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Synopsis Con text-dependen t a l locat io n o f r esour ces drives trade-o ffs amo ng fitn ess-re lated tra its a n d oth er ph en otypes to 

which those traits are lin ke d. In addit ion, th e am ount an d type of acquired resources can also affect the phenotypes of other 
or ganism s through indirect genetic effects, as exemplified by t he mater nal p rovisio ning o f o ffsp r ing. D esp i te a lar g e literature 
on m atern a l effe cts, we lack a co mp re h en siv e un derstan ding of th e ext ent t o whic h m oth ers might a ffect th e ph en otypes of th eir 
o ffsp rin g, as w e ll as th e various m ech ani sms by which the y do s o, p art icu l arly w ith r egar d to m any function al traits that are 
k ey determina nts of survival a nd r epr oduct ion. O ur go a l s in thi s paper ar e to r e vie w t he var io us ap proac hes t o me asur ing and 

un derstan ding m atern a l effe c ts and to hig hlig ht so me p ro misin g av en ues for in tegra tio n o f m atern a l effe cts wi th so m e oth er key 
areas of evolutionary ecology. We focus espe cia l ly on nut rit iona l ge omet ry; m atern al age; and traits proximate to fitness such 

a s whole-organi sm per for m ance. Fin a l ly, we di scu ss the logi stic and practical limits of qu antify ing these effects in many animal 
systems and emph a size the value of in tegra tive a pproaches in understanding the mech ani sm s underlyin g m atern al influence 
o n o ffsp ring ph en otypes. 
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ife history studies consider the sche du ling of key
t ness-en h ancing ta sks over indiv idu a l lifet imes ( Flatt
 nd Heyla nd 2011 ). As such, life history theory
e als wit h acquisi tio n- and allocatio n-based trade-o ffs,
h ereby investm ent o f limi te d acquire d ener g etic re-

ources into the exp ressio n o f certain fit ness-en hancing
 raits rea l locates energy a wa y from other s ( St e ar ns
989 ). Life history theory i s al so an essent ia l concep-
ual fram ewor k for studying m atern a l effe cts, a t rans-
enerat iona l pheno meno n whereby a mother’s environ-
 ent an d or/un der lyin g g en otype influen ces th e ph e-
 otype of h er o ffsp r ing ( Mousse a u and F ox 1998 ; Wolf
nd Wade 2009 ). Wolf and Wade (2009) exp licitl y de-
ne m atern a l effe cts a s the cau sal influence of the mater-
al genotype or phenotype on the o ffsp ring phenotype.
his defini tio n ackn owledges an d en compa sses m ater-
a l effe cts that are driven by both direct and indirect
enet ic effe cts ( McGloth lin and Brodie 2009 ; M cA dam
t a l. 2014 ; se e a lso Keaney et al. 2020 ), and by plastic
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espo nses o n the part of the o ffsp ring to variatio n in the
 atern al p hysio logical stat e . In both cases, life history

lays an im portan t role in both effe ct ing and faci litat-
ng such responses. 

Th e origins an d m ainten an ce of ph en ot ypic vari a-
ion are of interest to evol u tio nary b iolog ists be cause it
s the phenotype that is the primary tar g et of sele ct ion
 Arnold 1983 ; re vie w ed in Sv en sso n 2023 ). Al though
h e re lat ive effe cts o f addi tiv e g en etic an d environm en-
 al var iatio n o n ph en otyp ic trai t exp ressio n h ave hi stor-
ca l ly re ceive d a g re at de al of a tten tion, there h a s been
 growing re cog nit ion of the potent ia l ly important con-
 ribut ion of variou s mech ani sms of non g enet ic in heri-
ance t o suc h exp ressio n as well ( Bo nd uria nsky a nd Day
018 ). Of these mech ani sms, the influence o f mater-
a l ident i ty o n the o ffsp ring ph en otyp e is an imp ortant
ource of ph en ot ypic vari a tion. Th u s, the dyn amic m a-
er nal st ate, which is itself influenced by current envi-
o nmental co ndi tio ns, is linked to the mul ti ple aspects
f the overa l l offspring ph en otype , any of whic h might
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covary o r trade-o ff a gains t e ach ot her v i a s e veral po-
tent ia l me ch ani st ic p athways ( G h a lambor et a l. 2004 ;
Ga rla nd et a l. 2022 ; Husa k 2022 ). Desp i te th e u b iqui ty
of these m atern a l effe cts, th e kn own scope of m atern al
p rovisio ning to and inher it ance o f o ffsp ring ph en otypes
remains limit ed t o t hose traits t hat, while generally e as-
i ly measure d, are n ot n ecess ar ily t h e m ost proximat e t o
fitn ess. Furth erm ore, th e identity an d fun ctio n o f those
p hysio log ica l p athways un der lying th e m atern al influ-
en ce on th es e ke y o ffsp ring ph en otypes h ave hi storica l ly
been obscure. 

