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Parental Behavior in Rodents

Mariana Pereira, Kristina O. Smiley, and Joseph S. Lonstein

Abstract Members of the order Rodentia are among the best-studied mammals for 
understanding the patterns, outcomes, and biological determinants of maternal and 
paternal caregiving. This research has provided a wealth of information but has 
historically focused on just a few rodents, mostly members of the two Myomorpha 
families that easily breed and can be studied within a laboratory setting (including 
laboratory rats, mice, hamsters, voles, gerbils). It is unclear how well this small col-
lection of animals represents the over 2000 species of extant rodents. This chapter 
provides an overview of the hormonal and neurobiological systems involved in 
parental care in rodents, with a purposeful eye on providing information known or 
could be gleaned about parenting in various less-traditional members of Rodentia. 
We conclude from this analysis that the few commonly studied rodents are not nec-
essarily even representative of the highly diverse members of Myomorpha, let alone 
other rodent suborders, and that additional laboratory and field studies of members 
of this order more broadly would surely provide invaluable information toward 
revealing a more representative picture of the rich diversity in rodent parenting.

Keywords Brain · Hormones · Lactation · Maternal behavior · Paternal behavior · 
Rodentia
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1  Introduction

Rodents (order Rodentia) are the single largest group of mammals, constituting over 
40% of extant mammalian species. This large order involves 29 families containing 
over 2052 species that utilize many different ecological strategies (Carleton and 
Musser 2005; Fig. 1). Thus, rodents have been successful in almost every niche, 
from the Arctic tundra to forests to deserts, and live on every continent except 
Antarctica. Many rodents live mostly in subterranean burrows (e.g., tuco-tucos, 
gophers, lemmings), but others are arboreal (e.g., porcupines, spiny rats, some 
squirrels) and live above ground on bare earth or under low shrubs (e.g., maras, 
pacas), and some are even semiaquatic (e.g., capybaras, beavers, nutrias). Rodents 
are predominantly omnivorous – foraging on nuts, seeds, fruits, tubers, corms and 
bulbs, leaves and grasses, bark, insects, snails, slugs, spiders, and fish – but there are 
herbivorous, insectivorous, and carnivorous species. A number of species do not 
drink water but instead obtain all their water from their food (e.g., mole rats, tuco- 
tucos). Most are nocturnal although some are diurnal in both the field and in the 
laboratory (e.g., Nile grass rats, degus). Rodent reproduction is often seasonal 
although some are capable of breeding all year round such as rats, mice, and lem-
mings (Gromov 2010; Hasler and Banks 1975; Potapov et  al. 2012; Shilton and 
Brooks 1989). Other species, such as spiny mice that live in arid deserts, breed 
opportunistically in response to rainfall (Breed and Leigh 2011; Dewsbury and 
Hodges 1987; Laurie and Goodrich 1946; Phifer-Rixey and Nachman 2015; Sarli 
et al. 2016).

Rodents are also highly diverse in their social organizations. Some live naturally 
in complete solitude with males and females only coming together for mating (e.g., 
porcupines, some tuco-tucos, dormouse, pocket gophers, pocket mice, Syrian ham-
sters), whereas others live in family groups (e.g., beavers, capybara, spiny mice, 
some voles), in extensive colony “towns” (e.g., prairie dog), or in highly complex 
multigenerational families with individual members performing specialized tasks 
(e.g., eusocial naked mole rats and Damaraland mole rats). Rodents exhibit highly 
diversified reproductive strategies, from monogamy (e.g., beavers, California mice) 
to polygyny (e.g., Norway rats, house mice, squirrels) to promiscuity (e.g., white- 
footed mouse, meadow voles). Some monogamous species also form a lifelong 
social and/or sexual bond with their mates (e.g., prairie voles, agoutis). Lastly, sev-
eral rodents have flexible mating systems that can vary between monogamy, polyg-
yny, and promiscuity depending on environmental pressures (e.g., muskrats).

