ii jima et al.,
this volume), hig hlig hting the ne e d to exp and our in-
vest igat io ns o f loco moto r o ntogeny and eval uate how
function differs in line ages wit h different histories and
postures. 

Fina l ly, this work hig hlig h ts tha t there is an exten siv e
gap in knowledge of the p hysio logy and per for mance of
neo nates. Al t hough t he aut hors in this is s ue hig hlig ht
t hat t here is st i l l work to be done in the ontogeny of the
loco moto r system, our gaps in knowledge extend to s e v-
era l other aspe cts o f o rgani sm a l funct io n. Fo r example,
Ste er et a l. (this volume) high ligh t varia tion in ana tomy,
p hysio logy, an d fun ctio n o f the m amm a lian fe e ding ap-
paratus during the t ransit ion from suckling to drink-
ing. Th ey dem onstra te tha t n eurom oto r co ntrol an d th e
m ovem ents of the tongue are drast ica l ly different dur-
in g sucklin g and drinkin g in the infa nt pig, a nd that
these chan g es are not necess ar il y intuiti v e. Inv estigatin g
h ow n eurom otor control varies in concert with varia-
tion in other sys tems, s uch as the endocrine system—
which h a s extrem e ontogen et ic variat io n ( Cresp i and
Denver 2005 ; Wada 2008 )—is re lative ly un explored.
Addi tio nally, Matthews et al. (this volume) hig hlig ht
th e n e e d to lin k th e m ech ani s tic s tudies a bov e with mi-
croevol u tio nary p rocess es. The y hig hlig ht three poten-
t ia l avenues for exploring these links, through st ructura l
e quat ion m ode ling, robotics, an d multim od al d ata ac-
quisi tio n. Th e use an d deve lopm ent of these tools, and
ot hers like t hem, wi l l faci lita te in tegra tive and com para-
ti ve bio logi sts to a sk de eper, bro ader, an d m ore nuan ced
question s a bout the links betw een ontog eny, selection,
an d fitn ess. 

Lifelong consequences of conditions 
experienced during early life 

Th e con ditions that indiv idu als experience during early
lif e ca n impact t heir per for mance dur ing ad ul tho o d
and thus have lifelong consequences ( Lindstrom 1999 ;
Metcalf e a nd Mon agh a n 2001 ). Such effe cts have be en
document ed t o occur in flora and faun a inh ab i ting ter-
rest ria l and aquat ic e cosys tems glo b a l ly an d en com-
p ass a l l taxa. Severa l fact or s int eract t o c ause vari ation
in th e con ditions experien ced by in div idu als through
on togeny. F or exam ple , c lima tic environmen tal condi-
tions can have broad impacts on adult metabolism, sur-
v ival, behav io r, and fitness ( No rd and Nilsso n 2016 ;
Marsha l l et al. 2017 ; A ncon a et a l. 2018 ; Azpi l laga et
al. 2018 ; Leblanc et al. 2019 ; Stawski and G eis er 2020 ).
Furt her more, t he social enviro nmental co ndi tio ns also
can imp act adu lt ph en otype an d per for man ce ( Al bon
et al. 1987 ; Oza nne a nd Hales 2004 ; Rup lo h et al. 2013 ;
Hopwo o d et al. 2014 ; O’Hagan et a l. 2015 ; Ri ley et
al. 2017 ; Noguera and Velando 2020 ), as well as fac-
t or s suc h as th e gen et ic simi l arit y o f parents, p reda-
tion, r esour ce limitation, and p arasit ism ( Royle et al.
1999 , 2005 ; Remes 2006 ; Coslovsky and Richner 2011 ;
Huc hard et al . 2016 : P igeon a n d Pe lletier 2018 ; Jarrett
et al. 2018 ; Arct et al. 2019 ). These factors a l l interact
dur ing e a rly lif e, ca n have im pacts in to ad ul tho o d, and
can even be p asse d on to offspring v i a t ransgenerat iona l
effects, th ereby influen cing th e fitn es s of s ucces siv e g en-
eratio ns ( Jo n es an d Friedman 1982 ). 
Esta blishin g links betw een early life co ndi tio ns and