O ur go a l in this p a per is not to com pre h en siv ely re-
v iew the l ar g e m atern a l effe cts lit erature , but t o briefly
hig hlig h t some im portan t a pproac hes t o under stand-
ing the processes a nd mecha nism s linkin g variation in
t he mater nal ph en ot ype to vari atio n in o ffsp ring phe-
notypes from an exp licitl y in tegra tive , life hist ory per-
spe ct ive. In addit ion, we a lso s ugges t so me p ro mising
future avenues to study m atern a l effe cts from p ersp ec-
tives th at h ave hi storica l ly re ceive d lit tle at tention. We
fo cus sp e cifica l ly o n those top ics that are, in o ur o pin-
ion, understudied in this context as o p pos ed to thos e
that are deal t wi th exten siv e ly e ls e where , suc h as mit o-
ch on dr ial f unction ( Pick et al. 2016 ; Kim et al. 2022 ). 

Measuring maternal effects 

Materna l effe cts are ub iqui tous a nd ca n have both s h ort-
a nd long-term effects o n o ffsp ring ph en otypes. In a re-
cent survey, Moore et al. (2019) found that over 10% of
ph en ot ypic vari ation is due to m atern a l effe cts across
a ran g e o f o r ganism s and t axa. Alt hough stron g est on
trai ts exp ressed early in an indiv idu a l’s lifet ime , suc h ef-
f ects ca n al so persi st into ad ul tho o d. Estim ating m ater-
na l effe cts s h ould th er efor e be a p rio ri ty, a nd resea rc her s
hav e employ ed s e veral strat egies t o do so. The quanti-
tativ e g enetic approach parti tio ns ph en ot ypic vari ation
into genetic and environmental variation, which can
co mp ri se m atern a l genet ic (i .e ., th e effect of gen es ex-
pressed by the mother on the o ffsp ring phenotype) and
m atern a l environmenta l effe cts (i .e ., influence o f the en-
viro nment p ro vided b y th e m oth er o n o ffsp ring phe-
notyp es), resp e ct i vel y ( Wilson et al. 2010 ; Roff 2012 ).
Early interest in m atern a l effe cts stemme d from a de-
sire to control for them as a potent ia l source of bias
in estimates of her it abi lity and addit iv e g enetic varia-
tio n, bu t evol u tio nary b iologi sts h ave subse quently re c-
og nize d th eir gen et ic b a si s and thu s their potent ia l for
alterin g ev olut ionary t raj e ctories ( M cA dam et al. 2014 ).

Materna l effe cts can be est imate d fro m ei ther a b re e d-
ing design or from an ap pro priate pe dig re e (se e Wi lson
et al. 2010 f or a n overview of pe dig re e ana lysis using
th e animal m ode l), as can th e corre lations am ong suites
o f trai ts, which again h ave both m atern al and mater-
na l genet ic co mpo nents. How ev er, bot h t he mater nal
environm ental an d m atern a l genet ic va ria nce compo-
n ents cann ot a lways be est imate d from o p portunistic
o r reco nstruc ted pedigrees, w hich can be limited either
by sampling and/or by the mating system of the ani-
mal , or both. S imila rly, ma ny species a re not a menable
to manipu lat ive bre e ding desig ns. An a lternat ive ap-
proac h t o me asur ing mater na l effe cts i s to m anipu-
late some aspect of m atern al p hysio logy to elicit trade-
offs in the m atern al ph en otype an d th en to examin e
the o ffsp ring ph en ot ype. A ltho ugh this ap p roach co n-
founds additiv e g enetic, m atern al environm ental, an d
m atern a l genet ic effe cts, it is st i l l usefu l f or understa nd-
ing the consequences of m atern al variation on the off-
spring ph en otype, p art icu larly in species that are not
amenable to bre e ding manipu lat ion. An idea l appro ach
would be to co mb in e both m eth ods into a genotype-by-
enviro nment b re e ding experiment, which invo l ves con-
duct ing mu lt iple bre e ding desig ns under different levels
o f enviro nment al var iation. Thi s i s difficul t in p ractice
and is rare ly don e. Recent studies have made increasing
use o f geno mic da ta to estima t e “c l assic” qu an tita tiv e g e-
net ic p a ra met er s from whole genomes ( Johnston et al.
2022 ). Th ese approach es h old a gre at de al o f p ro mise fo r
un derstan ding m atern al and m atern a l genet ic variat ion
of select phenotypes. 

Dietary restriction and nutritional geometry 

The quin tessen t ia l life history t rade-off i s th at between
r epr oduction and survival , whic h diet rest rict ion can
p ro m ote ( Wein druch an d Sohal 1997 ; F on tana et al.
2010 ; Marks et al. 2023 ). Defined as under nutr ition
wi thou t malnu tri tio n, dietary o r calo r ic restr iction is
an ub iqui tous co n serv e d me ch ani sm th a t ca talyzes life
histo ry trade-o ffs in anim al s ran gin g from nematodes
t o vert ebrat es (re vie wed in Mair and Di l lon 2008 ). As
such, it is one of the most co mmo n ly use d r esear ch
m eth od s to m anipulate the m atern al ener g etic environ-
m ent an d p ro mot e mat erna l effe cts. If a m oth er h a s lim-
ited fo o d, t his can le ad t o c han g es in o ffsp ring ph en o-
type such as sma l ler cl u tch sizes in some birds ( Ho ̌rák
et al. 2015 ) and insects ( Jann and Ward 1999 ), or lar g er,
bu t fewer, o ffsp ring in lizards such as g re en anoles ( Ano-
l is carol i nensis ) ( Marks et al. 2023 ). Com plica ting our
un derstan ding of th e consequen ces of r esour ce avail-
ab ili ty fo r m atern a l effe cts is th e con cept o f nu tri tio nal
ge omet ry. 

