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Multiple mating by females and multiple paternity in rodents:
A cross-species comparative analysis

Viadimir S. Gromov

ABSTRACT. The present review provides a compilation of the published data on the phenomena of
multiple mating by females and multiple paternity in their litters in 48 rodent species with different mating
systems, reproductive strategies, and social structures. Multi-male mating is common in female rodents,
but this is one of the unsolved problems of behavioral ecology so far. Proposed explanations of multi-male
mating assume the potential fitness benefits to females that include fertility assurance by reducing genetic
incompatibility, increased genetic diversity of offspring and litter size, postcopulatory sexual selection
through sperm competition, an increase in uncertainty of paternity and thus reduction in the probability
of infanticide, as well as enhanced access to resources. Multiple paternity is also thought to increase
offspring genetic diversity and the effective population size. Different genetic markers have been employed
to document multiple paternity including DNA fingerprinting and microsatellites. The results of studies
conducted on the above rodent species are discussed and analyzed to check whether the predictions of the
above hypotheses about the potential benefits of fitness for females in general or in some particular cases
are justified.

How to cite this article: Gromov V.S. 2024. Multiple mating by females and multiple paternity in rodents:
A cross-species comparative analysis // Russian J. Theriol. Vol.23. No.l. P.57-72. doi: 10.15298/
rusjtheriol.23.1.07

KEY WORDS: rodents, multiple mating, multiple paternity, mating systems, reproductive strategies.

VladimirS.Gromov [vsgromov@mail.ru],A.N.Severtsov Institute of Ecologyand Evolution, RussianAcademy
of Sciences, Leninsky pr. 33, Moscow 119071, Russia.

MHoOXeCTBeHHble cnapunBaHusa y CaMokK
N MHOXeCTBeHHOe OTLOBCTBO B BbiBOAKaX rPbI3yHOB:

CpaBHUTENbHbLIA MEXBUAOBOW aHaNn3

B.C. 'pomoB

PE3IOME. B crarbe paccMaTpuBaroTCs pe3yibTaThl HCCIIEJOBAaHNH, TTOCBSIILICHHBIX N3Y4YEHHIO ()EHOMEHOB
MHO)KECTBEHHOTO CITapUBAHUS Y CAMOK M MHOKECTBEHHOTO OTIIOBCTBA B BHIBOJIKAX Y 48 BUIOB I'PBI3YHOB C
Pa3HBIMHU CHCTEMaMH CIIAPUBAHUS, PETIPOYKTUBHBIMHU CTPATETUSIMU U COLUAIIBHON CTPYKTypoil. DeHoMeH
MHOKECTBEHHOT'O CITaPUBAHUS CAMOK OIMCAaH Y MHOTHX BHJIOB TPBI3YHOB, HO JIO CHUX ITOpP OCTAETCS 3ara-
KOH MOBEJI€HYECKOI dKoyoruu. PasinyHble THIIOTE3bl, 0OBSCHSIOMINE STOT (DEHOMEH, OCHOBBIBAIOTCS Ha
TOM, YTO CAMKHU MOTYT MOJIy4aTh CEJIEKTUBHBIE IPEUMYIIECTBA 3a CUET MOBBIIIEHHS BEPOSATHOCTH YCHEll-
HOTO OIUIOZIOTBOPEHUS, YBEIMUYCHHUS pa3MEPOB BBIBOJIKA M TCHETHYECKOTO pa3sHOOOpas3ys MOTOMCTBA, CHHU-
KEHUSI BEPOSITHOCTH MH(AHTHINAA CO CTOPOHBI MOJOBBIX MAPTHEPOB, BKIOYCHUSI MEXaHU3MOB ITOJIOBOTO
oTOO0pa Yepe3 KOHKYPEHIIUIO CIIEPMbI, 00ECTIEUNBAIOIINX MOIyUYSHNE TOTOMCTBA C «XOPOILIMMHU FeHAMM», a
TaKKe 3a cyeT o0ecreueHus: CBOOOIBI OCTYyIA K pecypcaM, KOTOpbIMU 00nafatoT camusl. ITonaratot, uto
MHOKE€CTBEHHOE OTLIOBCTBO TAK)K€ CIIOCOOCTBYET YBEIMUYECHHIO I€HETHYECKOTO Pa3HOO0pa3us IOTOMCTBA U
9 PEKTUBHBIX pa3MepoB MOMYISIUN. [J1s1 BBISBICHHUSI MHOKECTBEHHOTO OTIIOBCTBA B BEIBOJIKAX IPHI3yHOB
HCIIONB3YIOTCS Pa3IMYHbIe TeHETHUECKIE MapKepbl, B ocobennocti JIHK-makTimockonust 1 Mukpocarel-
TuThL. B crartbe 00CyXIaroTCs pe3yabTaThl MPOBEACHHBIX HCCIIEI0BAHMN C OIICHKOH YKa3aHHBIX BBIIIE TH-
MOTE3: MMOATBEPKIAIOTCS JIN UX MPEJICKa3aHuUs B IIETIOM MO0 B KAKUX-TO YACTHBIX CITydasX.

KIIFOUEBBIE CJIOBA: rpbi3yHbl, MHO)KECTBEHHBIE CIIAPUBAHUS, MHOKECTBEHHOE OTIIOBCTBO, CHCTEMBbI
CIIapUBaHUs, PETPOYKTHUBHBIE CTPATETUH.
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Introduction

In the course of evolution, mammals have devel-
oped a number of different mating systems, resulting
from the different taxonomic and ecological condi-
tions they are exposed to (Boonstra et al., 1993; Bur-
ton, 2002). These systems may differ even within the
same species, depending on factors such as habitat
conditions, demography, population density, resource
competition and availability, spatial distribution of in-
dividuals and the availability of a potential breeding
partner (Lott, 1984). Consequently, mating strategies
may differ across the geographic range of a species, es-
pecially if aforementioned factors vary (Clutton-Brock,
1989; Jones et al., 2001; Waterman, 2007; Solomon &
Keane, 2007).

Each individual strives to maximize reproductive
success, and since each sex has different constraints
on reproduction, males and females generally have
evolved different strategies for mating. However, mat-
ing strategies are not the same thing as mating systems.
A mating strategy is all the tactics used by an individ-
ual to maximize reproductive success, whereas a mat-
ing system is characteristic of a population or a spe-
cies (Waterman, 2007). Mating systems are defined by
patterns of reproductive behaviors that are influenced
by spatial and temporal distributions of reproductively
receptive females. The number of females with which a
male mates depends not only on the spatial distribution
of receptive females, but on the duration of receptivity
by individual females, and the synchrony of receptivity
within the population as well (Emlen & Oring, 1977).
Collectively, these traits shape the operational sex ratio
(OSR) of the population, which is defined as the ratio
of reproductively active males to sexually receptive fe-
males (Emlen & Oring, 1977; Waterman, 2007).