Rodents are thus incredibly diverse in many ecological, social, and life history 
factors. They are also undoubtedly the best-studied mammals for understanding the 
biological mechanisms underlying parental behavior. Despite their history as pre-
mier study organisms that have provided a tremendously rich and informative scien-
tific literature on parenting, the far majority of studies have been conducted on just 
a few rodent species, most in the suborder Myomorpha. This is due to numerous 
practical reasons, including their ease of maintenance and breeding in captivity, 
short gestation times, large number of offspring per litter, widespread availability, 
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Fig. 1 The five Rodentia suborders with some examples of species in each. (Modified from 
Paco 2014)
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and high social acceptance of their use in research. The result is that parenting in 
common rats (Rattus norvegicus) and mice (Mus musculus) has been studied in the 
laboratory for more than 50 years and comprises most of the existing literature. Of 
course, reliance on rats and mice as primary research models is not unique to the 
study of parenting, but it begs the question of whether rats and mice accurately rep-
resent most or even much of Rodentia, let alone parenting in other mamma-
lian orders.

In most rodent species, parenting is sexually dimorphic with mothers carrying 
most, if not all, of the burden alone. Hence, most of what we know about Rodentia 
parenting is known from mothers. Information about paternal care is, of course, 
particularly interesting to many of us because human caregiving of infants often 
includes fathers. Although paternal care by males is displayed by a number of rodent 
suborders, including those containing California mice, porcupines, beavers, voles, 
and common degus, fathering has also been studied in only a handful of species. 
The goals of this chapter are to provide an overview of the patterns of maternal and 
paternal caregiving behaviors in some well-studied, as well as some not very well- 
studied, rodents. We further discuss the endocrine and neural bases of these behav-
iors, mostly known from laboratory rats and mice. We do not exhaustively review 
these large literatures because this has been done numerous times in great detail 
(Numan 2020; Lonstein et al. 2015; Gonzalez-Mariscal and Melo 2013). Instead, 
we wish to highlight some of the major advances and concepts from the scientific 
literature on common laboratory rodents thus far and discuss how this information 
is sometimes universal and sometimes exceptional compared to what little is known 
about less-commonly studied rodent species. This endeavor will provide insight 
into the divergent and convergent evolution used by Rodentia for this complex, 
motivated, and essential mammalian social behavior.

2  Patterns of Maternal Caregiving

In any animal species, maternal care provided to each member of a litter is not a 
one-way street (mother to young) but is instead regulated by the dyadic, reciprocal 
relationship between the participants. That is, the amount and type of mothering 
provided strongly depends on the immediate and near-future needs and capabilities 
of the offspring, which quickly change over their early life development. Maternal 
behavior first arises around the peripartum period and is maintained until the off-
spring reach independence. Many species such as squirrels, rats, and mice give birth 
to relatively underdeveloped or altricial young, while others like guinea pigs, por-
cupines, spiny mice, and pacas have precocial young that are relatively mature and 
mobile from the moment of birth (Fig. 2).

Altricial young are typically born without the ability to see or hear, have limited 
motoric capabilities, are small, have no fur or thermoregulatory capabilities, and are 
toothless so they rely on suckling for mother’s milk as their only food source. In addi-
tion, rodent mothers often give birth to many altricial young simultaneously, usually 
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Fig. 2 Altricial rodents like the gerbil, rat, and ground squirrel newborns shown (a–c) are rela-
tively undeveloped and are born without fur, teeth, thermoregulation, or much mobility. They can 
be compared to more precocial young, such as spiny mouse, porcupine, guinea pig, and paca 
neonates (d–f), that are variably more developed at birth. Images not to scale. (Figure created by 
Stephen R. Thomas)

around 8–12 or more (e.g., laboratory rats, hamsters, mice), but can produce as many 
as 28 in a single litter (e.g., naked mole rats; Sherman et al. 1999). Early postpartum 
maternal caregiving in these rodents is extremely time consuming, with mothers (and 
sometimes fathers and/or alloparents) spending the 70–90% far majority of their time 
in contact with their litters (Grota and Ader 1969; Jarvis 1981; Pereira et al. 2008). In 
contrast, rodent species that give birth to precocial young often have longer gestation 
periods (e.g., ~68 days in guinea pig; ~90–120 days in porcupines, pacas, agouties 
and maras; ~150 days in capybaras; and up to 283 days in pacaranas) compared with 
altricial species and give birth to smaller litters, often one to three pups at a time. 
Precocial young are often born with fully functional eyes and ears, are mostly furred, 
and possess advanced locomotor abilities. Young from several species of the 
infraorder hystricognathi, including gundies and pacas, are born extremely precocial 
(“superprecocial”) with the ability to roam, eat solid food, climb trees, and/or swim 
within a day of being born. But regardless of the stage of development at birth, the 
young of almost all rodents still require substantial parental care.