The nu tri tio nal geo m etry diet fram ewor k con cep-
tua lizes anima l diets in terms of a mu lt ivariate nu-
t rient sp ace , whereby eac h axis or plane wit hin t hat
space r epr esents a distin ct fun ct iona l ly relevan t n utri-
en t ( Sim pson and Ra u benh eim er 1993 ; Rau benh eim er
an d Simpson 1999 ). Th e ratio o f macro nu trients (i .e .,
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ats, proteins, a nd ca rbohydrates) consumed is particu-
a rly importa nt to this fram ewor k, an d studies have doc-
mente d spe cies-, sex-, and a ge-s pecific macro nu trient
a tio in t ake t ar g ets with empirical consequences for life
istory ( Ja ng a nd Lee 2018 ), r epr oduction ( South et al.
011 ), aging ( Zajitsch e k et al. 2012 ), an d survival ( Moatt
t al. 2019 ). The sex-spe cificity is p art icu larly of not e , as
d ul t males and females frequently exhib i t different in-
 ake t ar g ets to o p timize r epr oductive effort and likely
 esidual r epr oduct ive va lue (RRV) as wel l ( Ma kla kov et
l. 2008 , 2009 ; Rapkin et al. 2018 ). In blac k field cric k-
ts ( Teleogryllus c omm odus ), f or exa mple, male a nd f e-
ale r epr oductive effort is o p t imize d on different diets,
ith males both preferring and exhib i ting higher r epr o-
 uctive effo rt o n a carbohydrat e-ric h diet, whereas fe-
ale r epr oductiv e inv estment i s m aximized on a high

rotein diet ( Ma kla kov et al. 2008 , 2009 ). Rapkin et al.
2018) later found t hat diet ary macro nu t rient rat io me-
iates the trade-off between r epr oductive effort a nd im-
un e fun ct ion in a sex-spe cific fashion in the de corate d

ricket, Gryll o d es s i gi l latus . 
Desp i te these do cumented sex-sp ecific effects of
acro nu tr ient int ake on both key fitn ess-re lated ph e-
 otypes an d th e re lations hips am ong th em, re lative ly

ew studies have considered the effects of m atern al vari-
tio n o n o ffsp ring ph en otypes fro m an explici tly nu tri-
 iona l ge omet ry p ersp e ct ive. Bo nd uriansky et al. (2016)
ound that mat ernal prot ein consumption positi vel y
 ffe cte d egg hatching s ucces s and o ffsp r ing growt h
n Tele o styl i nus an gus tico ll is flies, wher e as pater nal ef-
ects were driven by male carbohydrate intake . S imi-
a rly, Ma ir et al. (2005) found that a decrease in ma-
 ernal prot ein co nsumptio n spe cifica l ly extende d lifes-
an in flies (see also Stril byts ka et al. 2020 ). Beyond
h e gen era l effe ct o f p r otein, r ecen t evidence im pli-
ates specific amino acids in driving the general trade-
ff between lon g ev it y and r epr oduction v i a their ef-
ects on mTOR (m amm alian tar g et of rapamycin)—a
ighly con serv ed central pathway for cell growth and
eta bolism in eukary otes ( Ha l l 2008 ). In pr oger oid
ice that have been genet ica l ly modifie d to exhib i t a

h en otype of an aged animal beyond their actual age,
h ere this m echanism is co mmo n ly studie d, thre e spe-

ific bran ch ed-cha in a mino acids (leucin e, isoleucin e,
n d valin e) must be re duce d to in crease m edia n lif es-
a n ( Richa rdson et al. 2021 ). G iv en t he widespre ad rele-
ance o f nu tri tio nal geo metry to life history, r esear chers
ho ar e inter ested in pr oper ly un derstan ding th e im-
act of m atern al diet on offspring ph en otype, might
o nsider mani pu lat ing macro nu t rient rat ios, and po-
ent ia l ly bran ch ed-cha in a mino acid avai labi lity, to un-
erstan d h ow this variation in the m atern a l nut rit iona l
egime a ffects not only her own life histo ry, bu t that o f
er o ffsp rin g as w e ll. Th es e propos ed studies are cru-
ial to filling in gaps in our kn owledge re lat ed t o these
oncepts. 