The mating systems described in many rodent spe-
cies involve polygynandry, promiscuity, and monoga-
my (Xia & Millar, 1991; Boonstra et al., 1993; Bryja et
al., 2008; Naim et al., 2011; Wells et al., 2017; Weber
et al., 2018). Polygynandry is a form of polygamy: it
includes both polygyny (males having multiple female
mates) and polyandry (females having multiple male
mates) within the same species (Szala & Shackelford,
2019). By contrast, promiscuity is defined as a mating
system in which both males and females mate nonex-
clusively with multiple partners in a breeding season
(McEachern et al., 2009). Descriptions of monogamy
and polygyny assume that females mate with a single
male (Waterman, 2007). The promiscuous mating sys-
tem implies that during one ovulation a female mates
with several males, which results in multiple paterni-
ty, that is, one litter is sired by more than one father.
A priori, one can expect variance in male reproduc-
tive success to be lower under monogamy (and poly-
andry) than under polygyny (Nunney, 1993) since in
the latter system few males typically produce most of
the offspring. However, unlike males, females are not
expected to increase their reproductive success by mat-
ing with multiple partners (Trivers, 1972). A mating

system is considered an indication of multi-male mat-
ing, in that females are more likely to copulate with
multiple males in promiscuous or polyandrous species
than in monogamous or polygynous species (Harcourt
etal., 1981; Kenagy & Trombulak, 1986; Maller, 1988;
Stockley, 2003).

Female aggregation affects the reproductive strate-
gies of males, and specifically their ability to acquire
and monopolize mates (Bradbury & WVehrencamp,
1977; Emlen & Oring, 1977; Clutton-Brock, 1989).
In polygynous mating systems, ecological factors cre-
ate aggregations of reproductive females where males
are likely to succeed in monopolizing mating opportu-
nities (Emlen & Oring, 1977). However, where males
are unable to monopolize mating opportunities, mating
systems instead tend to be polygynandrous, where nei-
ther sex is restricted to a single mate within a breeding
season (Emlen & Oring, 1977). Ostfeld (1990) argued
that a promiscuous mating system has a large likeli-
hood of occurring under the following conditions: (1) if
food resources are available in abundance and distrib-
uted uniformly, (2) if population density is high enough
to allow encountering of multiple mates, and (3) if the
home range overlap of both sexes is extensive.

Multi-male mating (MMM) is common in female
mammals including rodents, but this phenomenon is
one of the unsolved problems of behavioral ecology so
far (Hosken & Blankenhorn, 1999; Solomon & Keane,
2007), and evaluating the benefits of MMM is of general
importance in understanding the evolution of mating be-
haviors (Birkhead & Maoller, 1998; Hosken & Blanken-
horn, 1999; Yasui, 2001; Dobson et al., 2018). Proposed
explanations of MMM fall into two categories (Huxley,
1938; Andersson, 1994): (1) females play a passive role,
and it is the unwillingness or inability of males to mo-
nopolize access to receptive females that leads to MMM;
(2) females play an active role, and female benefits are
the driving force behind MMM. The first category em-
phasizes the role of intra-sexual selection (male-male
competition) whereas the second stresses the role of
inter-sexual selection (female choice).

Sexual selection theory predicts that females can
maximize their reproductive success by choosing a
high quality mate because females typically invest
relatively more in their gametes than males and can
potentially produce less offspring than males (Trivers,
1972). Choosing an attractive male may benefit the
female’s fitness due to the male possessing genes that
increase offspring viability or mating success (Ander-
sson, 1994). A considerable amount of data covering
many species demonstrates that females are indeed
choosy and benefit from doing so (Andersson, 1994).
However, females of many rodent species mate with
multiple males during one reproductive cycle (Birk-
head & Moller, 1998), which seems contradictory to
the idea of females choosing the most attractive male
as a mate. Nevertheless, MMM does not necessarily
exclude mate choice.

Despite the potential costs of MMM for females
(they are at risk of time and energy costs, increased
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disease transmission, injury caused by sexual partners,
and predation; Daly, 1978; Lewis, 1987; Magnhagen,
1991; Lombardo, 1998; Yasui, 1998), females could
benefit from MMM if it increases offspring fitness
compared to single mating (Jennions & Petrie, 2000;
Birkhead & Pizzari, 2002; Wolff & Macdonald, 2004).
In many species, extra-pair males provide no parental
care and their contribution to the next generation is
solely genetic (Petrie & Kempenaers, 1998; Jennions
& Petrie, 2000; Griffith et al., 2002). In such cases,
MMM could still be beneficial if females are able to se-
lect the most appropriate male’s genotype to maximize
indirect genetic benefits that improve the fitness of their
young (Jennions & Petrie, 2000; Wolff & Macdonald,
2004; Simmons, 2005). Precopulatory mate selection
processes based on phenotypic expression of genetic
quality may allow females to select their optimal sex-
ual partners for indirect benefits (Andersson, 1994).
Besides, several postcopulatory selection mechanisms
provide females that mated with undesirable males, an
additional opportunity to bias siring success towards
optimal males for their progeny (Pusey & Wolf, 1996;
Neff & Pitcher, 2005).

The potential fitness benefits to females mating with
multiple males include fertility assurance by reducing
genetic incompatibility (Birkhead et al., 1993; Hunter
et al., 1993; Sheldon, 1994; Zeh & Zeh, 1996, 1997,
2001; Hoogland, 1998; Jennions & Petrie, 2000; Cole-
grave et al., 2002; Mays & Hill, 2004), an increase in
genetic diversity of offspring (Loman et al., 1988; Wat-
son, 1991; Madsen et al., 1992; Jennions & Petrie, 2000;
Zeh & Zeh, 2001; Tregenza & Wedell, 2002; Head et al.,
2005), an increase in uncertainty of paternity and thus a
decrease in the probability of infanticide, i.e. killing their
own offspring (Hrdy, 1977; Agrell et al., 1998; Wolff &
Macdonald, 2004), promotion of parental care on the
part of males (Davies et al., 1996), as well as enhanced
access to resources (Gray, 1997). Female multiple mat-
ing is thought to increase the effective population size
of a species relative to monogamous and polygynous
mating systems, since more alleles will be represented
in the next generation (Sugg & Chesser, 1994). Besides,
MMM may increase litter size in species with induced
ovulation (Dewsbury, 1984; Agren, 1990). Female mul-
tiple mating is also considered to act as a genetic bet-
hedging mechanism, by which females can reduce the
assessment error in regard to mates’ genetic quality
when only uncertain information is available (Yasui,
2001; Fox & Rauter, 2003). Furthermore, postcopulatory
sexual selection may occur through sperm competition
(Parker, 1970; Gomendio & Roldan, 1993; Yasui, 1997)
or cryptic female choice (Mgller & Birkhead, 1989),
whereby the fitness of the female’s offspring is enhanced
by virtue of the good genes contributed by the victori-
ous spermatozoans (Yasui, 1997; Evans & Magurran,
2000). Recent studies are suggestive that selection for
inbreeding avoidance is also possible (Firman & Sim-
mons, 2008a; Musolf et al., 2010).

In rodents, MMM is common and potentially influ-
enced by population demographics and environmental

factors (Schulte-Hostedde et al., 2004; Cohas et al.,
2007; Bergeron et al., 2011). The number of males in
the vicinity of females is known to correlate with the
probability of MMM (Klemme et al., 2007a; Lane et
al., 2008); besides, MMM is likely to be affected by
annual variation in food abundance, which has impor-
tant effects on rodent population dynamics (Pedersen
& Greives, 2008).