Parental Behavior in Rodents



6

Caregiving displayed by most rodent mothers can be categorized into numerous 
“active maternal behaviors” that involve high motoric activity and “inactive mater-
nal behaviors” that do not. Active behaviors include building a nest where the 
mother and young spend almost all of their time together, particularly during the 
early postpartum period. Nests are built days before parturition in anticipation of the 
young’s arrival and are usually located away from most conspecifics and within the 
safety of an unnoticeable and inaccessible niche (often underground but also in 
trees, rock crevices, and within dense vegetation on ground). Parents use their 
mouths, snouts, and paws to move dry vegetation and similar items into the nest for 
soft insulation and will sometimes bury the young under nesting material and/or 
plug the entrance to the burrow when they leave to forage (Butterworth 1964). 
Maintaining the nest continues after the pups are born, when other active behaviors 
have the opportunity to be displayed. These include moving the young from one 
place to another, which involves the mother gently picking up her offspring with her 
mouth and repositioning them within the nest, or transporting them back to the nest 
if they are displaced. While retrieval of young is very easily and thus often studied 
in the laboratory, it is probably quite rare in nature during the early postpartum 
period because relatively immobile, young pups cannot wander much from the nest 
on their own, and mothers rarely abandon a valuable nest site and move the entire 
litter in the absence of substantial environmental disturbance (Brewster and Leon 
1980). After mothers ensure that any stray pups are returned to the nest, she joins the 
litter and hovers over them while licking and grooming them as well as herself (i.e., 
self-grooming). During this time of high maternal activity, the pups can be stimu-
lated by her licking to excrete feces and urine (Friedman et al. 1981) and are behav-
iorally activated to search for a nipple and begin suckling. Lastly, heightened 
aggressive behaviors toward potentially threatening conspecifics or allospecifics 
emerge during lactation and serve to protect the tremendously valuable nest site and 
offspring within it (Bosch 2013; Lonstein and Gammie 2002).

Interspersed among periods of these active behaviors are prolonged bouts of 
inactive nursing. In fact, when tested under undisturbed conditions, nursing is the 
most frequently displayed maternal caregiving behavior in common laboratory 
rodents (Champagne et al. 2003 and 2007; Grieb et al. 2017). Nursing by the dam is 
induced by pup suckling, which causes mothers to transition from a highly active 
state to a state of relative quiescence. This quiescence maintains her presence over 
the pups in the nest and avoids their dislodgement from the teats. In some rodents 
and other animals, including humans, this suckling-induced quiescence involves 
periods of slow-wave sleep and is the only time when milk letdown occurs (Voloschin 
and Tramezzani 1979; Benedetto et al. 2017). Nursing in small laboratory rodents is 
displayed in distinct postures that can be measured through careful observation: (1) 
Kyphosis/upright crouching/arched back nursing – this nursing posture is character-
ized by complete immobility by the dam and standing over the litter with stiff, 
splayed limbs and high dorsiflexion of the spinal column. Kyphosis is thought to 
provide room for the litter to easily find a nipple and breathe while suckling and is 
the most common nursing posture during the early postpartum period in laboratory 
rats and probably many other small rodents (Stern 1996; Fig. 3); (2) lying prone on 
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Fig. 3 Laboratory rat 
hovering over the litter 
while motorically active 
(a) or displaying a low (b) 
or high (c) kyphotic 
nursing posture. (Modified 
with permission from Stern 
and Johnson 1990)

top of the litter in a “blanket” position with little or no limb support; and (3) nursing 
while passively lying on the side in a supine position with the pups attached to the 
exposed teats. The latter two positions are more common during very long episodes 
of nursing probably because the rigid kyphotic posture is fatiguing to mothers. The 
latter two postures are also more common later in lactation when older offspring no 
longer easily fit underneath their standing dams and are motorically capable of 
suckling without her postural assistance anyway (Stern and Johnson 1990).