echanisms, trade-offs, and stress 

he efficacy of diet ary restr ictio n and macro nu trient
ariation to induce different ia l invest ment in survival
s r epr oduction, and thus to mediate life-histories,
s lin ke d pr imar ily to the in sulin/in sulin-like signal-
n g netw ork (IIS) ( Dantzer and Swanson 2012 ). This
ighly con serv ed pathway is crucial for cell growth and
etabolism v i a the action of two pr imary hor m on es,

am e ly insu lin-li ke g rowth facto r 1 (I GF1) and insulin-
i ke g rowth factor 2 (I GF2). I GF1 is posi ti vel y correlated
it h growt h and receives m uch a tten t ion be cause o f i ts

 us pe cte d ant i-ag ing and potent ia l ant i-cancer proper-
ies ( Swanson and Dantzer 2014 ; Ianza et al. 2021 ). By
o ntrast, I GF2 is not as well c haract erized . IGF2 is typ-
ca l ly r efer ence d on ly in the co ntext o f emb ryo nic de-
e lopm en t beca us e s om e lab rodents, wh ere it is heavily
tudied, do not exhib i t I GF2 post nata l ly ( Schwa rtz a nd
ronikowski 2016 ; Beatty and Schwartz 2020 ). 
A lthough t ypic a l l y concei ved as a n utrien t-sen sin g

at hway ( Barbier i et a l. 2003 ), Regan et a l. (2020) em-
h a size th at the IIS i s sen sitiv e to a ran g e o f enviro n-
ent va riables a nd show that different external pres-

ures can tr ig g er distinct respon ses. Inde e d, variat ion
n the m atern al environm ent oth er than that induced
y diet can impact m atern al I GF expres sion ( Regan et
l . 2020 ). For instance , the IIS i s al s o s en sitiv e to wa-
er avai labi lit y v i a the Pic kpoc k e t28 gene ( Wat er son et
l. 2014 ). Furt her more, t here is mounting evidence that
GF2 is not o nly exp resse d post nata l ly in n on-murin e
nim al s ( Beatty et al. 2022 ), but i s al s o s en sitiv e to envi-
onment al var iat ion, potent ia l ly more so than IGF1 . For
xam ple, hepa tic exp ressio n o f I GF1 and I GF2 o f ad ul t
 re en anole fem ales wa s significantly different between
 hose t hat were exposed to fo o d limi tatio n (low diet ani-
 al s received 1 cricket 3 tim es/wee k as o p posed to high

iet anim al s who re ceive d 3 crickets 3 t imes/we ek) for
 wee ks ( Mar ks et al. 2021 ) an d th ose that were train ed
o r sp rintin g a b ili ty fo r 6 wee ks ( Mar ks et al. 2022 ).

arks (2023) later found t hat t he o ffsp ring o f sp rint-
 raine d mothers exhib i ted lo n g er snout-v ent len gth s
 han t hose from t h e untrain ed m o ms. Al t hough t he un-
er lying m ech ani sm dr iving t hi s result i s n ot kn own,
here is evidence that I GF transcri pts can be a l locate d
o o ffsp r ing in ot her s pecies s uch a s h aplochromine fish
 Ahi et al. 2018 ). There i s al s o e viden ce of oth er tran-
 cripts be y ond IGF bein g a l locate d to eggs, such as tran-
cri pts fo r growth ho rmo ne recepto rs and the gl ucoco r-
 icoid (GC) re ceptor ( Ahi et a l. 2018 ). Inde e d, m oth ers
an a l locate t ranscripts implicate d in p hysio log ica l pro-
es ses s uch as growt h, met abolism, and r epr oduction;
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consequent ly, f uture exper im ents s h ou ld test if a l loca-
tio n o f transcri p ts co uld chan g e acr oss differ ent en-
viro nmental co ndi tio ns o r when m atern a l funct iona l
tra its a re ma nipu late d. 