In mammals, there is variation in fertilization prob-
ability associated with mating order (Ginsberg & Huck,
1989). As for rodents, first-mated males are reported to
hold an advantage in several species. For example, the
proportion of offspring sired by first males is 91% for
the Arctic ground squirrel, Spermophilus parryii plesius
(see Lacey et al., 1997), 58% for the Columbian ground
squirrel, Spermophilus columbianus [syn. Urocitellus
columbianus] (Raveh et al., 2010), and 81% for the san-
dy inland mouse, Pseudomys hermannsburgensis (see
Firman, 2014). However, in the bank vole, Clethriono-
mys glareolus (syn. Myodes glareolus), the number of
offspring sired by first- or second-mated males do not
significantly differ (Ratkiewicz & Borkowska, 2000).

Multiple paternity (MP) is a result of insemination
of a female by at least two males to produce a single
litter or brood. Multiple paternity has the potential to
shape the strength of sexual selection. The opportunity
for sexual selection is determined by intra-sexual varia-
tion in the number of offspring produced. The strength
of sexual selection is often defined as the slope of the
linear relationship between offspring produced and
number of mates obtained, known as Bateman’s gra-
dient (Bateman, 1948; Jones et al., 2002). The rela-
tionship can be estimated by calculating the slope of a
regression line relating fecundity (number of offspring
produced) to mating success (number of mates). A non-
zero Bateman’s gradient supports that sexual selection
is operating in the precopulatory phase of sexual se-
lection (Jones 2009). These gradients can also be com-
pared between the sexes within a species to assess the
opportunity for sexual selection and determine the mat-
ing system. For example, if males have a steep Bate-
man’s gradient and females have a shallow gradient,
then sexual selection will be stronger in males, and the
mating system is likely to be polygynous. If females
have a steep Bateman’s gradient and males a shallow
gradient, then sexual selection tends to be stronger
in females, and the mating system is predicted to be
polyandrous. If both sexes have Bateman’s gradients
close to zero, the mating system may be monogamous.
If both sexes have steep Bateman’s gradients, they
may both compete for mates, and the mating system
may be polygynandrous (Munroe & Koprowski, 2011).
In many species, variance in reproductive success is
expected to be greater in males than females (Bateman,
1948) since enhanced competition for access to part-
ners results in a greater range of reproductive outcomes
for members of this sex (Hauber & Lacey, 2005).

The significance of MP is that, relative to single pa-
ternity, it increases offspring genetic diversity (Wolff
& Macdonald, 2004; Reynolds, 1996) and the effective
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population size (Sugg & Chesser, 1994; Chesser & Bak-
er, 1996; Karl, 2008), which may subsequently enhance
survival of offspring (Yasui, 1998). At a proximate lev-
el, the extent of MP in a population is influenced by the
ability of males to protect their paternity, by the ability
of males to gain access to already mated females, and
by the extent to which females seek copulation with
several males (Berteaux et al., 1999). There are several
predictions in the hypotheses posed to explain varia-
tion in MP. According to Emlen and Oring (1977), and
Shuster and Wade (2003), increased spatial clustering
of females will decrease MP, but increased breeding
synchrony will increase MP. Kokko and Rankin (2006)
also predicted that increased male density or male-bias
in operational sex ratio would increase MP. Male-bias
in operational sex ratio is also expected to increase MP
by increasing the rate at which females encounter male
mates (Kokko et al., 2006). According to Cotton et al.
(2006) and Daly (1978), females in poor condition, as
well as young females, will decrease MP.

Different genetic markers have been employed to
document MP. These include chromosomal markers,
allozymes, DNA fingerprinting, and microsatellites
(Sugg et al., 1996; Travis et al., 1996). Microsatellites
may be the preferred marker (Jarne & Lagoda, 1996;
Burton, 2002). Determining MP is an important aspect
of studies on multiple mating by females in rodents,
because MMM is often difficult to observe in the wild
due to cryptic mating behavior of rodents.

The purpose of this review is to present and dis-
cuss the results of studies of the phenomena of MMM
and MP in different rodent species with various social
structures, and to check whether the predictions of the
aforementioned hypotheses about the potential fitness
benefits to females mating with several males are justi-
fied in general or in some particular cases. The social
structure and mating systems of rodents are diverse and
intriguing: some species are essentially solitary, where-
as others are gregarious and form relatively stable
multi-male—multi-female associations (called breeding
colonies; Bujalska & Saitho, 2000); for a number of
species, a family-group lifestyle is characteristic (Gro-
mov, 2017). Solitary and gregarious species exhibit
primarily polygynandrous and promiscuous mating
system, whereas monogamy or polygyny is typical of
species with a family-group lifestyle. Therefore, MMM
and MP would be much more expected in solitary and
gregarious rodent species than among species living in
family groups. Accordingly, the studies of phenomena
of MMM and MP in different rodent species are consid-
ered separately in this review, regarding their different
social structures and predominant mating systems.

Solitary and gregarious species

In this category of rodent species, breeding females
tend to occupy exclusive home ranges that may overlap
with those of multiple males; many males usually con-
gregate on estrus females’ home range to mate (Gro-
mov, 2008, 2017). Such a spatial population structure

suggests promiscuity rather than monogamy or polyg-
yny as a predominant mating system, so MMM and, as
a result, MP may frequently occur, like in many sciurid
and muroid rodents. In many species, female behavior
clearly promotes MP, and their role is an active one
(Solomon & Keane, 2007; Waterman, 2007).

Data collected from the literature on sexual behavior
of tree squirrels show that MMM is typical of Sciurus
aberti, Sciurus vulgaris, Tamiasciurus hudsonicus, and
Tamias striatus (Farentinos, 1980; Wauters et al., 1990;
Lane et al., 2008; Bergeron et al., 2011). Specifically, T.
hudsonicus females copulated with an average of 5.8 +
0.3 males. The majority of the polytocous litters (82.5%)
were multiply sired, with a mean number of sires rep-
resented in litters as 2.3 + 0.1. The results of this study
(Lane et al., 2008) did not support hypotheses of cryptic
direct benefit (fertility assurance and infanticide avoid-
ance) because MMM did not influence neither pregnan-
cy rate nor litter size. There was no correlation between
MMM and offspring quality, MP or litter allelic diver-
sity, and therefore, no support for hypotheses of genetic
benefit. In addition, females did not incur a detectable
cost. Thus, female mating behavior in T. hudsonicus ap-
pears to be a passive response to selection on multi-fe-
male mating in males (Lane et al., 2008).

In a wild population of T. striatus, the proportion of
litters with MP varied from 25% to 100% (Bergeron et
al., 2011). Genetically related parents were found to be
common in this population and produced less heterozy-
gous offspring. Furthermore, litters with multiple sires
showed a higher average relatedness among partners than
litters with only a single sire. In multiply sired litters, how-
ever, males that were more closely related to their partners
sired fewer offspring. The results of this study suggest that
MMM could act as a bet-hedging strategy that may effec-
tively provide indirect genetic benefits for females by re-
ducing the risk of inbreeding in this species where mating
among close relatives is common (Bergeron et al., 2011).