The particular behaviors detailed above have been best described for small labo-
ratory rodents including rats, mice, hamsters, and voles. One could assume that 
other rodents that give birth to relatively altricial pups show the same or at least very 
similar caregiving behaviors. But other parental behaviors and patterns exist and 
may be species-specific even within Myomorpha. Most obvious may be that 
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caregiving is likely to be more time consuming for Myomorpha mothers that pro-
duce altricial vs. precocial young. For instance, while rat mothers spend >70% of 
their time in the nest with their altricial litters during the first few days postpartum 
(Grota and Ader 1969) and lick them very frequently, guinea pig mothers show a 
more rapid decline in their time spent in contact with their pups and lick them less 
often (Hennessy and Jenkins 1994; Schiml and Hennesy 1990). Even within altri-
cial species, there are differences in some details of maternal care. For instance, 
there is a seemingly unusual and stereotyped posture observed when spiny mice 
(Acomys cahirinus) mothers interact with their pups, involving the dam’s mouth 
kept slightly ajar, which allows the pups to lick around her partially exposed teeth 
and gums. This activity is important for development of food preferences by the 
offspring (McFadyen-Ketchum and Porter 1989). And unlike laboratory rats or 
mice, prairie vole mothers rarely need to or can be induced to retrieve pups in the 
laboratory (Lonstein and DeVries 1999), presumably the consequence of their fairly 
precocial young being born with teeth that securely latch onto nipples even when 
the mother is highly agitated (McGuire et al. 2011). Also dissimilar to almost all 
postpartum laboratory rats and most postpartum laboratory mice, parturient ham-
sters are well known to kill and ingest much of their newborn litter, which helps 
regulates their energy balance while they lactate in their arid desert environment 
(Day and Galef 1977; Schneider and Wade 1989).

While Myomorpha is indeed the largest suborder of rodents and contains the 
well-studied common laboratory animals discussed above, most animals within the 
remaining four Rodentia suborders have been largely overlooked as models in 
which to study parenting behaviors. These other Rodentia suborders are the 
Sciuromorpha (squirrels, chipmunks, marmots, flying squirrels, dormice, among 
others), Hystricomorpha (porcupines, agoutis, pacas, guinea pigs, capybaras, tuco- 
tucos, chinchillas, among others), Castorimorpha (beavers, pocket gophers, kanga-
roo rats, and pocket mice), and Anomaluromorpha (African scaly-tailed squirrels, 
spring hares, and Cameroon scaly-tails). As discussed below, many of these animals 
have evolved unique adaptations to their environments and therefore would be of 
interest to study for their parental strategies. It is imperative to have a greater under-
standing of the behavior of these less- or rarely-studied species as the similarities 
and differences across rodents within and across suborders can inform us about 
divergent and convergent evolution of behavior and the underlying biological 
determinants.

 Sciuromorpha

Suborder Sciuromorpha contains three families (Aplodontiidae, Sciuridae, and 
Gliridae) containing 307 extant species. One of these families, Aplodontiidae, has 
just one member – the mountain beaver (Aplodontia rufa) or “mountain rat.” These 
are misnomers, though, as Aplodontia rufa are not beavers or rats. They are thought 
to be the most primitive rodent, having an extremely long fossil record (Feldhamer 
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et al. 1999). Their natural habitat most commonly encompasses the densely vege-
tated, humid, and temperate Pacific Northwest of North America (Novak 1991; 
Feldhamer et  al. 2003), where these nongregarious animals live alone, although 
their home ranges can overlap (Martin 1971; Nolte et  al. 1993). These seasonal 
breeders synchronize reproduction with other members of their colony (Pfeiffer 
1958) and give birth to two to six altricial pups (mean litter size = 2.8; Pfeiffer 1958) 
after a 28- to 30-day pregnancy (Pfeiffer 1958; Lovejoy and Black 1974). Dams 
begin nursing their pups within 20 min after parturition (Cramblet and Ridenhour 
1956), and the young suckle for a relatively long 6- to 8-week preweaning period 
(Lovejoy and Black 1974). Mountain beavers have limited vision and ability to hear, 
which is unsurprising given their fossorial nature (they spend >90% of their time in 
underground burrows; Naughton 2012), but their tactile and olfactory senses are 
very well developed (Camp 1918), so presumably they are the most relevant for 
their maternal caregiving. This can be contrasted to laboratory rats and mice that 
readily use their altricial pups’ vocalizations to guide their behavior (Wohr et al. 
2010). Nothing appears to be known about the endocrinology of pregnancy or any 
details of postpartum caregiving behavior in A. rufa.

