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Synopsis R el ative r epr oductive s ucces s a nd fa ilure a re the u lt imat e det erminants of Darw ini an fitness. As such, r epr oductive 
tra its a nd va r iations t h erein have an imm ediate an d con sidera ble impact on the evol u tio nary t raj e cto ry o f linea ges. His torica l ly, 
significan t a tten tion h a s been paid to the ecological and evol u tio nary p rocesses (ul timat e fact or s) th at sh ape the diversity and 

cana lizat io n o f rep rod uct ive t rai ts wi thin grou ps t o bett er our under standing o f o rgani sm al diversity and po p u lat io n o r species 
resi lience. In cont rast, the p hysio log ica l systems that me di ate vari ation w ithin a nd a mong species (i .e ., the proximat e fact or s) 
in r epr oduct ive t ra its rema in a significa nt bl ack box. To d at e , there is com para ti vel y li ttle info rmatio n abou t how p roximate 
mech ani sm s con strain o r p ro mote evol u tio nary potential in r epr oduct ive t raits. In this mini-re vie w, we focus o n li tter size 
in Eut her ia n ma mmals as a trait with re lative ly we ll-defin ed diversity (litter sizes are we ll-descri b ed b ot h wit hin and across 
species) a nd f o r which so m e gen etic determin ants h ave be en ident ifie d. We di scu ss bot h t he u lt imat e and pot ent ia l proximate 
determinants of litter size with spe cia l a tten tion to the bre adt h of p hysio log ica l t raits th at m ay act a s “t oggle” swit c hes for 
evol u tio n o f li tt er size . We c lose with a brief di scu ssio n o f t he role t hat p hysio log ica l plast icity ma y pla y in the evol u tio n o f li tter 
size and lay out s e v eral forward-lookin g areas for future research. 
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 primary go a l of the fields of e colog ica l, evol u tio nary,
 nd compa rati ve p hysio logy is t o under stand how phys-
ology and physiolog ica l t rade-o ffs influence o rganis-

a l fit ness in ways tha t im pact a lineage’s c apacit y to
ersist through time or space. Rep rod uctio n is essen-
 ia l for spe cies per sist en ce; m or eover, differ ential fit-
ess (variation in the r epr oductive s ucces s o f individ u-
l s) i s ultim ate ly n ecessa ry f o r evol u tio n and ada pta tion.
ow ev er, the r epr oducti ve p hysio logies that un der lie

 pecies or linea g e ev ol u tio n and ada pta tion ar e r e lative ly
 o or ly un der st o o d, even in mo del sys tems, and es pe-
ia l ly when cont raste d w ith surv ival-rel ated traits (see
ox 1 ). This historical focus has led to a lar g e gap in
n derstan din g a bou t how rep rod ucti ve p hysio logy con-
ribut es t o loc al ad a pta tion and the potent ia l for spe cies
o invade or persist in chan gin g environments. 

The gap in knowledge is pa rticula r ly n otable in mam-
 al s. Al though rep rod uct ive t ra its a re we ll-kn own to
 dvance A ccess publication May 27, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the

ccess article dist ribute d under the terms of the Creative Co mmo ns Attribu ti
er mits unrestr ict ed reuse , dist ribut ion, and r epr oduction in any medium, pr
a ry across a nd within species, we know very li ttle abou t
he p hysio logy that un der lies t hat var iat ion in a l l but
 few (often exemplary) species. Even less is usua l ly
nown about the evo lutio nary history of variation in re-
 rod uct ive t rai ts wi t hin line ages. At le ast some of this

ack of p hysio log ica l insight is a p rod uct o f the histo ri-
 al bi a s th at fem ale r epr oducti ve p hysio logy is genera l ly
 assive (se e Hayssen and Or r 2017 ; Or r et al. 2020 for
 urt h er context). Th ese ideas are n ow bro ad ly accepte d
 s in accurate; how ev er, the li terature b ia s rem a ins a nd
i kely cont ribut es t o the relative de art h of general under-
tandin g a bout fema le t raits that are likely explanatory
 andid ates for local ada pta tion in r epr oduct ive t raits. 

In thi s m anu script, we aim to promot e int erest and
n derstan ding re lated to th e evol u tio nary p hysio logy
n der lying r epr oduct ive t raits by focusing on the num-
er o f o ffsp ring per li tt er (i .e ., litt er size). Litt er size

s a tractable and tim e ly trait to consider because (1)
ariation in litter size is demon stra b l y conse quent ia l
 Society for In tegra tive and Com para tiv e B iology. This is an Open 
o n License ( ht t ps://creat ive co mmo ns.o rg/licenses/by/4.0/ ), which 
ovided the orig ina l work is properly cit ed . 
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fo r fit ness, (2) natura l variat io n both wi thin and across
spe cies is wel l-documente d, an d (3) th e r epr oductive
p hysio logy un der lying th e pr ogr ession of deve lopm ent
from ova to offspring is well under st o o d in b io medi-
cal and agricultural m ode l s. It i s ar gua b l y st ri king then
th at n atura l variat io n wi thin a nd a mong ma mmalia n
lineages (reported litter sizes ran g e from 1 to 30 off-
s pring acros s s pecies, Hays sen and Orr 2017 ) h a s not
garn ered m ore a tten tio n fro m evol u tio nary physiology
o r geno mics. 

Box 1: Deer mice ( Peromyscus mani cul at us ) a re 
a m ode l system fo r evol u tio nary b iology, in lar g e 
p art be caus e the y ar e extr em e ly bro ad ly dist ribute d 

across Nort h Amer ic a, displ ay loc al ad a pta tion across 
Nort h Amer ican hab i tats, a nd a re a mena ble to la b 

experiments ( Bedford and Hoekstra 2015 ). L o cal 
ada pta tion in r epr oduc tive func tion was first ob- 
served an d docum ented t hrough exper iment al ap- 
proaches ov er 30 y ears ag o, t hough t hese stud- 
ies f ocused nea r-ex clusiv ely on ma le t raits (e.g., 
Dem a s et al. 1996 ; Dem a s an d Ne lson 1998a , 1998b ; 
Prendergast et al . 2001 ). Muc h more recently, a se- 
ries of museum col le ct ion-b ase d studies have doc- 
umente d e colog ica l ly lin ke d variat ion in r epr oduc- 
tive s eas o nali ty and li tter size (pu p numb er p er litter) 
within deer mice ( Peromyscus mani cul at us ; McLea n 

et al. 2019 , 2022 ; McLea n a nd Guralnick 2021 ), 
a nd ma ny of these po p u lat ion-leve l differen ces in 

gestat iona l t raits persist in common-garden, labo- 
rato ry enviro nments ( Wil sterm a n a nd Cunningha m 

2022 ). Non eth e less, th e biolog ica l determinants of 
na tural varia tio n in rep rod uct ive t rai ts, fro m the 
gen om e to p hysio logy, rema in la r g e ly un determin ed 

(but see Wil sterm an et al. 2023 ). This is in st ri king 
contrast to the abundance of links from the genome 
to p hysio logy and survi va l-lin ke d t raits in this m ode l 
syst em (e .g., Linnen et al . 2009 ; Sc hwimm er an d 

Haim 2009 ; Scott et al. 2018 ; Barrett et al. 2019 ; 
Hager an d Hoe kstra 2021 ; Rocha et al . 2021 ; St orz 
2021 ; Hager et a l. 2022 ; Wi l lia ms a n d Tie leman 

2005 ). 

We first set th e scen e by briefly summarizing the lar g e
an d we ll-establis h ed litera ture tha t addresses e colog i-
cal determinants of litter size as an im portan t con text
f or understa nding the u lt imat e det er minants. We t hen
introd uce the p roximat e det erminants o f li tter size in
Eut her ia n ma mmals, ref er r ing here to the p hysio logy
that can dynamica l ly influence the number of offspring
p rod uced in a single gestat iona l bo ut. Thro ugho ut, we
hig hlig h t exam ples wh ere th e proximate (p hysio log ica l)
determinants of litter size are kn own, th ough th ese are
lar g ely sourced from domest icate d m amm al s. As such,
we also discuss t he limit ations of drawing generalizable
patterns fro m do mes tic s tra ins, pa rticula rly as it relates
to the p hysio log ica l determinants o f li tter size. Fina l ly,
we briefly address physiolog ica l plast icity and potent ia l
trade-offs th at m ay influen ce th e ext ent t o whic h litt er
size can evo l ve within po p u lat io ns in respo ns e to s e-
le ct ive pres s ure, an d we outlin e som e outstan ding chal-
len g es in invest igat ing litter size evol u tio n. 

Ultimate determinants of litter size 

A pletho ra o f theo retical framewo rks have been pro-
posed over many decades to explain the u lt imate de-
terminants of litter or c lut c h sizes within and among
species. Many of these ultimate fram ewor ks were de-
v eloped usin g cl u tch size in birds as the focal model,
and both the oret ica l modeling and observat ion-b ase d
tests of u lt imat e det erminants o f li tter size hav e lar g ely
ma inta ined this f ocus. These e colog ica l ly driven mod-
el s h av e lar g ely focused on the cost of post-hat c h rear-
ing of c hic ks. Although c hic k re ar ing (a nd its ma m-
mali an correl at e , lactatio n) are demo n stra b l y ener g et-
ica l l y intensi ve, thi s focu s h a s genera l ly di smi ssed or
simp l y ig nore d the costs of egg production and incuba-
t ion (e quiva lent in some res pects to ges tation in mam-
m al s) ( Mon agh a n a nd Nager 1997 ). 