Multiple mating by females occurs in many ground
squirrels, including Spermophilus beldingi (syn. Uroc-
itellus beldingi), Spermophilus richardsonii, Spermophi-
lus tridecemlineatus, Spermophilus beecheyi, Sper-
mophilus lateralis (syn. Callospermophilus lateralis),
and Xerus inauris (Hanken & Sherman, 1981; Michener,
1983; Schwagmeyer & Woontner, 1985; Boellstorff et
al., 1994; Waterman, 1998; Wells et al., 2017). Accord-
ingly, MP has been also detected in many ground squir-
rels, including Spermophilus brunneus, Spermophilus
tereticaudus (syn. Xerospermophilus tereticaudus), S.
lateralis, S. beldingi, S. tridecemlineatus, S. beecheyi,
S. richardsonii, and Ictidomys parvidens (Hanken &
Sherman, 1981; Foltz & Schwagmeyer, 1989; Sherman,
1989; Boellstorff et al., 1994; Hare et al., 2004; Munroe
& Koprowski, 2011; Schwanz et al., 2016; Wells et al.,
2017). The frequency of MP varied from 50% in S. tride-
cemlineatus (see Foltz & Schwagmeyer, 1989) to 89% in
S. beecheyi (see Boellstorff et al., 1994).

The study in a population of S. tereticaudus (see
Munroe & Koprowski, 2011) has shown that polygyny
was evident in all years when the population size was
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reduced. Multiple mating occurred in both sexes, and
females had sired multiple litters in all years. Multiple
paternity occurred in the majority of litters (55%) with
2.5 +0.26 sires/litter, and litter size was positively cor-
related with the number of sires. Bateman’s gradient
was greater in males than females; therefore, males had
a greater opportunity for sexual selection than females.
Besides, the mating system in S. tereticaudus defined
through genetic analyses and Bateman’s gradients was
found to be polygynandrous compared to the previous-
ly suggested polygynous mating system as established
by behavioral observations.

In Ictidomys parvidens, MP was detected in 62%
of litters, and up to five fathers were assigned to juve-
niles within the same litter (Schwanz et al., 2016). In
S. tridecemlineatus, the direction of the paternity bias
suggests that sperm competition operates to reinforce
precopulatory mechanisms of intra-sexual selection
(Foltz & Schwagmeyer, 1989). However, MMM had
no effect on conception in this species (Schwagmeyer,
1986). Therefore, the data obtained do not support the
hypothesis of cryptic direct benefit (fertility assurance)
in S. tridecemlineatus.

The detailed study in a population of S. lateralis
(Wells et al., 2017) has shown that MP did not af-
fect litter size, and male density did not affect the
likelihood of MP. Operational sex ratio also did not
affect MP. Breeding asynchrony had no effect on MP
as well. Variation in the rate of MP was determined
by density and the active strategies of males and fe-
males: high female density decreased the likelihood
of MP when males were relatively scarce, but in-
creased the likelihood of MP when males were abun-
dant. From Bateman’s gradients, there was found no
direct fitness benefit of MP for females of this spe-
cies (Wells et al., 2017).

The relationship between OSR and MP in ground
squirrels was found to be not clear. Male-biased OSR
was associated with increased multiple mating by S.
tridecemlineatus females (Schwagmeyer & Brown,
1983). In S. richardsonii see (Michener & McLean,
1996) and Xerus inauris (see Waterman, 1998), how-
ever, female rate of multiple mating was independent
of changes in OSR: females mated with multiple males
when the OSR was strongly male-biased and when it
was less so. In S. lateralis, OSR also did not affect rates
of MP (Wells et al., 2017).

As for muroid rodents (Myomorpha), MMM as
well as MP are well documented for Peromyscus man-
iculatus (see Birdsall & Nash, 1973), Peromyscus leu-
copus (see Xia & Millar, 1991), Peromyscus crinitus
(see Shurtliff et al., 2005), Mesocricetus auratus (see
Huck et al., 1989), Apodemus agrarius, Apodemus syl-
vaticus, Apodemus speciosus and Apodemus uralensis
[syn. Apodemus microps] (Baker et al., 1999; Bart-
mann & Gerlach, 2001; Polechova et al., 2004; Booth
et al., 2007; Bryja & Stopka, 2005; Bryja et al., 2008;
Wakabayashi et al., 2017), Clethrionomys glareolus
(syn. Myodes glareolus) and Clethrionomys rufocanus
[syn. Craseomys rufocanus] (Ratkiewicz & Borkows-

ka, 2000; Klemme et al., 2006, 2007b; Wakabayashi &
Saitoh, 2019), Microtus oeconomus and Microtus penn-
sylvanicus (Boonstra et al., 1993; Berteaux et al., 1999;
Borkowska et al., 2009), Neotoma micropus (see Bax-
ter et al., 2009), Muscardinus avellanarius (see Naim
etal., 2011), Calomys musculinus (see Sommaro et al.,
2015), and Glis glis (Morris & Morris, 2010; Weber et
al., 2018; Moska et al., 2021).

Among aforementioned species, the frequency of
occurrence of insemination by more than one male can
be estimated as being between 19% (in P. maniculalus;
see Birdsall & Nash, 1973) and 100% (in A. sylvaticus;
Polechova et al., 2004). In litters with MP, offspring
were found to be sired by two to four males.

In the bank vole, C. glareolus, no difference in
males' mating success with respect to the mating or-
der was found, and MP probably evolved as a mecha-
nism to prevent inbreeding (Ratkiewicz & Borkowska,
2000). According to Klemme et al. (2006), however,
dominant males sired significantly more offspring than
subordinate males. This varied according to mating or-
der: dominant males sired more offspring when they
were second than when they were first. Moreover, lit-
ter sizes were significantly smaller when the dominant
male was first compared to litter sizes when mating or-
der was reversed or both males were equal in status.
The results of another study (Klemme et al., 2007b)
have shown a significant reduction in pregnancy rate
of females that mated only once compared to females
that mated twice. This direct benefit is most likely ex-
plained by an increased stimulus gained from multiple
mating. However, no difference in reproductive success
of females mated twice with the same male or once
with each of two males has been found. Thus, no fitness
benefits of polyandry have been found in this species.

A decreased probability in conceiving following
MMM has been detected in two promiscuous spe-
cies (P. maniculatus; Dewsbury, 1982) and Phodopus
sungorus (see Wynne-Edwards & Lisk, 1984). Such a
decrease may be the result of a strange-male-induced
pregnancy block.

In the studies on N. micropus (Baxter et al., 2009)
and C. musculinus (Sommaro et al., 2015), no association
between MP, litter size, and genetic variability has been
found. In addition, MP did not vary in relation to their
population density. Based on the absence of infanticide by
siring males, and the low offspring survival in the pres-
ence of non-siring males, Coda et al. (2011) proposed that
C. musculinus females would mate with multiple males as
a counter-strategy against infanticide by males.

The results of the studies in populations of G. glis
and M. avellanarius (Morris & Morris, 2010; Naim et
al., 2011; Weber et al., 2018; Moska et al., 2021) sug-
gest that MMM may be a strategy to avoid excessive
male harassment. Direct benefits to females of both
species were found to be not obvious. However, small
isolated populations of G. glis are at risk of losing their
genetic variation (Pilastro, 1992; Pilastro et al., 1994;
Moska et al., 2021), so MP and promiscuity observed
in this species can help to maintain its genetic diversity.
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Among gregarious species, commensal rodents
(Mus domesticus, Mus musculus, Rattus rattus, Rattus
norvegicus) deserve special consideration. House mice
(M. domesticus and M. musculus) are known to exhibit
significant population structuring, meaning limited
dispersal results in genetic differences among distant
populations (Sage, 1981). Local social structure usu-
ally consists of a dominant male, as males fight aggres-
sively until a single dominant emerges (Brown, 1953;
Sage, 1981). Once established, the boundaries of the
territories of dominant males are substantially stable
(Mackintosh, 1970). Female mice and juveniles move
freely between territories of dominant males (Mackin-
tosh, 1970; Potts et al., 1991). Females often mate non-
randomly with dominant males (Dean et al., 2006).
Given this type of social hierarchy, it has been suggest-
ed that dominant males are the only effectively breed-
ing males in the population (Bronson, 1979). However,
while sexual development of subordinate males is sup-
pressed, they regularly achieve fertilizations (DeFries
& McClearn, 1970; Oakeshott, 1974).