subsequent per for mance dur ing adult ho o d i s logi sti-
ca l ly cha l leng ing be caus e of the res ources re quire d to
track indiv idu als thro ugho ut their liv es. Con sequently,
many studies focus on how conditions experienced in
ea rly lif e influence perf orma nce during ontogeny rather
than ad ul tho o d and in this volume, studies exa mine, f or
example , how t emperature influences offspring perfor-



Birth and the pathway to adulthood 551 

m  

(  

i  

i  

v  

u  

m  

t  

h  

p  

b  

t  

v  

d  

t  

p  

s  

c  

e  

a  

t  

s  

a  

t  

l
 

f  

t  

m  

a  

(  

P  

u  

f  

s  

a  

t  

a  

n  

m  

c  

m  

e
 

p  

m  

t  

i  

p  

e  

c  

a  

m  

c  

f  

i  

i  

m  

t  

s  

l
 

s  

d  

t  

c  

p  

g  

a  

t  

i  

f  

e  

L  

e  

H  

2  

g  

m  

s  

g  

t
 

u  

s  

s  

t  

b  

s  

e  

s  

l  

p  

i  

a  

t  

b  

b  

h  

H
 

s  

e  

t  

a  

e  

h  

fi  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/63/3/548/7224592 by C

alifornia State U
niversity, Los Angeles user on 21 Septem

ber 2023
 ance in bird s (Tabh and Nord, thi s volum e) an d fis h
Ber io et al., t his volume). Ot her studies examine the
mpact of ea rly lif e conditions on lactation and suckling
n m amm al s (Jos efs o n et al., this vol ume; Ste er et a l., this
ol ume), loco moto r develop ment (Aerts et al., this vol-
me; Young et al., this volum e), an d th e ontogeny of the
icrob io me (Murphy et al., this vol ume). No netheless,

he a pplica tio n o f sophist icate d ana lyt ica l te chniques
 a s h e l ped p ro vide o v erarchin g co ncl usio ns that are im-
ossible using single-s pecies s tudies. In this is s ue, Al-
e cker et a l. (this vol ume) co nd ucte d a meta-ana lysis
o examine if developmental pl asticit y in response to
ary ing l arval env ironments in an uran am phib ians p ro-
uced chan g es in m etam orp hic p h en otypes an d foun d
 hat t he l arval env ironments partl y exp lain ed m etam or-
 hic p h en otypes. In addi tio n, the use o f increasingly
ma l l t racking devices h a s en able d scient ists to fol low
r eatur es as sma l l as ants and bumblebees ( Maggiora
t al. 2019 ; Burns et al. 2021 ). In this is s ue , Rittsc hof
nd D enny (t his volume) re vie w h ow ear ly life con di-
ions shape the ad ul t phenotypes and fitness of bees and
 h ow that ea rly lif e co ndi tio ns influence trai ts such as
d ul t b o dy size , whic h su bsequently influen ce fitn ess at
h e in div idu al leve l an d possi b l y even at the po p u lat ion
evel. 
Pa rental, a nd in pa rticula r m atern al, effects on in-

a nts a re significa nt fact or s in evol u tio n, operating
hro ugh develo pmenta l plast icity ( Ul ler 2008 ). Within
 amm al s, lactation and m atern al feeding of infants is