Di smi s sing the cos ts of ear ly deve lopm ent is al-
most certainly inap pro priat e , espe cia l ly for m amm al s.
La te gesta tio n o ften co nf ers significa nt costs of move-
m ent an d m ob ili ty cha l len g es for the g estatin g parent
ne ar ter m ( Slona ker 1925 ; D ufour an d Sauth er 2002 ;
Wi l liams et al. 2016 ; Ladyman et a l. 2018 ), a long-
side in creased m etabolic cos ts as soci ated w it h t he pro-
ces s of s upport ing feta l g rowth and storing energy in
prep arat ion for lactat ion. Non eth e less, th e th e oret ica l
fram ewor ks used to explain the u lt imat e det erminants
o f cl u tch size are ar gua b l y st i l l genera l l y app licab le to
m amm alian litter sizes and gestat iona l const raints (se e
Risch et al. 2007 ; Lun d blad an d Conway 2021 ), an d our
in ten tion here is simp l y to provide a general introduc-
tion to t he t heor ies of interest. As such, we refer to the
litter size thro ugho ut this se ct ion, though it is im portan t
to remember that the orig ina l formu lat io ns o f t hese t he-
ories t end t o focus on av i an r epr o duction and p ost-birth
or post-hat c h sele ct io n p res s ures. 

Most of the following ultimate theoretical frame-
wor ks depen d on th e con cept of an “o p t ima l litt er size ,”
and thus it is worth briefly di scu ssing wh at o p t ima l litter
sizes describ e b efore di scu ssing t he t heor ies t hem selv es.
In s h ort, o p t ima l litt er sizes refer t o the litt er size that
m aximizes fem a le fit n ess, an d th eories that focus on op-
t ima l litter size as s ume that natural se lection s h ould act
s uch that o bserved litter sizes (in fre e-living anima ls)
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 h ould be a pproxima tely opt ima l ( Lack 1954 ; Wi l liams
966 ). Im portan tly, more is not always better in an op-
 ima l litter size fram ewor k—o p t ima l litter sizes are fo-
used on the number of suc c ess fu l offs pring individu-
ls can p rod uce given so me enviro nm ental an d evolu-
io nary co ndi tio ns. As such, at least 100 years of evolu-
io nary b io logy and eco logy h ave focu se d on ident ifying
hese constraints to “so l ve” these o p t imizat io n p roblems
nd thus explain observed variation. 

Three no n-excl u sive determin ants of o p t ima l litter
ize have been the focus of most t heory: exter nal re-
ource limi tatio ns, life histo ry trade-o ffs, and internal
ner g et ic cei lin gs. For the first tw o categ ories, p hysio l-
gy is not cent ra l to or deterministic for o p timal litter
ize per se ; inst ead , r esour ce limi tatio ns a nd lif e-history
t rateg ies describe u lt imat e det erminants o f li tt er size .
ow ev er, the a b ili ty o f these ul timate selective p res s ures

o drive chan g es in litter size relies u po n the physio-
og ica l me diat or s that result in indiv idu al vari ation. As
uch, na tural varia tion in r epr oducti ve p hysio logy pro-
ides a requisite link between ecological or environ-
enta l cha l len g es and div ersi ty in li tt er size . 

xternal resource limitations 

 xterna l r esour ce limi tatio n s w ere t he first of t hese fac-
 or s posit ed t o explain natural variation in litter and
l u tch size. Lack argued tha t paren ts raised the maxi-
 um n umber of y oun g a l lowe d by fo o d r esour ces in

h eir environm ent ( Lack 1947 , 1948 ), such that in-
reases in fo o d access o r acquisi tio n s h ould permit
ar g er cl u tch es an d litters to be rais ed. Thes e arguments
 ere lar g ely b ase d on Lack’s observat ion s a bou t lati tudi-
a l variat io n in cl u tch sizes, where cl u tch sizes are often

ar g er amon g birds bre e ding at higher latitudes. Lack
e asoned t hat t he lon g er d ays at high l at itudes a l lowe d
or greater time foraging, thus allowing parents to raise
ar g er bro o ds. 

Early on, scient ists re cog nize d sig nifican t limita tions
 o Lac k’s hypothesis. F or exam ple, the fo o d limi tatio n
yp othesis do es not expla in differences in cl u tch size
mong sp ecies co existing in the same hab i tat and us-
ng similar fo o d typ es, and it fails to distinguish be-
 ween proximate c auses and evol u tio nary o rigins (i .e .,
l asticit y alone versus sele ct ion-driven t ra its a nd local
da pta t ion) ( Mart in et a l. 2014 ). Furt her mo re, al though
ome sma l l mamma ls s h ow lat itudina l clines in litter
ize (e.g., McLaren and Kirkland 1979 ; McLean et al.
019 ; but see Ims 1997 ), these exemplar species are noc-
urnal , suc h that lon g er days at high latitudes would ac-
ua l ly l i mit forag ing t im e. Non eth e less, Lack’s hypoth-
sis and its inherent limi tatio ns m otivated th e deve l-
p ment o f ma ny f ollow-up hypot heses t hat propose al-
ernative r esour ce limi tatio ns (e.g., time) o r trade-o ffs
e.g ., activ it y leve l an d pre dat ion risk) th at h av e prov en
sef ul t h ough n ot sufficiently explanatory in isolation
see S kut c h 1949 ; As hm ole 1963 ; Ricklefs 1980 ; Martin
t al. 2014 ; Lun d blad an d Conway 2021 ). As a result,
ost e colog i sts h ave lan ded on th e ide a t hat so me co m-
 inatio n o f these e colog ica l pres s ures is necessary to
rovide an u lt im ate explan atio n fo r variatio n in litter
 r cl u tch size (see Martin et al. 2014 an d Lun d blad an d
o nway 2021 fo r detai le d di scu ssion s). How ev er, the

o ncept o f external r esour ce limi tatio n co ntinues to be a
aj or me cha nism f or expla ining va riatio n in li tt er size ,

uch that gaps between observed litter size and esti-
ated “o p timal” litter size are of ten attr ibut ed t o failure

o account for some unident ifie d r esour ce limi tatio n. 

ife history trade-offs and residual 
 eproductiv e value 

ll Eut her ia n ma mmals a r e iter opar ous, meaning
 hat t hey a ttem pt to r epr oduce mu lt iple t imes across
h eir lifetim es (but see some species in Ant ec hinus,
ra ithwa ite a nd Lee 1979 ; a n d m o use o pos s ums, Lorini
t al. 1994 !). How ev er, th e like lih o o d of having addi-
 iona l r epr oductive o p portunities is not constant across
pecies. As a simple but extreme example, consider the
iffer ence in pr e dat ion risk for an eleph ant versu s a
 ouse—an e lephant has a much lower pre dat ion risk

nd thus a greater li keli ho o d of future rep rod uctive op-
o rtuni ties, w hereas a hig h pre dat ion risk for mice de-
re ases t h e like lih o o d of futur e r epr oductive o p portu-
it ies. Simi lar rat iona le can be applied to age—older
nim al s will tend to have a lower chance of s ucces s-
u l l y comp leting an oth er r epr oductive a ttem pt rela tive
o y oun g er indiv idu al s. Thi s var iable r isk in a l locat ing
nergy toward t he cur r ent r epr oductive a ttem pt ver-
us potent ia l r epr oductive o p portunities in the future
etermines an indiv idu al’s residu al r epr oduct ive va lue
 Wi l li ams 1966 ), which c an then be used to di scu ss or
xplain patterns of r epr oductiv e inv estment like litter
ize variation. 

Im portan tly, r esidual r epr oduct ive va lue, and thus
ife his tory s t rateg ies in the broad s ens e, only address es
otal effort or investment per r epr oductive a ttem pt.
 esidu al r epr oduct ive va lue-b ase d m ode ls do not, on

heir own, specify whether that re duct ion in effort
 h ould be expressed as a red uctio n in litter size to pre-
erve effort per pup or a re duct ion in effort per pup
 ithin a simil arly sized litt er. As suc h, ar guments a bout
ow litter size should b e asso ci ated w i th life histo ry
 trategy s till us uall y rel y on r esour ce limi tatio n co n-
epts or e colog ica l ri sk a s ses sments to make quantita-
ive sta temen ts about how litter size s h ould chan g e. In
his way, life history st rateg ies and residua l r epr oduc-
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t ive va lues a re a n addendum t o Lac k’s orig ina l asser-
tion s a bout e colog ica l determinants o f li tt er size . 