Both field and experimental studies provide evi-
dence that MMM is a common feature of natural popu-
lations of house mice (Egid & Brown, 1989; Oakeshott,
1974; Carroll et al., 2004; Ehman & Scott, 2004). The
rate of MP was found to range from 6% to 46% of lit-
ters, and MP was found to be significantly more fre-
quent in relatively high-density vs. low-density popula-
tions (Dean et al., 2006; Firman & Simmons, 2008a,
b; Thonhauser et al., 2013, 2014a, b). Within multiply
sired litters, a maximum of two sires was detected.
Paternity skews suggested that one male sired most
of the offspring. Although females mated with just
two males, the actual number of mates, and thus the
intensity of sperm competition, is likely to be higher
(Firman & Simmons, 2008b). Multiple paternity was
found to be significantly greater when the males were
virgins. Since virgin male mice are highly infanticidal,
this finding is consistent with the infanticide avoidance
hypothesis (Thonhauser et al., 2013). Besides, MP was
associated with increased litter size but only in the in-
trusion treatment (when scent-marked objects from the
neighboring males were introduced into the males' ter-
ritories), which suggests that the effect of MP on oft-
spring number is dependent on male—male interactions.
Thonhauser et al. (2014a) have found no evidence that
MP enhanced females’ litter size. Multiple paternity
was associated with reduced mean and variance in off-
spring body mass, which suggests that females allocate
fewer resources or that there is increased intrauterine
conflict in multiple- vs. single-sired litters. This find-
ing suggests that MP may have negative fitness effects
for females and their offspring. Additionally, these au-
thors have found increased allelic diversity in multiple-
sired litters, as predicted by the genetic diversity hy-
pothesis. In another study, however, Thonhauser et al.
(2014b) have found no evidence that genetic similarity
of females’ potential mates (MHC-identical siblings vs.
MHC-dissimilar non-siblings) influenced the rate of
MP (MHC — the major histocompatibility complex).

The results of this study do not support the idea that fe-
male mice increase MP when they have the opportunity
to increase the genetic diversity of their offspring, as
expected from the genetic diversity hypothesis. No sup-
port has been also found for the hypothesis that females
are more likely to mate with multiple males when they
have the opportunity to increase the genetic diversity
of their progeny. Although previous work (Thonhauser
et al., 2013) showed higher levels of genetic diversity
within multiple- than in single-sired litters, female mice
did not have more multiple-sired litters when they had
the opportunity to increase the genetic diversity of their
progeny. Moreover, no evidence was found that inbred
females were more likely to give birth to multiple-sired
litters than outbred females, regardless of the genetic
diversity of the available males.

As for R. norvegicus, the mating behavior of this
species varies according to population density. At low
densities, males hold territories and guard groups of fe-
males for exclusive mating (Calhoun, 1963; Waterman,
2007). At high densities, the social structure shifts to
a despotic system where territories are ill-defined and
males rank themselves in dominance, generally accord-
ing to age (Barnett, 1958; Lott, 1984; Waterman, 2007).
In this situation, males are unable to defend females
for exclusive mating, and roving bands of males at-
tempt to mate with any female that comes into estrus,
resulting in multiple mating (Calhoun, 1963; Robitaille
& Bovet, 1976). Ewer (1971) and Corbet & Southern
(1977) described similar density-dependent behavior to
R. norvegicus among R. rattus populations that were
commensal with humans. However, Hooker & Innes
(1995) found that wild R. rattus in New Zealand that
were non-commensal with humans tended to prefer
solitude. Males did not maintain groups of females
in their territories, even when population density was
low. Nevertheless, multiple paternity was found to be
common in wild populations of both R. norvegicus and
R. rattus (Miller et al., 2010; King et al., 2014): ge-
netic contributions from two or more (up to four) males
were identified in multiply sired litters. The potential
fitness benefits to females mating with multiple male
are associated with increased genetic diversity in their
offspring (Miller et al., 2010).

Species with a family-group lifestyle

A family-group lifestyle means, first of all, that
breeding partners share their home ranges (territories)
and maintain long-term pair bonds, as in beavers, prai-
rie dogs, marmots, some voles and gerbils. Members
of a family group exhibit considerable overlap, includ-
ing sharing a nest burrow or other shelter. Interactions
within family groups markedly differ from those be-
tween groups with the former being to include affilia-
tive, cooperative, and nepotistic social acts, while the
latter are mostly aggressive. Relationships between
neighboring family groups are based on territoriality:
all members of a family group, especially adult ones,
defend their territories from both neighbors and strang-
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ers. Socially monogamous family groups consist of a
breeding pair and their offspring. In extended family
groups, more than one adult individual of either one sex
or both sexes can breed. In extended polygynous family
groups (i.e., harems consisting of one adult male and
two or more adult females), breeding females can oc-
cupy separated home ranges or share the same nest bur-
row. The composition of family groups, usually con-
sisting of a breeding pair and their offspring, suggests
monogamy and, therefore, a lack of MMM. However,
field data as well as laboratory studies suggest multiple
paternity in some of the species in question.

Among ground squirrels, some kind of polygy-
nous family groups (harems) is documented in Sper-
mophilus columbianus (Michener, 1973). Despite the
harem structure of the social units, females of this spe-
cies were found to mate with more than one male, and
16% of 165 sampled litters were multiply sired (Murie,
1995). Litter size did not vary with the number of mates
a female had. However, numbers and proportion of ju-
veniles surviving to yearling age tended to increase
with the number of mates for mothers. Murie (1995)
suggested that mate choice for “good genes” via sperm
competition was the most plausible benefit of MMM in
S. columbianus. Concerning the relationship between
OSR and MP, it was found that male-biased OSR was
associated with reduced multiple mating by females.
Besides, MMM had no effect on conception (Murie,
1995), and this finding does not support the hypothesis
of cryptic direct benefit (fertility assurance).

As for other ground-dwelling sciurids, a family-
group lifestyle is especially typical of prairie dogs (Cy-
nomys gunnisoni, Cynomys leucurus, Cynomys ludovi-
cianus, Cynomys parvidens) and most marmots (Mar-
mota spp.). Specifically, a harem-based mating system is
documented for Marmota flaviventris (Armitage, 1962;
Barash, 1973). Nevertheless, multiple mating by M. fla-
viventris females, evidenced by genetic studies, results
in MP detected in 18% (28/153) of the litters (Martin et
al., 2014). For all 28 multiply sired litters, at least one
male originated from another colony than the mother.
The occurrence of MP was influenced by the OSR: when
the OSR was large, heavier females were more likely
to produce litters with multiple sires. The results of this
study suggest that MP is mainly limited by the opportu-
nity to have access to multiple mates and is influenced by
costs or mate choice because heavier females are more
likely to have litters with multiple sires than smaller
ones. Thus, despite the fact that the reproductive strategy
of M. flaviventris is generally described as female-de-
fense polygyny (Armitage, 1986) an essential proportion
of the litters was sired by multiple fathers, a finding that
suggests a polygynandrous mating system (Martin et al.,
2014). The results of these studies appear to support the
hypothesis of genetic benefit of MMM (i.e. an increase
in genetic diversity of offspring).