A f urt her potent ia l ly important pat hway t hat im-
pacts m atern al variation i s the hypothalamic–p i tui tary–
adren al (HPA) axi s. The prim ary functio n o f the
HPA axi s i s to m a inta in p hysio log ica l h om eosta si s
in response to various external and internal stimuli
( Steph ens an d Wan d 2012 ). GCs (cortisol in most mam-
m al s and co rticostero ne in rodents, birds, an d oth er
rept i les) ( Botía et al. 2023 ) are the p rinci p a l ly pro-
d uced ho rmo nes o f this network, and these are t ypic a l ly
r efer en ced as th e h orm on es im plica te d in a st r ess r e-
sp onse ( Co ckrem 2007 ; MacDouga l l-Shackleton et a l.
2019 ; Sadoul and Geffroy 2019 ). Variation in m atern al
circu lat ing h orm on es, such as t hose pert aining to the
HPA, is relevant to materna l effe cts be cause there is ev-
idence of m atern al ho rmo ne a l locat io n to o ffsp ring . A l-
t hough t here is a lar g e li terature o n ho rmo ne-me diate d
m atern a l effe cts, including in m amm al s ( Maestri p ieri
and Mateo 2009 ; Edwards et al. 2021 ), we hig hlig ht
h orm on e-m e diate d m atern a l effe cts in ovip a rous a ni-
m al s here, pa rticula rly wit hin t he co ntext o f diet ma-
nipu lat ions. Materna l steroids can b e dep osit ed int o
yolk v i a v ite llogen esis o r d urin g y olk p rotein fo rmatio n
( Moore and Johnston 2008 ). They can also be deposited
wh en th e eg g is in t he ovid uct ( Johnsto n and Moo re
2005 ; Moore and Johnston 2008 ). Because diet restric-
t ion is fre quently use d as a st ressor, m atern a l circu lat-
in g GC lev els might b e exp e cte d to in crease un der this
scenario, alo ng wi th a potent ia l co nco mi tant increase in
a l locat io n o f this ho rmo ne to increase to their o ffsp ring
(al though i t i s al so im portan t t o not e that yolk st eroid
levels at one time point are not r epr esen ta tive of the
m oth er’s stero id co ncen tra tions in pla sm a at th at same
tim e sin ce GC deposi tio n by m oth ers is unidire ct iona l
[ Moo re and Johnsto n 2008 ]). Fo r insta nce, Ha nover et
al. (2019) s h owed that when green anole females were
diet rest ricte d, their circu lat in g lev els w ere not s tatis ti-
ca l ly differ ent fr om th ose fed a n o rmal diet, bu t co rti-
costeron e leve l s decrea sed in eg gs. Rat her t han rele as-
ing more corticosterone in response to this p o or envi-
r onment, diet r est rict ion m ay h ave p ro mote d a t rade-
off whereby retention of GCs was necessary to main-
t ain nor mal f unct iona l t raits. Alternat i vel y, it is possib le
t hat t he embryos t h emse lves were m etabolizing corti-
coster one differ en tly. Im portan tly, th ese h orm on es are
im plica ted in numerous physiolog ica l processes ( Love
et al. 2004 ), and a lack in their response to an environ-
ment seen as cha l leng ing (st ressfu l) cou ld a lso mean
t hat ot h er m echanisms that p ro mote variatio n in o ff-
spring ph en ot ype are implic ated beyond the HPA axis
to p ro mote variatio n in o ffsp ring ph en otype. 
Several of the above mech ani sms di scu s sed, es pe-
cia l ly cort icosteron e an d th e HPA axis, ar e fr equently
im plica ted in the m atern al response to s tres s. How ev er,
th e con cept of “s tres s” is i l l-define d, and con sidera ble
controversy exists in the literature over th e m eaning of
t he ter m (see Bor ics et al. 2013 ; MacD ougall-S hac klet on
et al. 2019 ). One potent ia l ly f r uit fu l appro ach is there-
fore to tar g et specific pathways or p hysio log ica l me cha-
ni sms th at a re lik el y to be invo l ved in m atern al m anipu-
latio ns o r th at m ay un der lie kn own resu lt ing t rade-offs
(re vie wed in Husak 2022 ). Doing so is pa rticula rly im-
portan t when em plo ying no vel manipu lat ions or for in-
terpreting the results of experiments that could conceiv-
ab l y p ro mot e unint ended mat erna l effe cts. 

Fina l ly, i t is impo rtant to note that because mater-
na l effe cts are a tran sg enerat iona l pheno meno n, they
fa l l un der th e umbre lla o f ep igenet ic effe cts. Epige-
net ic effe c ts are those in w hich n on-gen omic mate-
rial is tra nsf err ed fr om par ent to o ffsp ring ( Ho 2014 )
(not to be confused with epigenetic inher it ance, where
these chan g es are her it able fo r o ne o r mo re genera-
tions [ Lin d an d Spago po ulo u 2018 ]). Altho ugh the spe-
cific epigenetic mech ani sms rem ain to be elucidated,
Ho and Burggren (2012) demonst rate d that hypoxia-
exposed ze brafish fem ales h av e significantly low er egg
volume t han t hose not exposed to these co ndi tio ns and
it is likely that un der lyin g chan g es in gene exp ressio n
ar e r espo nsible fo r this ph en otyp ic effect o n o ffsp ring.
The y als o em phasize tha t there is evidence of similar
epigen etic m odification s in v ert ebrat es yet more work is
ne e de d to understand when and how epigenetic effects
occur ( Ho and Burggren 2012 ). 

Age-dependent maternal effects 

A f urt her layer of com plexity poten t ia l ly influencing
th ese m ech ani sms and pathways i s m atern al age. Be-
cau se life hi sto ry trade-o ffs a re dyna mic decisions that
or ganism s make thro ugho ut th eir lifetim e, age can
stro ngly influen ce h ow a n a nima l a l locates r esour ces to
o ffsp ring . A lth ough th e r epr oductiv e con sequences of
male age have been of interest from the p ersp e ct ive of
s exual s e lection in gen eral, an d female ch oice in par-
t icu lar ( Brooks and Kemp 2001 ), m atern al age h a s long
be en re cog nize d as a driver of m atern a l effe cts ( Priest et
al. 2002 ). F or exam ple, a decrease in o ffsp ring survival
as a function of increa sing m atern al age is known as the
Lan sin g effect, and similar negative effects on offspring
he alt h and lif espa n have been demonstrated in a vari-
ety of taxa ran gin g fr om r otif ers ( Jennings a n d Lyn ch
1928 ; Lan sin g 1954 ) to m amm al s (but see Ivimey-Cook
et al. 2023 , who show that taxo no mic b iases in pub-
lis h ed studies may skew this p ersp e ct ive). Desp i te this
interest, th e m ech ani sms of these age effects remain
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 o or ly un der st o o d. More over, comp arat ive studies ex-
 mining effects of m atern al age can f urt her be compli-
ated b y ho w age is defined within a s pecific s pecies
 Riddle et al. 2023 ). F or exam ple, a chicken’s ( G allu s gal-
as ) age is b ase d on the time since hat c hing ( McCartney
978 ), wherea s ze brafish ( Danio rerio ) age is charac-
er ized as t h e tim e sin ce fert i lizat ion ( Singleman and
oltzman 2014 ; Riddle et al. 2023 ). Other allocation de-