Wit hin t he re alm o f life histo ry st rateg ies, ther e ar e
mo re specific “catego ries” o f st rateg ies t hat descr ibe
h ow effort s h ould be variab l y a l locate d amo ng o ffsp ring
o r rep rod uctive a ttem pts, an d th ey usua l ly are condi-
t ione d on environmental challen g es. F or exam ple, “bet-
he dg ing” describes st rateg ies that are dis advant ageous
or subo p t ima l under some co ndi tio ns bu t p ersist b e-
cau se th at same strategy preserves s ucces s in cha l leng-
ing co ndi tio ns. As such, bet-he dg ing st rateg ies are often
associ ated w i th less p r edictable envir onm ents an d can
result in increased variation in effort among offspring
( Haaland et al. 2019 ). “Con servativ e bet-hedgin g,” a
more specific case of bet-he dg ing, descr ibes t he species-
or po p u lat ion-level st rat egy of consist ently producing
f ewer, la rger o ffsp ring in a litter, even though this strat-
egy leads to lower fitness in benign environments. A
con servativ e bet-hedgin g strategy is thought to arise
under unpredictable environments as a function of ge-
om etric m ean fitn ess ( Einum and Fleming 2004 , p. 200;
Haaland et al. 2019 ; Okabe and Yoshimura 2022 ), where
the con servativ e app roach p revai ls in “b ad” ye ars or se a-
so ns, thereby ou t-co mpeting individ ual s th at p rod uce
lar g er litt er s in “go o d” ye ars or se asons. 

Internal energetic ceilings 

The final category of u lt imat e det erminants of o p t ima l
litter size invokes energetic ceilin gs, sugg estin g that lit-
ter sizes are limited by the c apacit y of the gestat iona l
pa rent (f em ale across m amm al s) to in g es t, proces s, and
tra nsf er n utrien ts to dev elopin g offsprin g . A lthough
lactat ion is genera l ly considere d th e m ost m etabolica l ly
inten siv e po rtio n o f rep rod uctio n fo r m amm al s, late
gest ation met abolic rates are a lso except iona l ly high in
associ ation w it h t he dramat ic g rowth o f o ffsp ring in late
gest ation, t h e in creased cost of m ovem ent due to lar g er
b o dy size, and the necessity of preparing for lactation
through organ rem ode ling an d fat s tora ge. For exam-
ple, in deer mice, pup m a ss increa ses from an av erag e
weight of 0.3–1.8 g (a 600% increase) over the 4 days
p rio r to b irth. Fo r an av erag e li tter size o f 5, this can rep-
resent a gain of over 30% of the g estatin g parent’s non-
pregn ant m a ss, no t acco un ting for ma terna l t is s ue re-
m ode ling an d growt h t hat are on g oin g durin g this same
p erio d ( Zeng et al. 2017 ). 

F or in ternal ener g etic ceilin gs t o det ermine litt er size ,
there must be fitness benefits to lar g er litt er s that an-
im al s are p hysio logicall y unab le t o realize . In su ppo rt
of this idea, estimates of o p timal litter size are rou-
tin e ly high er than observed litter sizes in wild po p u-
l ations (e.g ., Fleming and Ra uscher 1978 ; Hum phries
and Boutin 2000 ; M cA dam et al. 2019 ; M or r is 1986 ;
Wilson et al . 2009 ). Int ernal ener g etic limits could ex-
plain these gaps by con strainin g p hysio log ica l cap ac-
i ty to su ppo rt lar g er litt er s, even though it may be
advantageous to do s o. Howe ver, ph en ot ypic pl astic-
ity ( Leima r a nd M cN a ma ra 2015 ), “bad yea r” effects
( Boyce and Per r ins 1987 ), and the a f o rementio ned “bet-
he dg ing” st rateg ies can a l l p rod uce simi lar p atterns of
con sistently low er-than-o p t ima l litter sizes ( M cA dam
et al. 2019 ). Th us, in ternal ener g etic ceilin gs may only
explain litter size under contexts li ke domest icat ion,
where e colog ica l o r enviro nmental co nstraints o n li tter
size are lar g e ly rem oved o r mi t igate d. 

Proximate determinants of litter size: 
physiology 

Al though o ffsp ring number at birth is perhaps the most
intuitive way to estimat e litt er size , t he dat a from which
litter sizes across m amm al s are derived from a lar g e
n umber of surroga te me asures t hat ar e pr esumed to
reflect o ffsp ring n umber a t birth. Th ese m etrics ran g e
from the number of corpora lute a wit hin t he ovar ies
(a measure of the number of oocytes ovu late d), blas-
tocysts flus h ed from th e u terus, counts o f fu l l-term fe-
t uses, the num ber o f o ffsp rin g observ ed af ter birt h (e.g.,
emer gin g from natal burrows), or pl acental sc ars. The
use of any of these measures is often determined not
b y kno wledg e a bout r elevant r epr oducti ve p hysio logy
bu t instead o n h ow accessi ble species ar e acr os s ges ta-
tion and the tools available for est imat ion. Non eth e less,
t his var iat ion refle cts t hat t her e ar e many steps between
o o cyte pro duction and birth at which litter size can be
modified , oft en (th ough n ot always) by physiology of
t he gest at iona l p a rent ( Fig. 1 ). Understa nding the ran g e
of potent ia l me ch ani sms an d th e actual po int o f regu-
l ation c an h e lp inform how we think about the selec-
tive pres s ures shap ing li tter size evol u tio n an d th e re-
p rod uctive costs to t he gest at ing p aren t. F or exam ple,
la te-gesta t iona l litter size re duct ions r epr esent a differ-
ent ener gy inv es tment s trategy than litter size reduc-
t ions determine d by the numb er of o o cyt es ovulat ed . In
this se ct ion, we wa l k through s teps of ges tatio n—fro m
ova ma tura tio n to b irt h—t hat influence li tt er size , and
we hig hlig h t in teresting or unique examples of variation
a mong ma mmals, wi th our p rim ary emph a si s o n Eu the-
rians. Thro ugho ut, we have included r epr esen ta tive fig-
ures i l lust rat ing key st ructures o r p rocesses invo l ved in
r epr oduction to provide more context to readers with-
out a b ackg round in p hysio logy or r epr oduction. Al-
though w e hav e endeav or ed to r epr esent a genera lize d
p ersp e ct ive on Eut her ia n f emale r epr oductive anatomy
and gestat iona l p hysio logy, these figur es ar e biased to-
war d r oden t and h uman p hysio logy b ase d on our own
exp ertise. Taxon-sp ecific variations are worth investi-
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Fig. 1 Graphical summary of major proximate physiology that can determine litter size in mammals. Litter size can be 
regulated across se veral de velopmental time points, moving from left to right in the figure. Each step is discussed in more detail in the main 
text. The number of follicles matured (a) often determines the maximum possible litter size, and little size reduction here can occur via 
follicular atresia or anovulation of mature follicles. After ovulation, (b) zygotes must implant in the endometrium, and significant loss is 
often associated with failure to implant. In extremely rare cases, litter size can be increased via polyembryony f ollo wing implantation. (c) 
Fetal growth and development can be aborted throughout gestation through fetal absorption or a complete abortion. Finally, (d) post-natal 
infanticide can further reduce litter size prior to weaning. Solid arrows indicate viable offspring continuing through dev elopment, wher eas 
dashed arrows indicate loss of offspring. Dashed arrow weight is not proportional to the expected frequency or rate. The 
decreasing solid arrow weight indicates the general rule that litter size can only be reduced across these developmental steps. 
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ating for the int erest ed reader, and s e v eral ex cellent
exts exi st th at ar e mor e co mp re h en siv e in this respect
e .g., Sc hu l kin and Power 2012 ; Hayssen and Orr 2017 ).

vulation 

itter size is first cont rol le d by the ma tura tio n o f v i able
 o cytes wit hin t he ova ry. Ea rly in f ollicle deve lopm ent
nd ma tura tion, a lar g e number of follicles develop in
o ncert, wi t h attr i tio n o f many o f these follicles occur-
in g as dev e lopm en t con tin ues. In mos t s pecies, there
s so me po in t a t which a n umber o f “do mina nt” f olli-
les emer g e t hat are t he fas tes t growing and thus be-
om e th e lar g est follicles wit hin t he ovary (e .g., Ric hard
t al. 2024 ); these dominant follicles are are dest ine d for
vu lat ion. As such, lar g er litt er s genera l ly resu l t fro m a

ar g er number of oocytes proce e ding to the dominant
 ta ge to be ovu late d, an d in de e d, sele ct io n o n li tter size
f ten incre ases ovu lat ion rate (e.g., Durrant et al. 1980 ).

Oocyte ma tura t ion and ovu lat io n are co nt rol le d in
art b y top-do wn sig na lin g from tw o h orm on es that
r e pr oduced in and released by the p i tui ta ry gla nd:
 u teinizing ho rmo ne (LH) and follicle stim ula ting hor-
 on e (FSH) ( Fig. 2 ). Div er g en ce of th e domina nt f ol-

icle(s) from others in the same wave is associated with
he su pp ressio n o f FS H by both est radiol and in hibin se-
r etion fr om th e deve loping follicles th emse lves ( Figs. 2
nd 3 ; Mihm and Evans 2008 ). Wherea s m any follicles
i l l be come at ret ic u po n t he decre ase in FS H, do minant

 ollicles a re able to con tin ue deve lopm ent in depen dent
 f FS H sig na ling. Th e m ech ani sms th a t con trol this “es-
ape” among dominant follicles vary across m amm al s. 

FSH sig na ling has been repeate d ly associate d with lit-
er size or offspring number across m amm al s ( Vinet et
 l. 2012 ; Mb arek et al. 2016 ); for example, in humans,
 f  
or e fr equent r elease o f FS H fro m the p i tui tary i s a sso-
i ated w i th mul ti ples in pregnan cy, in cludin g dizyg otic
 w ins ( Lamb a l k et a l. 1998 ). How ev er, art ificia l sele c-
io n fo r lar g e litt er s in lab mice h a s al so demonst rate d
hat LH receptor expression in the ova ry ca n simila rly
 ro m ote th e ma tura t ion and ovu lat io n o f an increased
umb er of o o cyt es ( Pomp et al . 1988 ). Wh eth er LH sig-
 aling i s invo l ved in changes to o o cyte ma tura tion and
vu lat io n mo re b ro ad ly, simi lar to FSH, wi l l re quire fur-
her com para tive r esear ch. 