Multiple mating by females has been documented
in other marmot species, such as Marmota caligata (see
Kyle et al., 2007) and Marmota marmota (see Goos-
sens et al., 1998). The results of the study in the popula-

tion of M. marmota (Goossens et al., 1998) have shown
that the genetic mating system of this species was quite
different from a strictly monogamous breeding system:
extra-pair paternity (EPP) occurred in 11 of 35 litters
examined (31.4 %). The authors of this study proposed
several explanations why the proportion of EG-EPC
(extra-group, extra-pair copulations) is so high in the
population of M. marmota. First, the resident males do
not control the reproductive functions of extra-group
males. Second, resident males may be unsuccessful
in guarding their mate from EPC. Third, mate guard-
ing may be unsuccessful because the resident female
actively solicited EPC and escaped from the resident
male. Benefits for resident females of this species en-
gaging in EPC may be of two types. First, resident
females may solicit EPC to avoid infanticide because
male takeover of a family group is generally followed
by the killing of juveniles by the incoming male (Perrin
etal., 1994; Coulon et al., 1995). Second, females may
copulate with a male whose genetic quality is superior
to that of their partner. According to Goossens et al.
(1998), genetic benefits are the most likely reason for
resident females engaging in EPC. Similar results were
obtained in the study conducted by Cohas et al. (2006).

As for prairie dogs, they are known to live in
monogamous or extended (harem-polygynous) fam-
ily groups called clans (e.g., in C. gunnisoni; Rayor,
1988; Travis & Slobodchikoff, 1993) or coteries (in
C. ludovicianus; Hoogland, 1981, 1995). Polygynous
family groups typically contain one breeding male and
two to four breeding females, but some extended fam-
ily groups contain two or three breeding males (Travis
et al., 1996). Females of two species (C. ludovicianus
and C. leucurus) were found to be mostly monandrous,
and females of the other two species (C. gunnisoni and
C. parvidens) — mostly polyandrous (Hoogland, 1981,
2001, 2007, 2013).

The study in a population of C. gunnisoni (Travis
et al., 1996) based on DNA fingerprinting analysis
has shown that females living in a social group often
produced litters of mixed male parentage. Moreover,
61% of all progeny were sired by extraterritorial males.
Thus, Gunnison's prairie dog litters were frequent-
ly sired by multiple males, and a large proportion of
these males resided extraterritorially. According to
Hoogland (1998), the probability of pregnancy and
parturition was 92% for females that copulated with
only one or two males, but was 100% for females that
copulated with at least three males. Litter size at wean-
ing has been found to be positively correlated with the
mother's number of sexual partners. Therefore, MMM
might be necessary to guarantee pregnancy. Because
each female Gunnison’s prairie dog comes into estrus
only once each year, such a guarantee is important
so that females do not forfeit an entire breeding sea-
son. Therefore, this finding supports the hypothesis of
cryptic direct benefit (fertility assurance). Besides, MP
promotes genetic diversity among littermates and thus
maximizes the advantages of sexual reproduction. As-
surance of bringing pregnancy to term and larger lit-
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ters are supposed to be independent benefits that female
Gunnison’s prairie dogs reap by copulating with more
than one male (Hoogland, 1998). Haynie et al. (2003)
have drawn similar conclusions for C. parvidens.

Frequency of MP estimated for C. gunnisoni
(77%) and C. parvidens (up to 90%) was found to be
greater than that detected for C. ludovicianus (5-10%;
Hoogland, 1995). The study conducted by Hoogland
(2013) has shown that females of three species (C. leu-
curus, C. gunnisoni and C. parvidens) benefited from
polyandry by rearing more yearlings, but females of
C. ludovicianus evidently did not benefit from polyan-
dry. This finding supports the hypothesis that polyan-
dry might enhance female annual reproductive success
due to a higher probability of fertilization/conception
(Sakaluk & Cade, 1980; Torok et al., 2003; Uller &
Olsson, 2005): polyandrous females were significant-
ly more likely than monandrous females to conceive
(Hoogland, 2013). Females of two species (C. gunni-
soni and C. leucurus), however, paid a cost from cop-
ulating with more than one male, because they were
less likely to survive until the next mating season.
The lower survivorship of polyandrous females was re-
sulted from increased susceptibility to predation while
searching for additional males with which to copulate.
In particular, the observed number of predations on
polyandrous females was higher than the number ex-
pected by chance alone, and the observed number of
predations on monandrous females was lower than the
number expected by chance alone (Hoogland, 2013).

Studies on muroid rodents with a family-group life-
style also deserve special attention. Within this category
of species, mating systems are ranging from monogamy
to polygyny, often within the same species (Solomon
& Keane, 2007; Waterman, 2007; Gromoyv, 2022), and
unimale family groups are the most common associa-
tion (Gromov, 2008). Nevertheless, extra-pair copula-
tions have been reported even in socially monogamous
species, such as Meriones unguiculatus (Agren et al.,
1989; Gromov, 2022), Microtus socialis (Gromov,
2023), and Microtus ochrogaster (Carter & Getz, 1993;
Wolff & Dunlap, 2002). Multiple paternity was also
found in litters of Apodemus flavicollis (Gryczynska-
Siemiatkowska et al., 2008) and Lasiopodomys brandti
(Huo et al., 2010) with plural breeding females. The
authors of these studies concluded that MP mechanisti-
cally increased offspring genetic diversity.

The most thorough studies have been conducted on
the prairie vole, M. ochrogaster (Evans & Dewsbury,
1978; Wolff & Dunlap, 2002; Solomon et al., 2004).
Prairie voles live as male—female pairs, single females
(presumably remnants of male—female pairs), or in
groups formed primarily through retention of offspring
at the nest of a male-female pair (Getz et al., 1990).
Other than one field study in which MP was found in
one of three litters examined (Carter & Getz, 1993),
virtually nothing is known about MMM in prairie voles
in the wild. This study has shown several males in the
vicinity of females at the time of conception. Under
laboratory conditions, females were found to mate with

more than one male (Evans & Dewsbury, 1978). In an
experimental study conducted by Wolff and Dunlap
(2002), it was found that litter size and probability of
pregnancy were not significantly different for females
that mated with one, two or three males. Increasing
numbers of copulations, regardless of the number of
males, also did not increase litter size but did signifi-
cantly increase the probability of pregnancy. Therefore,
MMM, at least in prairie voles, must serve some func-
tion other than increasing litter size and probability of
conception. The percentage of females mating with one,
two, or three males was 45, 34, and 21%, respectively.
Thus, polyandrous mating in the supposedly socially
monogamous prairie vole was relatively frequent, at
least in the laboratory setting. It has been also shown
that females play an active role in mate choice and
seeking multiple partners. Wolff and Dunlap (2002)
have concluded that gaining greater paternal care or
obtaining material benefits are not good explanations
for MMM in M. ochrogaster because additional mates
do not provide additional parental care.