i sions m ay be lar g e ly in depen dent of ag e, driv en in-
tead by a chan g e in the extrinsic mo rtali ty risk. Fo r ex-
mple , t ermina l invest m ent descri bes in crease d a l loca-
io n to rep rod uctio n when s urvival pros pects diminish
 Duffield et al. 2017 ), as o p posed to the classic senes-
en t pa tt ern whereby suc h invest ment de cre ases wit h
dvancin g ag e. 

Un derstan din g ag e-dependent chan g es in the man-
 er an d deg re e in whic h mat erna l effe cts imp act
 ffsp ring ph en otype i s al so a cent ra l pi l lar in o bs tetrics.
n human s, w e know th at m atern al age pl ays a l ar g e
ole in fert i lity and feta l hea lth ( Van Noord-Zaadstra
t al. 1991 ; García et al. 2018 ; De l baere et al. 2020 ).
 or exam ple, th ere is a high er like lih o o d o f p reterm
 irth wi th advanced m atern al a ge ( Es posit o et al . 2022 ).
nfortunate ly, age-depen dent ris ks a re ra re ly labe led

or rect ly a s m atern al effects, bu t do ing so could be an
m portan t st ep t oward bett ering our under standing
f m atern a l effe c ts as a w hole, espe cia l ly in lon g-liv ed
nim al s such a s hum a ns. Simila r to huma ns, older
ema le p ainte d turtles ( Chry semy s pi cta ) also exhi b i t a
ecline in r epr oductiv e a bi lit ies ( Warner et al. 2016 ), yet
at c h ling surviva l incre ases wit h mater nal age ( Paitz et
 l. 2007 ). In other anima ls such as mites ( San c assania
 erl esei ), fecun di ty drops wi th age, bu t r egar dless of the
 esour ce envir onm ent, older females lay h e avier eg gs
omp are d to the y oun g er mites ( P lais tow et al. 2007 ).
 lais tow et a l. propose d that thi s m atern a l effe ct cou ld
otent ia l ly be adaptive if the lar g er egg size h e l ps wi th
o mpeti tio n amo ng o ffsp ring fro m y oun g er females,
u t a co mp re h en siv e bre e ding desig n wou ld be ne e de d
o ap pro priat ely t es t this ( P lais t ow et al . 2007 ). Finally,
 lar g e literature s h ows th at fem a le a l locat io n o f re-
ources is age-dependent and can be a ltere d by factors
uch as diet or mating frequency (e.g., Lailvaux et al.
011 ). Col le ct ive ly, th ese studies suggest that maternal
ge is likely to be an im portan t modifier of m atern al
ffects a n d s h ould be exp licitl y consider ed in r elevant
tudies where feasible. 

unctional traits 

 hile studies o f m atern a l effe cts are co mmo n, the types
 f trai ts th at h ave been mea sured in such studies tend
o be biased toward a s pecific s ubset of phenotypes,
spe cia l l y morp ho logy. Traits related to animal func-
ion, how ev er, such as whole-or ga nism perf orma nce
ra its, a r e seldom consider ed. Whole-orga nism perf or-

a nce tra its a r e measur es of anima l funct ion define d
s quan tita tive measures of an animal co nd ucting a dy-
amic, e colog ica l ly relevant task such as running, jump-

ng, b i ting, o r flying ( Bennett and Huey 1990 ; Lailvaux
nd Ir sc hic k 2006 ; Ir sc hic k et al . 2008 ). Moore et al .
2019) synthesized 151 studies con siderin g the strength
f m atern a l effe cts in anima l po p u lat ions a nd f ound
hat only three such studies me et ing their cr iter ia for
ncl usio n were co nd ucted o n perfo rma nce tra its as de-
ned a bov e, wi th mo rp ho logy and even behavior tend-

ng to be much more commonly mea sured. Thi s di s-
 inct ion is im portan t beca u se A rnold’s (1983) influ-
nt ia l e co mo rp ho log ica l p aradig m st ates t hat per for-
a nce tra its a r e mor e pr oximat e t o fitn ess, an d thus

irect tar g ets of sele ct ion, comp are d to t raits at lower
evels o f b iolog ica l organizat ion, such as m orph ology.
han g es in m orph ology th er efor e t end t o follow func-

 iona l re quirements, a lt hough per for man ce itse lf may
e f urt h er m odu late d by behavior bef ore a ffe ct ing fit-
 ess ( Gar lan d an d Losos 1994 ; Orr an d Gar lan d 2017 ).
er for man ce m easurem ent can be tim e con sumin g and
ften r equir es specialized equi p ment ( Losos et al. 2002 );
 on eth e less, m ea suring perform ance in addi tio n to
 orph ology is im portan t for s e veral reas ons. 
Alt hough t he per for mance gradient is easily concep-

ua lize d as a univariate re lations hip between a perfor-
a nce tra it a n d its un der lying m orph ology, anim al s are

r equently r equir ed to co nd uct different kinds of per-
 orma n ce (re lat ed t o tasks suc h a s foraging, m ating,
 redato r evasio n, etc.), which can place conflicting de-
 and s on the underlying morp ho logy and p hysio logy