 mech ani sm wit h t he potent ia l fo r p ro found effects
Jos efs on et al., this volume; Steer et al., this volume;
 ittet a n d Hin de, this volum e). Jos efs on et al. (this vol-
m e) docum ent th e imp act of st ress on lactation per-
 orma nce, a nd thu s neon ate a nd infa nt s ucces s. Chronic
 tres s decreased both qu antit y of mi l k, in lower yields,
nd qu alit y of mi l k, in terms o f li p id an d en ergy con cen-
 rat ions in lactat ing fema les, b ut did no t impact protein
nd lactose co mpo nen ts. In teres tingly, this s tres s did
ot chan g e exp ressio n o f mi l k synth esis gen es in mam-
a ry gla n ds. Th ese resu lts, ta k en together, a re signifi-
a nt f or our understa nding of the mech ani sms by which
i l k co mposi tio n chan g es in respon se t o the mat ernal
nvironment. 
An oth er im portan t, but under studied , source of

 arenta l influence and input to infant biology is the
 atern al microb io me. Fo r pa rent–infa nt dyads, vert ica l

ransmissio n o f microb iota can p rod uce variatio n that
mp acts u lt imate o ffsp ring survival and success. Mur-
hy et al. (this volume) systemat ica l ly re vie w the lit-
rature to as ses s how often vert ica l t ransmission oc-
urs and wh eth er eviden ce of m atern a l t ransmission
 ffe ct ing o ffsp ring ph en otype exists. Th ey foun d that
a ny studies exa minin g v ert ica l t ransmissio n o f mi-
rob io mes fai le d to col le c t w hole microb io me samples
rom both m atern al and o ffsp ring sources, co mp ro mis-
ng their ut i lity. The s ugges tions for future studies (to
nclude a fun ction al di versi ty o f micro bes, hos t fact or s,
icr obe–micr obe interactions, and environmental fac-

 or s) wi l l ma ke s uch s tudies mo re val uable fo r under-
tan ding re lations hi ps between microb io m es an d evo-
 u tio n. 
Empir ical rese a rch exa minin g links betw een adv er-

i ty experienced d uring ea rly lif e a nd perf orma nce
 uring ad ul tho o d have focused overwh e lmingly on
he trade-off between growth and rep rod uctive suc-
ess ( Metcalf e a nd Mon agh an 2001 ). The “gro w no w,
ay later” concept proposes that ju veniles emp loy rapid
rowth to compete effe ct i vel y with sib lings ( Royle et
l. 1999 ) or escape adverse co ndi tio ns experienced in
h e n est, but th en pay for that init ia l invest ment later
n their lives by hav ing , f or exa mple, s h orter lif espa ns,
ewer r epr oductive o p portunities, and thus lower lev-
 ls of lifetim e r epr oductive s ucces s ( Richner et al. 1989 ;
indst röm 1999 ; Metca lf e a nd Mon agh an 2001 ;; Fi s h er
t al. 2006 ; ; Krause an d Nagui b 2011 ; Ma inwa ring a nd
artley 2012 ; Vetter et a l. 2016 ; Sp ago po ulo u et al.
020 ). Gay et al. (this volum e) s h ow tha t ca ptive Mon-
 olian g erbils ( Merione s u n gu i cul atus ) th at h at c hed pre-
ature ly an d were thus n ot fu l ly develope d at birth had
ignifican t im pairmen ts to learning at later s ta ges of
rowth when compared to o ffsp ring not born prema-
urely. 
E xp anding on this idea, Pittet an d Hin de (this vol-
m e) examin e d t rade-offs betwe en invest m ent in th e
elf-m ainten an ce of m oth ers an d investm ent in off-
prin g in captiv e r h esu s m acaques ( Ma c a c a mulatta ). In
 his species, mot hers give birth to first-born offspring
efor e they r each fu l l maturity, and firs t-born offs pring
uffer in relation t o lat er-bo rn o ffsp ring because moth-
rs are st i l l invest ing sig nificantly in g rowin g them selv es
uc h that fir st-bo rn o ffsp rin g receiv e 16% less mi l k than
ater-bo rn o ffsp ring. In ag re ement wit h t h e “grow n ow,
ay later” co ncept, first-bo rns accelerate d g rowth dur-
ng infancy, but had slowed growth during juvenility
nd lower b o dy m a ss thro ugho u t ad ul tho o d comp are d
 o lat er-bo rn o ffsp ring . A l though first-bo rn and late-
o rn o ffsp ring began to r epr oduce at similar a ges, firs t-
o rn o ffsp ring had lower b o dy m a sses d uring ad ul t-
o o d , whic h per sist ed thro ugho ut their lives (P ittet a nd
inde, this volume). 
Ma inwa r ing et al. (t his volume) re vie w thos e in-