Upstream of these p i tui tary ho rmo nes, other neu-
oh orm on es m ay al so mod ulate li tter size across pop-
 lat io ns o r species. In go ats, genet ic po l ymorp hisms

n kis s peptin (KISS1) have b een asso ci ated w ith nat-
ra l variat io n in li tt er size ( An et al . 2013 ), an d th e
a ria nts of the recepto r fo r go nadotrop in-re leasing h or-
 on e (G nRH) hav e b een asso ci ated w it h t he number

f fol licles ovu late d in pigs ( Jiang et a l. 2001 ). O ther
tudies have ident ifie d a large number of genes that dis-
l ay differenti al exp ressio n in the follicles of pigs se-

e cte d for different litter sizes, s ugges ting that funda-
ental chan g es to fol licu lar g rowth and ma tura tion are
it igate d in p art by g rowth p athways in fol licles them-

elves (as o p posed t o t op-down driver s) ( Caetano et al.
004 ; Fer nandez-Rodr iguez et al. 2011 ). These differ-
nt ia l ly expresse d p at hways wit hin follicles appe ar to
e invo l ved pr imar ily in immune regulation or func-
io n, stero idogenesis, li p id o r fatty acid m etabolism, an d
h e complem ent c asc ade ( Fernandez-R odriguez et al.
011 ). 

In many ma mmals, including ma ny ungulates and
 rimates, li tter size h a s evo l ved to a fixed litter size of
 ne. Mo novu lat ion (ovu lat io n o f a single mature ova
er cycle) genera l ly re quires re ducing the number of

ollicles that reach a dominant s ta ge (termed follicu-
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Fig. 2 Major signaling pathways in the 
hypothalamo-pituitary-gonadal (HPG) axis that influence 
follicular maturation, ovulation, and early pregnancy 
maintenance. Follicle maturation and ovulation from the ovary 
are principally controlled by interactions between the 
hypothalamus , pituitary, and ovaries and the hormones that 
each produces. In the hypothalamus, Kiss1 neurons influence 
GnRH production and release, which in turn influences pituitary 
production and release of luteinizing hormone (LH) and 
f ollicle-stim ulating hormone (FSH). In response to pituitary LH and 
FSH, specialized cells found in the ovarian follicles synthesize 
estradiol (E 2 ) and pr ogester one (P 4 ). These steroid hormones, in 
turn, feedback on to the pituitary and hypothalamus. The action of 
this feedback can be negative or positive, depending on the stage of 
the estrous or menstrual cycle (positive feedback is necessary for 
o vulation). Ovarian f ollicles also produce inhibin, which negativel y 
feeds back into the pituitary. Solid arrows show pituitary hormone 
production and feedback from the ovaries. Dashed arrow shows 
ovarian hormone feedback on the hypothalamus. Symbols ( + /-) 
next to hormones indicate stimulatory versus inhibitory action on 
the tissue. 
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l ar dev i at ion; Wi ltb an k et al. 2000 ; Garcia-Guerra et
al. 2018 ). Th e en docrin e an d paracrin e sig na ling that
shape fol licu lar deve lopm ent an d fol licu lar wave sizes
i s sh ar ed acr oss m amm al s, a s eviden ced by th e fact that
su pplementing o r increasing FS H and/o r LH availab il-
ity leads to ovu lat io n o f mul ti p le fo llicles acros s mos t
m amm al s ( Vinet et al. 2012 ). What makes m on ovular
species unique, then, is the c apacit y o f a single do minant
follic le t o p rod uce sufficient FS H-inhib i to rs (lar g ely in-
hib in) to su pp ress p i tui tary FS H p rod uctio n o n i ts own.
Elevated p rod uctio n o f activins fro m the p i tui ta ry gla nd
m ay increa s e s ensi tivi ty o f the do mina nt f ollic le t o FSH,
a l lowing it t o per sist under lower FS H co ncen tra tions.
The domina nt f ollicle in m on ovu lar spe cies a lso often
exhib i ts a “swi t c h” t o LH-depen den ce ( Mihm an d Evans
2008 ). 
The fol licu l ar dy namics and p hysio log ica l me cha-
ni sms th at lead to m on ovu lat ion are lar g ely b ase d on
work in three s pecies: humans, domes tic h orses, an d
domestic cattle. As such, a b roader explo ratio n o f the
evol u tio n o f mo novu lat ion in g roups li ke b ats a nd ma r-
su p ia ls (lesser studie d g r oups wher e monovu lat ion ap-
pear s t o hav e ev o l ved in depen dently) may provide im-
po rtant co mp arat ive data points in un derstan ding h ow
con serv ed or conv er g ent the p hysio logy o f mo novula-
tion is among m amm al s. 

Ovulation can be disconnected from litter size 

Sele ct io n o n ovulato ry ra te can be sufficien t to drive
chan g es in litter size. How ev er, sele ct ion experiments
in a ran g e o f do mes tic s pecies, incl uding p igs, rabb i ts,
and mice also demonstrate that increasing the number
o f co rpo ra l u tea and/o r the number o f o o cytes pro duced
o ften o nly incr eases r esu lt ing li tter size by a few o ff-
sp ring, and so metimes not at a l l . For example , mice de-
rived from lines sele cte d f or la r g e litt er s ovulat ed an av-
erage of 23 ova ( ∼8 more than control lin es); h ow ev er,
av erag e litter size at birth increased to only 15 (3 more
than control lines) ( Eisen 1978 ; Pomp et al. 1988 ). In
swin e, in creasing ovu late d o o cytes from 13 to 23 sim-
i larly on ly t ranslate d into a litter size increase of 2 or
3 piglets ( Lamberson et al. 1991 ; Johnson et al. 1999 ).
Thi s di sconne ct betwe en the numb er of o o cytes ovu-
lated an d th e number o f o ffsp ring was specific to the se-
le cte d lin e; th e number o f co rpo ra l u te a found in t he
ovaries of control line females (a proxy for ovu late d
follicles) co rrespo n ded fair ly close ly to fetus number
( Lamber son et al . 1991 ; Johnson et al. 1999 ). Rabbits
also s h ow in crease d ovu lat io n in respo ns e to s ele ct ion
o n the trai t, bu t this does not translate into increased
li tter sizes ( Labo rda et al. 2011 ). How ev er, m ost of th ese
sele ct ion experiments have been per for m ed in dom esti-
cate d lines li kely to have been previously sele cte d for re-
p rod uctive efficiency. As such, i t is difficul t t o det ermine
wh eth er th e failure of litter size to increase reflects fun-
dament al limit ations to p hysio logy to su ppo rt li tter size
o r limi tatio n imposed by other fact or s th at h ave been
cana lize d by domest icat ion. 

Two extreme examples where ovu late d o o cytes and
litter size are dramat ica l ly disconne cte d are po l yovula-
tion and po l y embry ony. Po l yovu lat ion invo l ves the pro-
d uctio n o f many mo re o o cytes than wi l l be im plan ted
and gestat ed , whereas po l y embry ony is the formation
o f mul ti ple emb ryos fro m a sin gle zyg ot e . 

Po l yovu lat ion is re lative ly comm on across m amm al s,
whereas po l y embry ony is com para ti vel y rare. Po l yovu-
lation is found in rodents (e.g ., Fl amini et al. 2020 ),
shr ews, tenr e cs, b ats (e.g., Bueno et al. 2019 ), and un-
gul ates, and it c an invo l ve th e re lease o f u pwards o f
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00 gametes in the case of the plains vi scach a ( Flamini
t al. 2020 ). Po l yovulation does not appear to be used
s co mmo n a mech ani sm for pla stici ty in li tt er size , in
hich anim al s could ovulate many ova an d th en control

m plan ta tio n o r develop ment b ase d o n enviro nmental
o ndi tio ns. Most o f the species th at di sp lay po l yovu-
atio n, incl uding elephant shrews a nd pla ins vi scach a,
ive birth to litter sizes that are consistently limited
o only a few ( < 3) offspring ( Tripp 1971 ; Birney and
a ird 1985 ; Sik es a nd Y lönen 1998 ; Jensen et al. 2008 ).
h e se le ct ive pres s ures that un der lie this ph en om en on

emain p o orl y reso l ved. In the case o f p ro ngho rn, i t
 ay serve a s a mech ani sm to se lect for th e m ost fit
 ffsp rin g ( B irn ey an d Ba ird 1985 ; Sik es a nd Y lönen
998 )—emb ryos co mmi t siblicide in u tero by p iercing
n e an oth er wi th ou tgr owths fr om th e ch o rio n and al-

a ntois ( O’ga ra 1969 ). 
Po l y embry ony is best known as m on ozygotic t w ins

or any m on ozygot ic mu lt iple). How ev er, up unt i l re-
ent ly, genetic cor relates of po l y embry ony w ere not
hought to exist, at least in humans—m on ozygotic em-
 ryo ny is st i l l genera l ly considere d to be an unpre-
icta ble ev ent with no her it able or predict able ba si s
cross po p u lat io ns o r m atern al age ( Ham amy et al.
004 ; Hoekstra et al . 2008 ; S mits and Monden 2011 ).
h e only we ll-establis h ed exception to thi s i s found
ithin Dasypus armadi l los. Nine-b ande d armadi l los in-
ariab l y p rod uce a single ovum bu t achieve li tter sizes
f fo ur thro ugh epib last di visions post-imp lan ta tion.
o l y embry ony in armadi l los is thought to have evo l ved

n response to limitations in the number of sites within
he uterus at which an zygote c an impl an t ( Galbrea th
985 ; Craig et al. 1997 ; Loughry et al. 1998 ). Th e gen etic
a si s and evol u tio n ary ba si s of thi s fixed po l yemb ryo ny
emains unknown though. In humans, new sequencing
pp roaches po int toward epigenetic signatures found
cross th e en ds an d cent er s of c hrom osom es a s di s-
in ct an d s ha red f eatures a m ong m on ozygotic t w ins
 van Don g en et al. 2021 ). It is ther efor e theor etically
ossi ble that, am ong armadi l los, som e gen et ic variat ion
ould p ro mote similar ep igenetic sign atures th at lead
o po l y embry ony. Wh eth er or n ot th ere is any overlap
n the mech ani sms th at lead to po l y embry ony across
 amm al s, more bro ad ly, remains to be determined. 