Solomon et al. (2004) examined allelic polymor-
phism at microsatellite loci to assess mating exclusivity
in wild prairie voles and found evidence of MP in five
of nine litters (56%) analyzed; the minimum possible
number of sires per litter was two in each case. These
findings are consistent with the results of the labora-
tory studies in which females mated with more than
one male (Evans & Dewsbury, 1978; Wolff & Dunlap,
2002).

General discussion

The secretive lifestyle of most rodent species means
that much of their reproductive biology and social be-
havior remains unknown. Although male reproductive
success is typically constrained by the number of mates
obtained (Bateman, 1948), the link between mating tac-
tics and reproductive success is more imperceptible in
females and not easily observable (Jennions & Petrie,
2000; Solomon & Keane, 2007). This review presents
data obtained from studies on 48 rodent species. Unfor-
tunately, very few studies provided direct evidence of
MMM in natural environments of these species. Many
studies (e.g., Huck et al., 1989; Berteaux et al., 1999;
Ratkiewicz & Borkowska, 2000; Bartmann & Gerlach,
2001; Wolff & Dunlap, 2002; Klemme et al., 2006,
2007; Klemme & Firman, 2013; Thonhauser et al., 2013,
2014b) have been carried out on captive rodents. In most
field studies, evidence of MMM was provided only on
the basis of the occurrence of MP in the litters examined.
Moreover, the available data provided an opportunity to
test various hypotheses regarding the potential fitness
benefits to females mating with multiple males in a rela-
tively small number of the species only.

Nevertheless, multiple mating by females has been
revealed in all rodent species in question, regardless
of their social structures and mating systems. In other
words, multiple paternity as a result of MMM could
be found in any rodent species. The only possible ex-
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planation for this phenomenon is that MMM plays an
important role in rodent populations, increasing their
genetic diversity, which in turn confirms the relevant
hypothesis (Loman et al., 1988; Watson, 1991; Madsen
etal., 1992; Jennions & Petrie, 2000; Zeh & Zeh, 2001;
Tregenza & Wedell, 2002; Head et al., 2005), although
some studies on promiscuous rodents (e.g., Lane et
al., 2008; Baxter et al., 2009; Thonhauser et al., 2013,
2014b; Sommaro et al., 2015) revealed no correlation
between MMM and offspring quality, MP or litter al-
lelic diversity. However, it can be assumed that MP
probably evolved as a mechanism to prevent inbreed-
ing (Bergeron et al., 2011; Ratkiewicz & Borkowska,
2000). It should be also noted that the frequency of MP
was found to be much higher in solitary and gregarious
rodents compared to species with a family-group life-
style. However, because of shortage of these data and
the small number of species compared, it is impossible
to draw valid conclusions from this finding.

An increase of genetic variability per litter in un-
predictable environments that results from MP may
provide a plausible explanation for why females mate
with several males (Hanken & Sherman, 1981; Mad-
sen et al., 1992; Murie, 1995). Field studies have pro-
vided evidence that MMM allows females to increase
the genetic variability of their progeny in some species
with a family-group lifestyle (C. leucurus, C. ludovi-
cianus, M. marmota, L. brandti; Chesser, 1983; Daley,
1992; Goossens et al., 1998; Cohas et al., 2006; Huo
et al., 2010), as well as in some promiscuous rodents,
such as M. musculus (Thonhauser et al., 2014a) and
G. glis (Moska et al., 2021). Increasing genetic vari-
ability within litters can increase the survival probabil-
ity in habitats that experience unpredictable changes
from one generation to the next (Yasui, 1998; Crean
& Marshall, 2009). Some authors (reviewed in Karl,
2008) proposed that MP would reduce the effective
population size and decrease the genetic variability of
the population (because each mating may result in few-
er offspring per male than the expected in a genetic mo-
nogamy), but others suggested that MP might increase
the effective population size and genetic variability of
the population (Pearse & Anderson, 2009).

The hypothesis that MMM promotes fertility as-
surance and an increasing probability of conception
(Birkhead et al., 1993; Hunter et al., 1993; Sheldon,
1994; Zeh & Zeh, 1996, 1997, 2001; Hoogland, 1998;
Jennions & Petrie, 2000; Colegrave et al., 2002; Mays
& Hill, 2004) leading to increased litter size received
weak support, and relevant evidence was obtained from
studies on five species only: C. gunnisoni (Hoogland,
1998), C. parvidens (Haynie et al., 2003; Hoogland,
2013), A. uralensis (Bryja et al., 2008), S. tereticaudus
(Munroe & Koprowski, 2011), and M. musculus (Thon-
hauser et al., 2013). However, females of two Cyno-
mys species with a family-group lifestyle (C. gunnisoni
and C. leucurus) appear to have incurred the cost of
copulating with more than one male, as they are less
likely to survive to the next mating season (Hoogland,
2013). On the other hand, a decreased probability in

conceiving following MMM has been detected in two
promiscuous species: Peromyscus maniculatus (see
Dewsbury, 1982) and Phodopus sungorus (see Wynne-
Edwards & Lisk, 1984). In most species examined,
MMM had no effect on litter size. Recent studies (Keil
et al., 1999; Wolff & Dunlap, 2002; Stockley, 2003;
Sommaro et al., 2015) provide evidence that mating
with several males does not increase litter size in pro-
miscuous rodents.

The mechanism by which MMM may increase con-
ception rates or litter size in some species of rodents is
still not well understood, but it may be either to guard
against male sterility or sperm depletion (Haig & Berg-
strom, 1995) or just to stimulate ovulation (Jennions
& Petrie, 2000; Kraaijeveld-Smit et al., 2002). The
importance of inducing ovulation by multiple copula-
tion has been examined in some rodent species. Specifi-
cally, it was found that a larger number of intromissions
resulted in a greater percentage of eggs ovulated in
M. pennsylvanicus (Gray et al., 1977; Milligan, 1982)
and R. norvegicus (Zarrow & Clark, 1968). However,
a decreased probability in conceiving following MMM
has been detected in two other muroid rodents (P. ma-
niculatus and P. sungorus; Dewsbury, 1982; Wynne-
Edwards & Lisk, 1984). Such a decrease following
MMM might be the result of a strange-male-induced
pregnancy block (Dewsbury, 1982; Wynne-Edwards &
Lisk, 1984). It was also shown that MMM had no effect
on conception in S. tridecemlineatus (Schwagmeyer,
1986), S. columbianus (Murie, 1995), C. ludovicianus
(Hoogland, 1995), and M. ochrogaster (Wolff & Dun-
lap, 2002).

According to Humphries and Boutin (2000), Mc-
Adam et al. (2002), and Réale et al. (2003), exceeding
optimal litter size can have long-term fitness conse-
quences both for offspring growth and survival and/or
female survival and future reproductive success. These
authors suggested that these associated costs might
only be avoided in species with biparental or com-
munal offspring care. The costs (in terms of time and
energy expenditure, injuries, and sexually transmitted
diseases) of mating with several males in order to in-
crease litter size seem to be not justified in females of
promiscuous rodents.