tances in which indiv idu als sufferin g adv ersi ty d uring
a rly lif e ei ther ou tperfo rm co nspecifics tha t en joy bet-
er u pb rin gin gs or at lea st m ake the best of a bad situ-
tion ( Luevano et al. 2022 ). F or exam ple, Ma inwa ring
t a l. (2012) use d mat e c hoice t ria ls to s h ow tha t la te
at c he d ma les w ithin asy n chron ous ly hat c hed zebra
n ch ( Taeni opygi a gutt at a ) bro o ds were more att ract ive
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to fem ales th an early hat c he d ma les. Simi l arly, w ild rhe-
su s m acaques th a t experienced h ur r icanes dur ing e arly
life bred at a y oun g er ag e th an domin ant conspecifics
t hat never exper ienced hur r ica nes, a nd thus exhib i ted a
higher r epr oductive o utp ut during th eir prim e r epr o-
ductiv e y ears, indicatin g th at subordin ate indiv idu als
bo rn d urin g hurricane y ears ov ercam e such ear ly life
adversity ( Luevano et al. 2022 ). 

In terms of surv iv ing to ad ul tho o d, sub ordinate in-
div idu als employ “sne aky” t actics, such as adapti vel y
t iming forag ing behavior s t o avo id do mina nts a nd thus
m aximizing their ch ances of surv iv ing to the next
bre e ding s eas on (Ma inwa r ing et al., t his volume). Dur-
ing ad ul tho o d, sub o rdinate individ uals rely o n tactics
such as adapt ive dispersa l behaviors and competing
f or pa rtners at o p timal times to acquire co p ulations
wh en ever possi ble. In co op erati vel y bre e ding spe cies,
f or exa mple, domina nt indiv idu als sire offspring that
are h e lped by su bordinate h e lpers, an d su bordinate in-
div idu a ls are st ro ngly co nst raine d from siring o ffsp ring
th emse lves by the dominant indiv idu als. A lth ough su b-
or dinates accrue indir e ct fit n ess ben efits through rais-
ing related o ffsp ring, Young et al. (2007) s h owed that
extra-ter r i to rial fo rays by subo rdin ate m a le me erkats
( S u ricat a s uricatt a ) resu lte d in co p u lat ions and that 70%
o f their o ffsp rin g w er e sir ed in this way. Such extra-
grou p fo rays resul t in subo rdinate individ uals siring 20–
25% of a l l y oun g in the po p u lat ion ( Young et a l. 2007 ).
Consequent ly, t her e ar e instan ces wh ere su bordinate in-
div idu a ls employ “snea ky” tact ics that a l low them to
ou tperfo rm, o r at least compete with, dominant con-
specifics d uring ad ul tho o d (Ma inwa ring et al., this vol-
ume). 