amete fusion and implantation 

 ollicle ma tura tion also plays a role in setting up
he ap pro pr iate hor m onal environm ent for gestation
o proce e d. Fol lo wing o vu lat ion, mature fol licles are
 u teinized and form corpora lutea (CLs; see Fig. 3 ),
n en docrin e structure in th e ovary that p rod uces
h e steroid h orm on e pr ogester one. Pr ogester one is
espo nsible fo r ma inta ining a p hysio log ica l environ-
ent permissive for implantation and gestatio n. No n-
vu latory fol licles can a lso be l u t einized t o form acces-
ory CLs that contribut e t o progest erone se cret ion (e.g.,
on ald son a nd Ha nsel 1965 ; Lueders et al. 2011 , 2012 ;
uerv o-Aran g o and New combe 2013 ; Yanagawa et al.
015 ). The number of follicles that are l u teinized can
mpact the dosing of prog estog en h orm on es ( Hazan o
t al. 2021 ), s ugges ting t hat incre ases or decreases in
he number of oocytes ovu late d may imp act early ges-
ation s ucces s by chan gin g th e am ount o f p r ogester one
e crete d b y CLs. I n elephants, hip po po ta muses, a nd
 donto cetes (to othe d wha les), which genera l ly have
xtende d gestat io ns o f singleto n o ffsp ring, p rod uce a
eco nd wave o f no n-ovulato ry fol licles that be come
 u t einized lat er in gestation and p rod uce p r ogester one
 s well, presum ab l y to ma inta in th e exten de d gestat ion
 uratio n s ( B rodie 1972 ; E ltr ingham 1999 ; Lueders et al.
012 ). The evol u tio nary o rigins o f accesso ry CLs are not
lear. 

Pr ogester one acts in s e veral ways to ma inta in preg-
ancy by altering maternal p hysio logy. On e of th ese
ctions is to promote de cidua lizat ion of the uterine
ining, the process that pr epar es the endo metri um in
he uterus f or impla ntation ( Fig. 4 ). Alo ng wi th es-
rog en s deriv ed from the endo metri um i tself and the
varies, pr ogester one acts to promote re cept iv it y of the
n dom etrium t o blast ocyst im plan ta t ion. Successfu l de-
idua lizat ion is essent ia l for s ucces sful im plan ta tion, in
hic h blast ocysts en gag e with and may be engu lfe d by

n dom et ria l t is s ues. As s uch, s ucces sful im plan ta tion
sua l l y invo l ves c areful loc al regul atio n o f t he gest a-
 iona l p aren t’s imm une syst em t o pr event r ej e ct io n o f
he embryos ( Yoshinaga 2008 ; Fujiwara et al. 2016 ).
r ogester on e-depen dent de cidua lizat ion is also impor-

a nt f or ea rly growth of th e con cep tus (bo t h pr ior
o, during, a nd f o llowing imp lan ta tio n). Endo met ria l
land s th at develop in t he uter ine lining dur ing decid-
a lizat ion ar e r esponsible for pr oducing histotr oph, a
ixture of gly cog en, gly co pro t eins (inc ludin g mucin s),

i p ids, and growth facto rs that provides a crit ica l source
 f nu tri tio n fo r t he e ar ly con ceptus p rio r to t he f unc-
 iona l onset of placental nutrient and gas ex chan g e
cross m amm al s ( Fig. 4 ; Burt on et al . 2020 ). 

The sig na ls that me diate prep arat io n o f the u terine
ining f or impla ntation a re lik ely to b e imp ortant players
n both increasing and decreasing litter size. In domes-
ic sw ine, vari atio n in li tter size h a s be en lin ke d to a l lelic
a ria nts f or a ra n g e of g enes inv o l ve d in de cidua lizat ion,
nc luding st eroid h orm on e recept or s (inc ludin g prog es-
 erone , Peiró et a l. 2008 ; and est radiol, Rothschi ld et a l.
996 ; S hort et al . 1997 ; La liot is et a l. 2017 ), enzymes that
nfluence p rod uctio n o f p ros ta g landins (C OX2, Sironen
t al. 2010 ), the cytokine leukemia inhib i to ry facto r
LIF; Lin et al. 2009 ; Mucha et al. 2013 ), and p ieces o f
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Fig. 3 Follicular development dynamics in the mammalian ovary. Follicular development begins in primordial follicles (a), which 
are composed of the oocyte and a thin layer of granulosa cells. With the support of follicle-stimulating hormone (FSH), these follicles 
develop into primary (b) and then secondary (c) follicles, at which point the fluid-filled antrum begins to develop. Secondary follicles 
secr ete incr easing amounts of estradiol and inhibin, which will ev entually start to suppr ess FSH r elease by the pituitary. To be “selected” to 
become a dominant follicle that is projected to ovulate, the follicle must develop sufficiently to become FSH-independent. Once dominant, 
an antral follicle become a Graffian or pre-ovulatory follicle. Throughout this process, follicles initially developing as part of the 
synchronous wave undergo atresia, in which they degrade and the oocyte dies (d). Mature follicles that persist despite decline FSH will be 
ovulated (e) in response to an estradiol-driven surge in circulating luteinizing hormone (LH), releasing an oocyte, which can then begin its 
journe y towar d the oviduct. The r emnants of the ruptur ed follicle then become corpora lutea (f), an endocrine structur e that supplies 
pr ogester one (P 4 ) necessary to maintain pr egnancy. How ev er, these corpora lutea cannot persist indefinitely. Without hormones or other 
signals to provide maternal recognition of pregnancy (often chorionic gonadotropins [CGs] or prolatins [PRLs] coming from zygotes), 
these structures degrade into corpus albicans, which are usually reabsorbed by the ovary across subsequent cycles. How ev er, in the 
presence of appropriate signals, the corpora lutea will remain active (g), continuing to supply the pr ogester one necessary to promote 
gestational physiology. Note that waves of follicles are nearl y al ways being recruited from (a) primordial through (c) early secondary follicle 
stages, even during pregnancy, but dominant follicles that proceed through antral development are not produced. Instead, these follicles 
pr oceed thr ough atresia (d). 
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the I GF/I GFBP sig na ling p athway ( Sironen et al. 2010 ).
In m ost cases, th ese asso ciations b etween a sp ecific al-
le le an d different ia l litt er size appear t o be bre e d-spe cific
(i .e ., dependent on the genet ic b ackg round the a l lele is
pl aced w it hin; Per ipato et al. 2004 ; Ar g ente 2016 ). This
genet ic b ackg round spe cificity s ugges ts t hat t he dynam-
ics that influence blas tocys t im plan ta tio n and li tter size
va riation a re almost certa in to b e p o l ygenic and may de-
pend on the co mb inatio n o f a l le les foun d in bot h t he
g estatin g parent and the fetus’s gen om es. 

The sig na ling tha t coordina tes im plan ta t ion a lso
serves to ensure that embryos are adequately spaced
wit hin t he uterus—im plan ta tion sites that are not ad-
equately sp read ou t thro ugho u t the u terus wi l l con-
tribut e t o crow din g durin g late g estat ion, which can u l-
tim ately h av e negativ e impacts on fetal growth and sur-
vi val. Morp ho logical as well as p hysio logical fact or s are
im portan t in determining where and how many em-
bryos can im plan t. F or most m amm al s, the entire uterus
is not re cept ive to im plan ta tio n. In so me bats, “vascu-
lar tufts” in the endo metri um (local, hig hly vasc ularized
regio ns o f th e en dom etr ium) appe ar to limit t he num-
ber of im plan ta tion sites in the ut erus t o one or two, per-
h aps serving a s a crit ica l gate on litter size in these volant
m amm al s ( Ra sweiler 1992 ; Catalini and Fedder 2020 ).
Uterine structure can also limit litter size by decreas-
ing potent ia l im plan ta tio n si tes. As mentio ned p revi-
ously in the di scu ssio n abou t po l y embry ony in armadil-
los, species wit h f used uter in e h orns (simplex uterus)
t end t o im plan t and s ucces sfu l ly gestate on ly one or two
o ffsp ring. As o ne wou ld expe ct, then, art ificia l sele ct ion
f or la r g er u terine capaci ties can also drive increases in
litter size ( Spencer et a l. 2012 ). Sele ct io n fo r increased
litter size in tends to r equir e incr e ases in t he lengt h of
t he uter ine hor ns ( Clutter et al. 1994 ). 