Based on the results of the study on C. musculinus,
Coda et al. (2011) and Sommaro et al. (2015) sug-
gested that females of this species would mate with
multiple males as a counter-strategy against infanti-
cide by males. This can be explained by the hypoth-
esis of uncertainty of paternity preventing infanticide
(Hrdy, 1977; Agrell et al., 1998; Wolff & Macdonald,
2004), which suggests that copulation inhibits males
from killing the future young pups for a period of time
long enough for the young to be weaned (Agrell et al.,
1998). Therefore, infanticidal males should not kill the
offspring of previous sexual partners (Ebensperger,
1998; Thonhauser et al., 2013). This hypothesis seems
to be supported also by the results of the studies on
M. musculus (Thonhauser et al., 2013) and M. marmota
(Goossens et al., 1998).
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The female mate choice hypothesis (Andersson,
1994) when females select their optimal sexual partners
with “good genes” seems to be justified in two species
only: S. columbianus (Murie, 1995) and M. marmota
(Cohas et al., 2006). The results of the study on T. stria-
tus suggest that MMM can act as a bet-hedging strategy
(Yasui, 2001; Fox & Rauter, 2003) that may effectively
provide indirect genetic benefits for females by reduc-
ing the risk of inbreeding in this species where mating
among close relatives is common (Bergeron et al., 2011).

The relationship between OSR and MP in species
with polygynandrous or promiscuous mating systems
is not clear. Male-biased OSR was associated with in-
creased multiple mating by female S. tridecemlineatus
(Schwagmeyer & Brown, 1983), but somewhat reduced
multiple mating by female S. columbianus (Murie,
1995). In S. richardsonii (Michener & McLean, 1996)
and X. inauris (Waterman, 1998), female rate of mul-
tiple mating was independent of changes in OSR. In S.
lateralis, OSR also did not affect rates of MP (Wells
et al., 2017), though through postcopulatory female
choice (Eberhard, 1996), it is possible for OSR to have
increased the rate of MMM without affecting the rate of
MP (Murie, 1995). One can suggest that the variation in
MP likely results from the interaction between encoun-
ter rates and the active strategies of males or females.

Studies examining Bateman’s gradients (Bateman,
1948; Jones et al., 2002) have been conducted on two
rodent species only: S. tereticaudus (Munroe & Ko-
prowski, 2011) and S. lateralis (Wells et al., 2017). The
mating system in S. tereticaudus defined through ge-
netic analyses and Bateman’s gradients was found to be
polygynandrous compared to the previously suggested
polygynous mating system as established by behavior-
al observations. From Bateman’s gradients, there was
found no direct fitness benefit of MP for S. lateralis
females. Thus, Bateman gradients turned out to be use-
ful for clarifying data on the mating system of these
species and identifying possible advantages of MMM.

The results of some studies (Klemme et al., 2007b;
Hoogland, 2013; Thonhauser et al., 2014a) have shown
that MMM may have negative fitness effects for females
and their offspring. Specifically, MP was found to be
associated with reduced mean and variance in offspring
body mass in M. domesticus and M. musculus (Thon-
hauser et al., 2014a). As for other conceptual models,
it should be noted that the hypothesis of promotion of
parental care due to MMM (Davies et al., 1996) has
been examined on one species only — M. ochrogaster
(Wolff & Dunlap, 2002). This study has shown that ad-
ditional mates did not provide additional parental care.
The hypothesis of enhanced access to resources due to
MMM (Gray, 1997) has not been examined on rodents.

In general, the potential fitness benefits to females
mating with multiple males including fertility assur-
ance, an increase in genetic diversity of offspring
and litter size, as well as reduction in the probability
of infanticide have been revealed, at least partially, in
23 species in question. It should be also noted that these
potential fitness benefits of MMM have been confirmed

for solitary and gregarious species, as well as for spe-
cies living in family groups, that is, regardless of their
social structures and mating systems. As for the other
25 species, the findings are limited to stating the fact
of occurrence MMM or MP. Moreover, none of the hy-
potheses concerning the potential fitness benefits to fe-
males mentioned in the Introduction can be considered
universal, and in most cases one or another hypothesis
is confirmed only for a limited number of species. With
regard to other factors, such as population demograph-
ics or annual variation in food abundance, that may
influence MMM and thus MP, the available data are
insufficient to draw valid conclusions.

The results reported in the present review show that
even in species where pronounced behavioral and physi-
ological mechanisms promoting social monogamy are
seen, the social mating system is not necessarily tightly
linked to the genetic mating system. This raises the in-
triguing question of why females and males form a long-
term pair bond and then females mate multiply. Evidence
from other vertebrates indicates that MP may provide
direct or indirect benefits to females (Jennions & Pet-
rie, 2000; Brotherton & Komers, 2003; Sommer, 2003).
However, because of the lack of data on the fitness con-
sequences of mating with multiple males, the benefits of
this behavior still remain an unanswered question.

Multiple paternity observed in many socially mo-
nogamous (e.g., M. unguiculatus, M. ochrogaster,
M. saocialis, P. californicus) as well as polygynous ro-
dents (e.g., L. brandti, P. polionotus) is also an intrigu-
ing phenomenon (Gromov, 2008). Extra-pair paternity
was found to be rare among species living in solitary
pairs (e.g., P. californicus, Ribble, 1991), but fre-
quent among species living in extended family groups
(e.g., P. polionotus, Foltz, 1981). According to the
fitness-enhancing hypothesis (Trivers, 1972; Maynard-
Smith, 1977), paternal care evolved because there
was an initial direct benefit to offspring, fathers and/
or mothers. The prevailing paradigm assumes that a
male’s fitness can increase through providing care if his
offspring survive and reproduce, and certainty of pa-
ternity is presumably a contributor to the evolution of
paternal care. However, many males in socially monog-
amous rodents with biparental care of young provide
parental care for both own offspring and young sired by
other males. Therefore, “careful fathers” promote dis-
tribution of not only their own but alien genes as well.
This phenomenon does not fit into the framework of the
concepts accepted in behavioral ecology, and therefore
deserves further research.

Future studies must identify the precise genetic
benefits of multiple paternity from the female’s per-
spective and evaluate the causality of the relations in
order to understand the rather complex variation in
multiple paternity in the wild. Further studies are also
needed to estimate the adaptive significance of mul-
tiple mating in rodents. The resulting paternity pattern
after multi-male mating seems to be a combination
of sperm competition and cryptic female choice. The
lack of observations of copulation makes it impossible
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to determine whether selectivity was the result of pre-
or postcopulatory mechanisms. Such observations are
quite challenging to obtain on wild populations. These
are required to provide a better understanding of how
animals cope with contrasted population demographics
and environmental conditions to ensure that their own
and their offspring’ fitness are optimized.

In most cases, the differences in MP proportions are
considered a result of the differences in MMM propor-
tions. However, the MP proportion is determined not
only by the MMM proportion but also by litter size.
Therefore, the explanatory power of the MP proportion
should be reconsidered. When a high MP proportion
is observed, the population undoubtedly has a high
MMM proportion, but a low MP proportion does not
always indicate a low MMM proportion (Wakabayashi
& Saitoh, 2019). Further investigation is thus needed
to determine if benefits of polyandry are likely to dif-
fer for polytocous and monotocous species. Estimating
the lifetime reproductive success of offspring of mo-
nandrous and polyandrous females may also clarify the
adaptive significance of polyandry.

The extent to which the consequences of MMM
observed under laboratory conditions manifest under
natural conditions and the level to which these benefits,
relative to extrinsic influences of the populations’ mat-
ing system, govern female mating behavior will require
further investigations within the context of each spe-
cies’ natural history. Experimental studies of the ben-
efits of genetic promiscuity in both female individuals
and the population would be a very important task for
future research. Accumulating the empirical data will
enable a more comprehensive review of the genetic
benefits of MMM.
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