In s h ort, th er e is widespr e ad evidence t hat co ndi tio ns
experienced in early life influence per for mance dur ing
ad ul tho o d. The same p rinci p les app l y to huma ns a nd
there is an increasing focus on h ow con ditions experi-
enced during childho o d influence the he alt h of humans
in later life ( Lummaa and Cl u tto n-Brock 2002 ; Merry
2004 ). Il lust rat i vel y, Lynch et al. (2020) used r ecor ds of
Finnis h wom en dur ing t h e secon d Wor ld War to s h ow
that y oun g girls servin g in a pa ra milita ry orga nization
subse quently waite d less t ime to r epr oduce, had s h orter
in ter-birth in terval s, and h ad mor e childr en t han t heir
non-serving peers or sist er s. Other studies have s h own
t hat t he t rade o ff o f ea rly a nd fr equent r epr oduction
is the p rod uctio n o f sma l ler o ffsp ring ( Reznick 1983 ).
How ev er, it is well establis h ed that when humans have
a sma l l size at b irth and d uring infa ncy, a nd then un-
der g o a p erio d of accelera ted weigh t ga in bef ore the
age of 10 years old (com pensa tory gr owth), they ar e
susceptible to he alt h is s ues s uch as co ro na ry hea rt dis-
ease, t ype t wo di ab etes, and hyp erten sion in human s
( Sha nley a n d Kir kwo o d 2000 ; B a rk er et al . 2002 ; S inghal
et al . 2003 ; Bat eson et al . 2004 ). A long simil ar lines, Cole
and Ado lp h (this vo lum e) s h ow that be havioral flexi bil-
ity a l lows huma n infa nts to cope with a n ever-cha nging
b o dy as they navigate an ev er-chan gin g w orld, whilst
Hubbard et al. (this volume) show that preterm birth
occurs in 10% of a l l liv e birth s and creates a variety of
cha l len g es to ne onata l life, which then go on to persist
well into ad ul tho o d. 

Life history strategies 
L ife histor ies, or t h e age sch e du le of events thro ugho ut
the lif espa n of a n orga ni sm, h ave a rich the oret ica l and
exper iment al history and are foundat iona l to evolution-
ar y theor y. The age sche du le of m orph olog ica l matura-
tion is widely varied thro ugho u t verteb rates (e.g., al tri-
cia l vs. pre cocia l deve lopm ent; Star k an d Ricklefs 1998 ),
but the vast majo ri ty o f investigatio ns into loco moto r
b io m echanics, n euromuscular fun ction, an d adaptive
m orph ology con cer n t hat of t he ad ul t. Desp i te this, a
growing b o dy o f wo rk i s focu sing a tten tio n o n devel-
op ing fo rms; not o n ly shift ing a tten tio n to early o nto-
genetic s ta ges, but also to the impact o f variatio n in
life his tory s trategy on f orm a n d fun ction in ear ly life.
Thi s latter focu ses o n how variatio n in life histories im-
pacts t he f unctio n o f newly bo rn o r hat c hed or ganism s
is wi ld ly excit ing an d n o dou bt a rich a nd expa n siv e di-
re ct io n fo r fu ture invest igat ion. 
Per haps n ot surpr isingly, t h e environm ent in duces a

trem en dous degree of variation on the pace of life histo-
ries. Albe cker et a l. (this volume), in a meta-an alysi s on
deve lopm enta l plast icity a mong a nura ns, p resent co n-
v incing ev idence of env ironmenta l st resso rs influenc-
in g dev e lopm enta l t imin g and or gani sm al size, across a
broad ph ylogen y. High tem pera tur es and dr ought lead
to s h orter larval p erio d s and thu s sm a l ler indiv idu als at
m etam orph osis, wh ereas limited fo o d and/or high den-
si ty o f co n specifics len gt hen t he larval p erio d (Alb ecker
et al., this vol ume). Respo nse to the environment al-
t er s the life history strat egy—fast er or s lower—an d such
plast ic effe cts s h ow th at life hi s tory s trategy is not set in
st one , p art icu lar ly am o ng o rganisms wi th discrete life
s ta ges. 
Am ong th ose studies on ear ly life s ta ge f orm a nd