 Va n Da mme a nd Wil son 2002 ; Pa si a nd Ca r r ier 2003 ).
he per for m ance gradient i s thu s in herently mu lt i-
ari ate bec ause a given m orph olog ica l t rai t su ppo rts
u lt iple different per for mance cap acit ies, which can

rive trade-o ffs amo ng perfo rma nce tra its ( Bergma nn
nd McElroy 2014 ; Lailvaux et al. 2022 ; Bergmann and
on e lli-Sippe l 2024 ). Th e si tuatio n is f urt her compli-
ate d in spe cies exhib i ting ma rk e d sexua l dimorphism,
here mu lt ivari ate rel atio nshi ps between mo rp ho logy
 nd perf orma nce a nd their resu lt ing funct iona l t rade-
ffs can be sex-specific ( Simon et al. 2022 ). In addi tio n
o funct iona l t rade-o ffs amo ng mul ti ple perfo rmance
ra its, a n emer gin g literature s h ows that any given per-
 orma nce tra it might also trade-off wit h ot h er ph en o-
yp es b esides p er for m ance ( G h a lambor et a l. 2004 ; re-
iewed in Lailva ux 2014 ). F or exam ple, t raining g re en
 nole liza rds f or different types of lo comotor p erfor-
ance (i .e ., sprinting an d en duran ce) in duces trade-
 ffs wi th trai ts such as immun e fun ctio n o r growth
 Husa k et a l. 2016 , 2017 ) t hat are bot h sex-specific and
pecific to the type of per for man ce train ed, an d acti-
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vatio n o f immune activi ty imp in g es u po n loco moto r
per for m ance a s well ( Hu sak et al . 2021 ). Mat ernal in-
vestment can ther efor e have potent ia l conse quences for
o ffsp ring ph en otypes at s e vera l mu lt iple levels of biolog-
ica l organizat ion beyond simple morp ho logy, including
ot her f unct iona l and phenotypic traits that rely on ei-
th er a comm on acquir ed r esour ce p o ol or shared mech-
anist ic p athways (Lai lvaux and H usak 2014; H usak and
Lailvaux 2022). 

Desp i te the relevance of mu lt ivar iate per for mance
to fitn ess, th e mu lt ivar iate per for mance gradient is sel-
dom measure d ( Lai lvaux 2022 ), p art icu l arly w it hin t he
co ntext o f m atern a l effe cts. Conse q uently, few st udies
hav e rig o rously co nsidere d the imp act of m atern al iden-
ti ty o n o ffsp r ing per for mance . Zabloc ki-Thom a s et al.
(2021) used an animal m ode l approac h t o estimat e the
gen etic re lations hips between h ead m orph ology an d
b i te fo rce and between limb morp ho logy and pu l ling
force in the gray mouse lem ur ( Micr ocebus mu ri nus ).
Significan t ma terna l effe cts were found fo r mul ti ple as-
pects of the respe ct ive per for mance g radients; but a l-
th ough Zablocki-Th om a s et al. (2021) found a signifi-
cant gen etic corre lat ion betwe en h ead m orph ology an d
b i te fo rce, t he mater nal cor rel ation bet ween these same
traits was not significant. Furt her more, t he study was
b ase d on a captive popu lat io n, wi th specific housing
co ndi tio ns, which me ant t here was no o p po rtuni ty fo r
females to mate with mu lt iple ma les ( Zablocki-Thom a s
et al. 2021 ). Consequent ly, t he additive mater na l genet ic
effect (i .e ., the effect of the m atern al genotype on an in-
div idu al’s ph en otype in depen dent of the direct effect of
in herite d genes; se e Wi lson and Reale 2006 ) could not
be est imate d. Desp i te t hese cave ats, t his study s h ows
t hat f unct iona l t raits, as wel l as t he per for mance gradi-
ent, ca n f easib l y be invest igate d from the p ersp e ct ive of
m atern a l effe cts, a lthough such traits are known to vary
both in their her it abi lit ies and in the significance of ge-
n etic corre lations am ong traits ( Lailvaux 2010 ; but see
Ginot et al. 2022 ). The co ntribu tio n o f m atern a l ident ity
to mu lt ivariat e suit es of traits ther efor e r ema ins unclea r
a t presen t. How ev er, un derstan ding such co ntribu tio ns
is likely to be im portan t if we are to fu l ly un derstan d
the evol u tio nary trajecto ries o f whole-o rga nism perf or-
ma nce tra its in pa rticula r. 