St ructura l const rain ts associa ted wi th u terine size
can also b e dep endent on other r epr oduct ive t raits li ke
pl acental t ype. A detai le d explanat io n abou t placen-
ta l st ructure an d termin ology is beyon d th e scope of
thi s m anu script and un li kely to be in tima tely lin ke d
to evol u tio n o f li tt er sizes; reader s are encouraged t o
se e Wi ldman et a l . (2006) , Sc hu l kin and Power (2012) ,
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Fig. 4 Decidualization and implantation in the mammalian 

uterus. While traveling from the oviduct to the uterus, the zygote 
develops into a blastocyst such that it enters the uterus ready to 
proceed with implantation. In response to progesterone from the 
ovarian corpora lutera, the endometrium lining of the uterus 
(bottom) has developed a larger number of endometrial glands 
that produce and release histotroph into the uterus as the 
blastocyst adheres to it. This histotrophic nutrition will serve as 
the primary source of energy for the developing blastocyst until 
the placenta is fully developed. As the blastocyst begins 
implantation, trophoblasts invade the endometrium and work to 
establish the implantation site. Interactions between these cells 
along with the ovarian-derived pr ogester one pr omote 
decidualization, or the transformation of the endometrial stroma 
into decidual cells. These decidual cells contribute to the 
development of the placenta and establish vasculature for nutrient 
and gas exchange for the developing fetus. Note that the processes 
shown are a generalized presentation of a rodent-like pregnancy. 
The interactions between the blastocyst and endometrium vary 
across mammals; see Abrahamsohn and Zorn (1993 ) and Enders 
and Carter (2006 ) for more.. 
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nd Hayssen and Orr (2017 ) for more information on
 lacental di versity in m amm al s. Non eth e less, fo r p igs,
hich pos ses s a diffuse, ep i th e lioch ori al pl acenta, sur-

ace a rea f or a ttachmen t between t he fet al placent a and
 he mater nal uter ine tis s ue is directly linked to surface
 rea f o r nu trient and gas ex chan g e. This st ructura l lin k
e ans t hat, when holding uter ine size const ant, incre as-

ng litter size wi l l de cre ase t he av erag e sur face are a per
etu s th at i s ava ilable f or excha nge (a nd th us ca pacity
o r nu trient and gas ex chan g e) ( Ford et al. 2002 ). This
o ntrasts wi th disco id, h em och ori al pl acentas, where
 aby r int h or vi l lous st ructures interna l to the placenta
rea te a m uch lar g er sur face are a for ex chan g e . As suc h,
lt hough placent al structure is n ot like ly to direct evo-
 u tio n o f li tt er size , i t may influence potent ia l to sele ct
or dire ct iona l shifts in litter size in some species. 

n utero fetal loss 

nce embryos have im plan t ed , litt er or fetal loss can
 e asso ci ated w it h dysf unction in t he CL or placent al
 apacit y to ma inta in gestat iona l p hysio logy, or due to
hro moso mal ab no rmali ties in the fetus and placenta.
ow ev er, sele ct ive feta l resorpt ion h a s al so b een p osited

s a way to defer p hysio log ica l “de cision s” a bou t li t-
er size unt i l more information about the lactation en-
 ironment is avail ab le to an indi v idu al (i .e ., a mec ha-
ism for pl astic modific ations to litter size during late
 erm). Lat e-t erm reso rptio n, in which f etuses ca n be
eg rade d and r esorbed i n utero wi thou t overt nega-
 ive imp acts to deve lopm ent of oth er o ffsp ring (e.g.,
rackow 1992 ; Westlin et al . 1995 ; Giacc hino et al.
020 ), may be an effe ct ive way to con trol ma ternal in-
 estment durin g th e m ost en er gy-inten siv e p erio ds of
 epr oduction (lat e-t er m growt h an d, m o re impo rt ant ly,
actation). 

Inde e d , lat e-t erm reso rptio ns are co mmo n in ro-
ents, and a recent survey of domestic dogs found that
 hey occur red in ne arly 50% of ca nine pregna ncies (14%
f total im plan ta tio n si tes) ( Lascialfari et al. 2023 ). Fe-
al loss can occur as a result of insufficien t n utrien t de-
ivery or growth rest rict io n—fo r example, dro medary
am e ls twin re lative ly frequently, but n ev er giv e birth to
o re than o ne o ffsp ring d ue to mid-p reg nancy g rowth

est rict ion and death o f o ne o f the t w ins ( A li 2017 ). In
ther cases, sele ct ive resorpt ion appear s t o be a routine
spect of gestat iona l p hysio logy. For examp le, p l ains v is-
acha routin e l y imp lant 10–12 embryos (from over 800
vu late d), which resu l t in o nly 2 v i able o ffsp ring by late
estation ( Flamini et al . 2020 ). One pot enti al expl ana-
ion may be that these addi tio nal o ffsp rin g serv e as “in-
urance policies” in the even t tha t other o o cytes are not
 i a ble ( B irn ey an d Baird 1985 ). On e might th en expect
hat pl ains v isc acha (and other extreme po l yovulat or s)
ave higher rates of inv i able embryos relative to non-
o l yovu lat ing relat ives; however, to our knowledge, this
 a s not been evaluat ed . 

At least in mice, feta l resorpt ion can be cont rol le d
y m atern al n euroen docrin e fact or s ( Zhou et al . 2022 ),
oin ting to ma ternal con trol over t he fet al reso rptio n
rocess. How ev er, th ese n euroen docrin e m ech ani sms
ere n ot se le ct ive (i .e ., they result ed in complet e re-

o rptio n as opposed to reso rptio n o f specific emb ryos).
o re p roximat e mec hanisms that could mediate selec-

 ive resorpt ions li kel y invo l ve co agu lat ion cascades and
mm une in teraction s betw een m atern al a nd f etal sys-
ems at the implantation sit e , whic h result in ischemia
 or a n indiv idu al offspring , eventu a l ly leading to de at h
 C lark et a l. 1999 ). How ev er, in g en eral, th e m echa-
i sms th a t could con t rol sele ct ive lat e-t erm reso rptio ns
re unknown. 

ost-natal litter size adjustments 

itter size may also be modified after birth through
 atern a l infant icide, conspe cific infant icide, or sibli-

ide . In hamst er s and wo o d ra ts, ma ternal infan ticide
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may be sele ct iv e, leadin g to adjustments in sex ratio
to reduce investment in male o ffsp ring under challeng-
ing enviro nments ( McCl ure 1981 ; Schn eider an d Wade
1989 ; Beery and Zucker 2012 ). In house mice, conspe-
cific post-partum infanticide is more common in wild
colo nies, where mice o ften b re e d communa l ly ( Fer rar i
et al. 2016 , 2019 ). In ei ther o f thes e cas es, li tter size p rio r
to birth may be significantly less likely to experience se-
le ct ion relat ive t o mat ernal behavior s, and suc h mec ha-
nisms a re lik e ly to su bstant ia l ly a lter the ext ent t o whic h
natura l sele ct ion is li kel y to act on p hysio log ica l deter-
minants of litter size (versus maternal be havior). Th e
ext ent t o whic h mat erna l infant icide cont ribut es t o litt er
size re duct ion s (v er sus complet e litt er loss or consump-
tion) in other m amm al s i s less clear, espe cia l ly in ro-
dents, wh ere this be havior appears to be re lative ly, espe-
cia l ly associate d with s tres s. Non eth e less, th e prevalen ce
and extent to which species exhib i t post-natal infanti-
cide could p rovide impo rtant co ntext fo r un derstan d-
ing h ow m ech ani sms th a t con tr ol i n ut ero lit ter size are
subj e ct to sele ct io n p res s ure. 

In contrast to maternal and conspecific infanticide,
siblicide is relati vel y unco mmo n in m amm al s. Spotted
hyen a s a re a rguab l y the only m amm al wh ere si blicide
is known to be a major determinant of t he tot al ma-
ternal cost o f rep rod uctio n ( Smale et al. 1999 ; Hofer
and East 2008 ). In spotted hyen a s, siblicide h a s been
hypothesized to have arisen in response to low or un-
predictable fo o d environm ents. Th e fact that si blicide is
oth erwise extrem e ly un comm on in m amm al s (but rela-
ti vel y co mmo n in so me av i an sp ecies; Mo ck 1984 ; Mo ck
et al. 1990 ) s ugges ts t hat t h ere is m ore to le ar n about
th e se le ct ive forces that p ro mote o r inhib i t siblicide as
a mech ani sm for moderating m atern al r epr oductive in-
ves tments acros s offs pr ing wit hin a litter. 

Plasticity in litter size 

P las tici ty, o r the capaci ty o f an individ ual to vary lit-
t er size , a lso cont ribut es t o variation in litter size across
species, an d th e ab ili t y to displ ay pl asticit y or the scope
of that response may also evo l ve in response to natural
sele ct ion. 