fun ction, m ost focus on or ganism s that p rod uce p re-
cocial y oun g. Pre cocia l st rateg ies are th ose wh ere th e
sele ct ive pres s ure of s urvi val is p l aced more squ arely
on th e in div idu a l juveni le t han t he car ing pa rent, a nd
thus we observe re lative l y ad vanced or mature loco-
m otor m orph ology, b io mecha nics, a n d n euromuscular
control ( Car r ier 1996 ). Altr icial y oun g are born or hat c h
at a re lative ly sma l l and imma ture sta te com p are d to
a pre cocia l counterp art ( Roff 1992 ; Ste ar ns 1992 ; St ark
a nd Ricklefs 1998 ), a nd s e veral studies from this volume
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 h ow postural an d locom otor deficits among a lt ricia l in-
iv idu als (Young et al., this volume) and delayed onset
 f perfo rmance in a lt ricia l loco moto r systems among
ev elopin g birds (Heers, this volume). Ne w, fas cinating
o rk co nt rast ing pre cocia l deve lopm ent with a lt ricia l
cquisi tio n o f fo r m and f unction is rev ealin g tradeoffs
n: av i an limb investment (Heers, this vol ume), p iglet
ait kinematics (Aerts et al., this v olume), inv estment
n armor plating (Hoover et al., this volume), and neu-
o muscular co ntrol (Young et al., this volume) as well
s insights into the development of human wa l king dy-
amics (Cole and Ado lp h, this vo lume). Studies are re-
 ealin g that a lt ricia lity, a lth ough defin ed by re lative ly
mmature and helpless y oun g, i s not a s limiting as pre-
ious ly th ought. In de e d, kinemat ic data o n p iglet gai t
eveal no obvious tradeoff to being born sma l ler and
ess mature (Aerts, this volum e). Furth erm ore, th e mus-
ulos ke let al growt h t hat occurs amo ng al tricial juve-
iles can vastly outpace that of their pre cocia l coun-
er par ts, leading to n ove l m orph ologies that otherwise
o uld no t have b een p ossi ble un der a pre cocia l st rategy
Heers, t his volume; Matt hews et al., t his volume; Dial
 nd Ca r r ier 2012 ; Dia l et a l. 2012 ). 
In co ntrast, p recocial strategies p rod uce y oun g with

e lative ly advan ced or mature locomotor m orph ology
 Car r ier 1983 ; Gar lan d 1985 ). This re lative ly mature
 orph ology com pensa tes for the sma l l size a nd na ivete
f early life s ta ges an d contri but es t o ad ul t-level perfo r-
ance of escape behaviors ( Car r ier 1996 ). Sele ct ion is

ikely quite stro ng o n the escape per for mance of t hese
ulnerable life s ta ges, and thus favors investment into
e lative ly ro bus t limb musculos ke letal syst ems, whic h
c ale w ith negat ive a l lomet ry ( Car r ier 1983 ). Such com-
ensa tory ana to my, functio ning maturely in the juve-
ile life s ta ges, i s can a lize d into the ad ul t s ta ge o f p re-
o cial sp ecies ( C ar r ier 1996 ). It is o nly amo ng al tri-
ial or ganism s—wh ere th e ad ul t s ta ge is res po nsible fo r
rote ct ing h e lpless, deve lopin g y oun g—that w e observ e
osit ive a l lomet ry in the loco moto r anato my through
ntogeny ( Dial and Car r ier 2012 ; Dial et al. 2012 , 2016 ).
osit ive a l lomet ry indica tes tha t the trait of interest is
or e extr eme in the lar g er ad ul t, imp l ying that it has
ep arte d m orph olog ica l ly an d possi bly entered n ove l
 orph ospace at the adult level. In this way, it is likely

 hat t he life his tory s trategy of a s pecies influences
he extent to which loco moto r mo rp ho logy is canal-
ze d (pre cocia l) or left re lative ly un constrain ed (altri-
ial) into ad ul tho o d. 
Comp are d t o locomot or anat omy, w e g enera l ly ob-