Limitations and future avenues 

Life histo ry p rovides an app rop riate co n ceptual fram e-
wo rk fo r un derstan ding m atern a l effe cts, but such
studies are n on eth e less su bj e ct to limitat ions. Many
mech ani sm s facilitatin g m atern al effects a re st i l l un-
reso l ved, as are those mech ani sm s underlyin g key life
histo ry trade-o ffs (Husak a nd La ilvaux 2022). There-
fo re, i t is crucial to think broadly about how different
un der lying m ech ani sms m ay be a ffe cte d by the envi-
ro nmental p res s ures experienced by a female. To give
a n exa mple, fro m a functio nal p ersp ective, if the ef-
fec ts of ac tiv it y or exercise on some com ponen t of off-
spring ph en otyp e are b eing t est ed , it is necessary t o
consider the ap pro priate un der l ying p hysio log ica l pro-
cesses. Thi s i s becau se aerobic per for mance cap acit ies
such as en duran ce ar e bolster ed by differ ent p hysio logi-
ca l p athways an d m ech ani sms th a n a naerob ic capaci ties
s uch as s pr inting, and t hese p hysio log ica l differences
cou ld conse quent ly dr ive dist inct sets of t rade-offs as
we ll, depen ding on the type of per for mance in ques-
t ion. Even if spe cific me ch ani st ic (or mole cu lar) p ath-
ways cannot be easily as ses sed , the c ho ice o f mani pu-
la tions a pplied and phenotypes measured can provide
im portan t insigh ts in to t he put ative un der lying path-
ways un der lying specific m atern a l effe cts. The applica-
tio n o f b reedin g design s o r pedigrees, al though logis-
t ica l ly cha l leng ing, n on eth e less h olds en orm o us o p por-
tuni ty fo r rigo rou sly estim ating th e influen ce of th e ma-
ternal gen otype an d ph en otype o n o ffsp ring trai ts. De-
sp i te t his, t heir a pplica t ion is a l l too fre quently limite d
to se lect ph en otypes such as m orph ology t hat, alt hough
more easily me asured t han ot hers, ar gua b l y reveal lit-
tle r egar ding the specific mech ani sm s linkin g m atern al
and o ffsp r ing var iat ion. Simi larly, studies o f nu tri tio nal
ge omet ry and rigorous est imat io n o f the macro nu trient
space may be demanding t o execut e for many vert ebrat e
species, bu t no netheless are p ro misin g av enues for i l lu-
minating the role of mech ani s tic pathways s uch as the
IIS in a ffe ct ing variat io n in o ffsp ring ph en otypes an d
life-histories. 

Although key to life-histories in gen eral, on e f urt her
co mpo nent t o mat erna l effe cts th at i s seldo m co nsid-
ere d, a l beit n ecessary to un derstan d th e e colog ica l and
evol u tio nary co nsequences o f r esour ce a l locat ion, is the
co ncept o f RRV (resid ual rep rod uct ive va lue) ( Wi l liams
1966 ). Defined as the expe cte d r epr oduct ive cap acity re-
maining in an animal’s life, RRV can impact proximate
decisions r egar ding investment in r epr oduction versus
surviva l, as wel l as any accomp a nying lif e history trade-
offs in other aspects of the in tegra tiv e or gani sm al phe-
not ype. RRV is t ypic a l ly studie d at the po p u lat ion level
( De lan ey et al. 2021 ); how ev er, because a m oth er’s in-
vestm ent in h erse lf an d h er o ffsp ring i s dyn a mic a nd
ca n cha n g e in co ncert wi th age and enviro nmental fac-
t or s, one f r uit fu l appro ach might be to consider RRV at
th e in div idu al lev el, as w ell . Suc h an approac h wi l l a lso
provide a better un derstan ding of h ow th ese fact or s can
im pact ma terna l effe cts and u lt im ately m atern a l fit ness.

Fina l ly, a number of mole cu lar/h orm ona l integ ra-
tor p athways cou ld potent ia l ly faci lita te ma ternal ef-
fects but have received scant attentio n fro m the
p ersp e ct ive of m atern a l invest men t. F or exam ple, the
roles of mole cu les such as myokines in faci litat ing
per for man ce-re late d a l locat ion t rade-offs t end t o be
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it tle-st udied beyond a handful of model systems (re-
iewe d in Husa k a nd La i lvaux 2022). Conse quently, our
n derstan ding of wh eth er an d h ow th ey might m ediate
 atern a l effe cts is a ls o lacking ( G oudreau et al. 2021 ). 
Desp i te these o bs tacles, there is an enormo us o p por-

unity to increase our understanding of t he var ious ways
n which m atern a l ident ity a ffects o ffsp ring fitn ess an d
h en otypes. In tegra tive a pproaches tha t co mb ine data
 n o rganism functio n, p hysio logical mech ani sms, and
ifferent levels and methods for manipu lat ing various
 ypes of env ironment al var iat ion are a lso o p portuni-
ies for collabo ratio n. These app roaches, co mpounded
 ith w ider re cog nit ion an d ackn owledgem en t of ma ter-
a l effe cts across divers e dis ci plines o f science, wi l l h e lp
r idge t h ese gaps an d foster a mo re co mp re h en siv e un-
erstanding of this ub iqui tous ph en om en on. 
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