Per haps th e m ost pr edictable sour ce o f plastici ty in
litter size arises across p arit ies, where first litt er s are
a lmost a lways sma l ler than subse q uent lit t er s. Parity-
depen dent in cre ases appe ar to be a requisit e st ep t oward
achiev ing l arge litt er s: s h eep se le cte d f or la r g er litt er s
pr ogr essi vel y increase in fert i li ty u p to 6 years of age,
whereas low or control lines are consis tent acros s par-
ities ( Schoenia n a nd Burf ening 1990 ). In line wit h t his
patter n, t he degree to which parity increases litter size
in Peromyscus species appear s t o vary with av erag e total
litt er size ( Wilst erma n a nd Cunningha m 2022 ). Ma ny
of the a l lelic va ria nts f ound in pigs that impact litter size
a re pa ri ty-dependent, ei ther imp act ing first p ari ty o r
later p arit ies, b ut no t bo th ( Ro thschild et al . 1996 ; S hort
et al . 1997 ; S ironen et al . 2010 ). These patt er ns sug gest
t hat t he first par ity h a s so me “p rogra mming” effects on
m atern al p hysio logy t o acc limat e t o subsequent preg-
nan cies, but s h ockingly little is known about the phys-
iolog ica l me ch ani sms th at influence pari ty-dependent
pl asticit y, though it is n ear l y uni ver sal . 

Sea son al pla stici ty in li tter size h a s al so b een do cu-
mented in some species. Late-s eas on decreas es in lit-
ter size may be an adaptive response to the fact that
late-s eas o n li tters (an d th eir m oth ers) have less tim e
to pr epar e fo r u p-co ming inhosp i t able se aso ns. Red uc-
tio ns in li tter size may a l low t he gest at iona l p arent to
invest more per offspring . A lternati vel y, sma l ler litt er s
“cos t” les s in to tal b ut st i l l may a ffo rd so me fitness bene-
fit if offspring m an age to s urvive. Mos t evidence for sea-
son al pla sticity i s derived from po p ulation-level stud-
ies, wh ere in div idu a ls are not t racke d across a s eas on.
F or exam ple, house mice a pp ear to pro duce pr ogr es-
si vel y sma l ler litt er s acr oss the br e e ding s eas on (i .e ., lit-
ter size peaks in the spring) ( S inglet on et al . 2001 ). How-
e ver, s eas ona l p at terns in lit ter size tha t are observed a t a
po p u lat ion level may be a functio n o f pari ty-dependent
pl asticit y in litter size and demographic chan g es, where
late-s eas o n red uctio ns in li tter size ar e the r esul t o f
first-time r epr oductive a ttem p ts by yo ung-of-t he-ye ar
females, which p rod uce sma l ler litt er s. Trac king in-
div idu a ls and cont rol ling for b o dy size (as a reason-
able proxy of age) are crit ica l to disentan glin g these
effects. 

Physiolog ica l plast icity can generate increases (i .e .,
Ta nnerf eldt a nd An g erb jörn 1998 ; Bo ut in et a l. 2006 )
or decreases (e.g., Gosling 1986 ; Pratt and Lisk 1989 ;
Krackow 1992 ) in litter size in response to environmen-
ta l or socia l cues. Th e m ech ani sms th a t media te phys-
iolog ica l plast icity remain lar g el y unreso l ved. For ex-
a mple, we a re not awa re of any studies th at h ave re-
so l ved wh eth er in creases in litter size in response to
ant icip ate d fo o d avai labi lity, a s i s we ll-docum ented in
Nort h Amer ican red squir rels (e.g., M cA dam et al. 2019 ;
Dantzer et a l. 2020 ; Pet ru l lo et a l. 2023 ), are a function
of different ia l ovu lat ion, implantat io n, o r the su pp res-
sio n o f reso rptio n s. G iv en t hat uter ine c apacit y tends
to covary with maximum litter sizes (see earlier sec-
tion s), w e might expect evol u tio n to act on resorption
and su pp ressio n thereo f to en able anim al s t o modulat e
litter size while ma inta ining the st ructura l cap acity to
su ppo rt lar g er litt er s when it i s advantageou s. The pla-
centa may play a crit ica l role in me diat ing this type of
pl asticit y based on its role in cont rol ling m atern a l/feta l
interactio ns (fo r mo r e, see Dr ews et al. 2020 ; Bowman
et al. 2021 ). 
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Part ia l and complete litter resorptions are often ob-
erved in response to social and environmental stres-
ors, an d th ey may be associ ated w it h mater nal b o dy
o mposi tio n o r li p id sto res. The ext ent t o whic h par-
 ia l resorpt ions can be adapti vel y “sele ct ive” across such
xa mples rema ins unclea r, in la r g e p art be cause the
ech ani sms are not wel l define d. Different iat ing be-

 ween ad aptive fetal loss or resorption and non-adaptive
r mal ad aptive loss is nontriv i al, and inv okin g adap-
ationi st explan atio ns fo r lat e-t erm reso rptio ns s h ould
e argued with careful a tten tion t o pot ential mec h-
ni sms a s well a s th e cost/ben efits to th e g estatin g
arent. 

o-ev olution betw een litter siz e and other 
raits 

itter size does not evo l ve in iso lat ion. We have a lready
i scu ssed thi s idea with r egar ds to st ructura l const raints
or o p portunities) in the uterus. How ev er, association s
etween litter size and other aspects of organi sm al biol-
gy extend well beyond t he uterus. A f u l l t reat ment of
he co-evol u tio n o f li tter size wi t h ot her trai ts is beyo nd
he scope of this manus cript; howe ver, we hig hlig ht a
 ew importa nt exa mples here. 

In gen eral, se lection studies s h ow th at fem ale b o dy
eight and litter size ma inta in a positive correlation;
 o dy size or weight increases along with litter size
it hin a line age (e .g., Pomp et al . 1988 ). Increasing b o dy

ize first provides st ructura l sp ace, p art icu larly in the
 terus, fo r enlar g ed litt er s, but the lar g e m a ss of the ges-
at ing p arent may a lso a l low them to ma inta in the ca-
acity to support growth of offspring in utero through

ar g er b o dy fat stores an d in cr eased pr ocessing capac-
 ty o f the liver, gu t, and other o r gan s. This st ructura l
o mpo nent is co nsistent wi t h t he dramat ic exp ansion
f m atern al or gan s, includin g the liv er, gut, and spleen,
hat develop during early pregnancy in ant icip at io n o f
a te gesta tion and lacta tion-rela ted en ergy expen ditures
 Bu stam ante et al. 2008 , 2010 ; Dai et al. 2011 ). In mice,
v erag e pup m a ss i s stable in lin es se le cte d f or la r g er
itt er s (in which m atern al b o dy size also increased);
ow ev er, wi thin-li tter variatio n in pup m a ss increa sed
 B ak k er et al. 1978 ; va n En g elen et al . 1995 ), whic h is
i kely to imp act surviva l li keli ho o d o f o ffsp ring post-
 eanin g unless the g estatin g pa rent ca n effecti vel y con-

 rol lactat io n effo rt across the li tt er. The ext ent t o whic h
hese st ructura l correlat io ns are respo n siv e to or drivers
f shifts in life history (i .e ., re lative ly “fas t” vers us “slow”

ife histo ries) wi thin lineages could be an interesting
 rea f o r fu ture wo rk. 

Of cour se , acro ss m amm al s, t hese cor re lations ten d
 o rever se . F or exam ple, lar g er-b o died m amm al s tend
o have fewer young when comp are d wit h line ages of
ma l ler-b o die d mamma ls ( Hayssen and Orr 2017 ). The
ar g er set of traits that co-evo l ve a cro ss species, inc lud-
ng traits like gestation duration and age at first r epr o-
 uctio n (re vie wed nicely in Bielby et al. 2007 ), are often
ot refle cte d by within spe cies correlat ions. Correlate d
ets of r epr oduct ive t raits acros s s pe cies can genera l ly
e organized into two sets of traits: those that are as-
oci ated w it h t he t rade-off betwe en o ffsp ring number
nd size (gestation lengt h, neonat al b o dy m a ss, and lit-
er size) and those that are associated with the timing
 f rep rod uctio n (age at sexu al maturit y, interbirth in-
 erval , a nd wea ning age [lactation duration]) ( Bie l by et
 l. 2007 ). Ident ify ing cl ades of species that s h ow lar g er
a riation wit hin either of these categories is likely to
e p art icu larly usefu l f or understa nding how and when
 hese cor related sets of traits evo l ve. On the other hand,
ine ages t hat lack var iatio n in so me trai ts (like li tter size)
ut vary in other co mpo nents o f these co rrelate d t raits
li ke ne onata l b o dy m a s s or ges t ation lengt h) can of-
er com plemen tary insigh t in to how evol u tio nary phys-
ology shapes trait diversifica tion. F or exam ple, artio-
 act yl s and prim at es lac k variatio n in li tt er size , lar g ely
 rod ucin g a sin gle o ffsp ring per rep rod uctive a ttem pt,
ut they st i l l exhib i t variatio n in gestatio n d uratio n and
e onata l b o dy m a ss. Contra sting examples of direction-
li ty o f li tter size evol u tio n wi thin clades m ay al so be a
 r uit fu l area for further study. Within artiod act yls, pigs
 nd pecca ries ( S u i d a e ) disp lay con sidera ble variation in
itter size: whereas Sus species tend to p rod uce > 6 off-
p ring per li tter, m ost oth er S u i d a e famil y members onl y
 rod uce anywhere fro m 2 to 4 o ffsp ring ( Su th er lan d-
mith 2015 ). This variation within a clade that is other-
 ise invari ant w i th 1 o r 2 o ffsp ring may p rovide an op-
o rtuni ty t o under sta nd how la r g e litter sizes arise on
n evol u tio nary b ackg r ound of r e lative ly sma l ler litt er s.
n con trast, roden ts na tura l ly offer a usefu l comp arat ive
yst em for under stan ding m ech ani sms by which sma l l
n d m o re p re cocia l litt er s ar ise from line ages t hat pro-
uce lar g e litt er s co mp rised o f re lative ly a lt ricia l y oun g.