erve less cana lizat io n o f the cranio facial mo rp ho logy
n der lying fe e ding an atomy. Thi s i s lar g el y exp lained
y th e se le ct ive pres s ures driving posit ive a l lomet ry of
ranio facial mo rp ho logy. The de art h in supp l y of lar g er
u t mo re ener g et ica l ly nut rit ious fo o d in the environ-
ent s ugges ts t hat t he advant ages o f posi t ive a l lomet ry
utweigh t he advant ages o f co m pensa t ing for juveni le
an dicaps. Studies s h ow that on e fun dam ental e lem ent
o the fe e ding perf orma nce of juvenile or ganism s is the
n der lying ma tura tio n o f th e musculos ke letal system
 t birth/ha t c hin g. Amon g the live-be ar ing Tr inid adi an
u pp ies ( Po ecili a reti cul ata ) that are born in po p u lat ions
dapt ed t o highly co mpeti tiv e feedin g regimes (low pre-
 ation env ir onments), offspring ar e not only lar g er (by
20%) but are much mor e matur e ( ∼80%) in craniofa-
ia l muscu los ke leta l t raits ( Dia l et a l. 2017a ). This early
a tura tion in offspring born to high compet it ion en-
ironm ents is like ly responsi ble for th e observed com-
et it i ve ad va ntage a n d su bsequent high er survival rate
f these offspring ( Bas h ey 2008 ). Th e mature m orph ol-
gy of high compet it ion offspr ing appe ar s t o be th e h et-
r ochr onic r esult of h ypermorph y or prolon g ed dev el-
 pment, as o p posed to an accelera ted ra te or early on-
et of m orph olog ica l ma tura t ion ( Dia l et a l. 2017b ). But,
he ext ent t o whic h this het eroc hronic shift in the tim-
ng of birth a ffe cts the adu lt m orph ology remains un-
n own an d is i l lust rat ive of th e kin d o f wo rk r equir ed
 oin g f orwa rd. 
Matt hews et al. (t his vol ume) p res ent a cas e study

n exper iment a l manipu lat ion of gene expression that
irect ly t ar g ets a het eroc hronic shift in morp ho log ica l
a tura tio n. By u p regula ting Wn t exp ressio n in larval
e brafis h, th e study examin es th e m orph olog ica l and
er for mance effects of fe e ding with an exper iment a l ly
n duced n eotenic form. This h eter ochr o nic shift acco m-
lis h es two obj e ct ives: fir st, it loc ks in a neot enic mor-
 ho logy, which a l lows f or exa minatio n o f a n a r gua b l y
o re al tricial cranio facial a ppara tus, an d secon d, in-
 uces a mo rp ho logy co nsistent wi t h repe a ted exam ples
f ada pta tion to ben thic fe e ding (i .e ., m ore downturn ed
out h). Furt her more, t he study a ttem pts to link ge-
etic chan g e to m orph olog ica l and per for mance out-
omes using path analysis. Th e auth ors make a case for
he con tin ued pursui t o f A rnold’s 1983 ch a l len g e to link
 any level s o f b iolog ica l variat ion (gen es → ph en otype
 per for man ce → fitn ess) in order t o bett er under-

t and t he evol u tio n o f co m plex systems (Ma tthews et al.
his volume; Arnold 1983 ). 

oncluding remarks 
ere, in these two symposia on the effects of birth
 nd ea rly lif e influences o n perfo rmance, co ntribu to rs
r esent curr ent and leading data on th e environm ental,
 enetic, epig enetic, a nd lif e history conditions shaping
rgani sm al form an d fun ctio n. Co ntribu to rs s h ow that
he ad ul t ph en otype is a col le ct io n o f ea rly lif e influences
h at sh ape the terminal ph en otype, an d only by teasing
part these various influences (current climatic condi-
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tion s, ev olut ionary sele ct ive reg im es, epigen etic influ-
en ces, locom otor, or fe e ding dem and s) can we t ru ly ap-
preciate the f orm a n d fun ctio n o f the o r ganism s that w e
seek to under stand . 
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