Ther e ar e a lso a number of t ra its that a re link ed to
 epr oducti ve p hysio logy bu t are co m para ti vel y p o orly
nco rpo rated in the life history literature and thus de-
erve f urt her a tten tion. As a n exa mple, wh eth er species
e ly m o re o n sto red energy to fuel r epr oduction versus
ctiv e con sumption (i .e ., capital ver sus in com e bre e d-
ng st rateg ies; Houston et a l. 2007 ; Stephens et al. 2009 ;

i l liams et al. 2017 ) h a s not been widely inco rpo rated
nto broader di scu ssion s a bout ev olution of r epr oduc-
 ive t ra its in ma mmals. Th e re l ative bi as toward study-
ng in com e-bre e ding spe cies is m ost n otice able in t he
o ntext o f plastici ty in r epr oduct ive t raits (a s di scu ssed
n Lane et al. 2019 ), where the c apacit y for species to
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m an age cap i tal versus inco me r esour ces is li kely to a lso
im pact their ca pacity to modulate r epr oductiv e inv est-
m ent un der vari able env iro nmental co ndi tio ns. 

Fina l ly, i t is wo rth acknowle dg ing that most of the
di scu ssion here h a s focu sed on litt er s of mu lt iples in Eu-
t her ia n ma mmals. In doin g so, w e hav e made some ex-
cl usio ns that deserve f urt her attention, especially when
con siderin g how r epr oduct ive t raits shape lineage di-
versificat ion and resi lience . Fir st, w e hav e p aid relat i vel y
lit tle at t ention t o the prepon deran ce of singleton litt er s
f ound across ma mmals. S inglet o n li tt er s r equir e unique
ova ria n p hysio logy (a s i s briefly di scu ssed a bov e), and
the evol u tio n o f singleto n li tters may impact the sign al s
tha t con t rol t iming of p arturit ion and lactat iona l physi-
ology (including relative ener gy inv estment pre- versus
post-nata l ly) ( Hayssen and Orr 2017 ). As such, evolu-
tionary p hysio logy of singleton litt er s is likely to yield
unique and im portan t insigh ts relevan t to Eut her ian life
histo ry. Seco nd, w e hav e lar g ely ex c luded mar su p ials
from our di scu s sion. Mars upials ar e consider ed lacta-
t ion spe cia lists, in cont rast to t he Eut her i an speci aliza-
tio n o n gestatio n and placen ta t ion. We expe ct these dif-
ferences between Eut her ia ns a nd ma rsu p ials to shape
how r epr oducti ve p hysio logy h a s evo l ved in either lin-
eage. Com para tiv e w o rk o n the ext ent t o whic h p hysio l-
ogy , life history , and r epr oduct ive t raits have co-evo l ved
in ei ther grou p i s thu s likely to lead t o int eresting in-
sights about the extent to which fun dam enta l t rade-offs
un der lie m amm alian evol u tio n. 

Conclusions 

Cur rent ly, we kn ow alm ost n othin g a bout the phys-
iology that un der lies na tural varia tio n in li tter size
across Eut her ia n ma mmal diversity. The vast major-
i ty o f gen otype-to-ph en ot ype maps expl aining determi-
nants o f li tter size ar e derived fr o m studying do mesti-
cated lin es, an d th ey lar g ely lack a prov en p hysio log ica l
mech ani sm o r p ro cess that links genotyp e and pheno-
t ype. A lt hough t here is ample evidence that r epr oduc-
t ive t raits li ke litter size and o ffsp ring co ndi tio ns can be
sele cte d on in either dire ct ion (even in re lative ly inbred
mouse strain s), w e hav e n o eviden ce t hat t he loci un-
der sele ct ion in the lab a lso expla in va r iation in t hese
t raits in wi ld po p u lat ions. Th e re lati ve ro les of p l asticit y
and loc al ad a pta tion in these traits in the w ild w ill be
crit ica l for identifying and understanding how genetic
mech ani sm s tran sla te in to ph en ot ypic vari ation. At the
sam e tim e, alth ough we do know a lot about the physi-
ology that controls rep rod uctive b iology, geno mic scans
hav e rev ea le d relat io nshi ps between litter size and genes
th at h av e no w e ll-descri bed fun c tion direc tly mediat-
ing r epr oducti ve p hysio logies th at sh ape litter size (e.g.,
many of the genes ident ifie d in Tao et al. 2021 ). Organis-
mal, exper iment al study of r epr oducti ve p hysio logy will
con tin ue to be an essential piece to un derstan ding th e
impo rtance o f th e many m ole cu l ar c andid a tes tha t are
emer gin g from genomic scanning methods. 

The e colog ica l cont ext in whic h we expect litt er size
to evo l ve is also im portan t to consider, espe cia l ly with
r egar ds to the evol u tio n o f plas tic vers us fixed litter
sizes. The ext ent t o whic h th ese environm ental fac-
t or s may select for va riation wit hin a litter (as op-
pose d to dire ct iona l sele ct io n o n pu p number) wi l l a lso
prov ide signific an t con text f or how we look f or a nd
exper iment a l ly invest igat e litt er size variat ion. Fina l ly,
unp redictable o r low-p robab ili ty events a re lik ely to
play im portan t ro les in eco logicall y dri ven sele ct io n o n
r epr oduct ive t raits li ke litter size. For example, the un-
likely event of s ucces sful recr uits f rom a late-s eas on,
se cond annua l litter remains ext rem e ly influent ia l in
spe cies li ke t he Nort h Amer ican red squir rel s becau se
each addi tio nal o ffsp ring h a s such a high impact on total
fitness ( Humphries and Boutin 2000 ; Boutin et al. 2006 ;
M cA dam et a l. 2019 ; Wi l liams et al. 2014 ). In other con-
texts, co mmo n bu t unp redicta ble ev ents like nest pre-
dat ion may sig nificantly obscure any sele ct io n o n li tter
size traits (e.g., Mor r is 1986 , 1992 ; Mor r is et al. 2011 ). 

Box 2: (1) Life history evol u t i on—Are t h ere m echa- 
nisms un der lying litter size and co-evo l ving traits that 
a re sha red with lif e history va r iation in ot her verte- 
b rates o r are so me trai t linkages unique to Eut her ian 

m amm al s? A re ch an g es in litter size across a species 
or clade’s history g radua l or rapid? 

(2) Evol u t iona ry phy s i ol ogy —Are t here physio- 
log ica l me ch ani sms th at un der lie co-evol u tio n o f li t- 
ter size with other trai ts? W hich o f thes e s c ale w ithin 

a nd a mo ng species? W hen o r how o f ten are t he s ame 
pro cesses co o p t ed t o p rod uce a given ou tco m e (h ere, 
incr easing or decr easin g litter size—sin gleton v ersus 
mu lt iple litt er s et c.)? 

(3) Evol u t iona ry processes—To wha t exten t do 

p hysio logic (ener g etic) con straints v ersus e colog i- 
cal pres s ures (pre dat ion r isk, var iable environments) 
limi t o r direct evol u tio n o f li t ter sizes in nat ural envi- 
ronments? 

(4) Ge net ics a nd ge nome evol u t i on —What is t he 
ba si s o f ep i sta si s in litter size evol u tio n? To wha t exten t 
does epi sta si s p lay a ro le in limitin g ev ol u tio n o f li tter 
size in natural po p ul ations, particul ar ly in th ose wh ere 
we know inbre e ding is re lative ly comm on? 

Pur suing the proximat e (p hysio log ica l) me ch ani sms
that explain variation in litter size is likely to have
con sidera ble pay-off. Dev elopin g a mech ani stic un-
derst anding of t he evol u tio n o f li tter size wi l l inform
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ow we think about life history st rateg ies and their
vol u tio n, evol u tio nary physiology, evol u tio nary b iol-
gy m ore gen era l ly, an d gen etics an d gen omics ( Box
 ). As a field, evol u tio nary p hysio logy is cur rent ly
el l-posit ione d t o pur s ue these ques tion s by lev erag-

ng current tools from hig h-throug hpu t geno mics and
ar g e observat iona l d atasets (e.g ., Colell a et al. 2021 ).

on eth e less, col laborat ive science t hat br in gs or ganis-
al an d experim ental p hysio logy together with evolu-

 ionary the ory an d gen etics/gen omics h a s th e m ost po-
ent ia l to yield tra nsf orm ative di scoveries about mam-

alian evol u tio n and diversi ty in the co ming decades.
ost im portan t am ong th ese, th ough, wi l l cont inue to

e organi sm al bio logy and p hysio logy, which ar e the r e-
uire d lin k betwe en an indiv idu al’s env ironm ent an d
h e m ost crit ica l deter minant of t h eir fitn ess: r epr oduc-
ion. 
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