Family Sciuridae involves 279 species broken into five subfamilies that include 
tree squirrels, ground squirrels, chipmunks, prairie dogs, and marmots (including 
woodchucks/groundhogs). Many members of these polygynandrous rodents have 
two breeding seasons a year, winter and spring, although those that hibernate (e.g., 
ground squirrels) only breed once a year in the spring (Hayssen 2008; Thorington 
and Ferrell 2006). Detailed studies of maternal caregiving in Sciuridae have been 
conducted in a number of species. Similar to other rodents that give birth to altricial 
young, American red squirrel mothers (Tamiasciurus hudsonicus) have a short ges-
tation of 35 days but then care for their pups (average of 3 per litter) for a long 
~70  days of lactation (McAdam et  al. 2007). Because tree squirrel nests (called 
dreys) are obviously elevated, there are few details known about what mothers do 
while with the pups, although it has been said that tree squirrel mothers have an 
exceptionally strong retrieval drive (Muul 1970). Captive southern flying squirrels 
(Glaucomys volans) will indiscriminately retrieve both related and unrelated young 
until late lactation, after which they will only retrieve their own pups and attack oth-
ers (Muul 1970). It is also known that the time that red squirrel mothers spend with 
their young unsurprisingly declines as postpartum time advances (Dantzer et  al. 
2011). Detailed studies of maternal caregiving in ground squirrels are equally unde-
tailed, as their underground nests are also not amenable to viewing, although captive 
Richardson’s ground squirrels will quickly retrieve pups placed outside the nest box 
and abruptly stop doing so at 20–25 days postpartum when the pups are more mobile 
(Michener 1971). Postpartum captive 13-lined ground squirrels will also quickly 
retrieve young pups that are experimentally displaced (Droge 1976).

Chipmunks may be unusual in that a number of species are known to have both 
arboreal and subterranean nests, and some have been observed to interact with their 
young at both sites (Broadbooks 1977). Siberian chipmunks (Eutamias sibiricus 
lineatus) have a 30-day pregnancy and give birth to litters of four to five pups 
(Kawamichi and Kawamichi 1993). These hibernating rodents do not use their tree 
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nests for parturition or early interaction with pups but remain underground. Early 
postpartum dams spend almost all their time in the burrow with the pups, but this 
naturally declines, and mothers then visit their offspring only a few times a day for 
up to about 60 days. They remain with them all night until postpartum day 35 though 
(Kawamichi 1989; Kawamichi and Kawamichi 1984). Siberian chipmunk mothers 
also change their burrows one or more times during lactation, including sometimes 
leading the mobile young from a burrow to a tree nest (Kawamichi 1989). Similar 
to chipmunks, we know little about maternal caregiving in prairie dogs. They co- 
nurse with related females, and alloparenting is thought to be common (Hoogland 
1995). In a single mother that was non-systematically observed with her litter in a 
laboratory setting, she was seen to use a solid nest chamber that she did not line with 
available cotton, and she most often nursed in a supine position, used her mouth to 
put displaced pups back in the nest box (although pups were almost always attached 
to teats), and licked the pups when returning to them (Pizzimenti and McClaneghan 
1974). Although nest building was not seen in this captive animal, female prairie 
dogs in a natural setting bring potential nest material to the entrance of a burrow 
before the pups are born and through lactation (Rioja-Paradela et al. 2008).

Family Gliridae include 29 living species of dormice, divided in three subfami-
lies. Some species are highly territorial and live solitary lives outside of mating. 
Mating couples may remain together and co-parent in captivity though (Nowak 
1999). Dormouse mothers give birth to 2–10 pups after a typical gestation of 
21–30 days (Nowak 1999; Ruf et al. 2006). The fat dormouse (Glis glis) mostly 
nests alone with her pups, although some choose to communally nest with close 
relatives, with rates of communal nesting varying dramatically by year and particu-
larly likely at times of high population density (Pilastro 1992; Marin and Pilastro 
1994). In one study, survival of fat dormouse pups to weaning did not differ between 
solo and group nesting however, so group nesting may benefit fitness of the moth-
er’s smaller, younger sisters who delayed breeding more than it does for herself 
(Pilastro et al. 1996).

 Hystricomorpha

The suborder Hystricomorpha contains 19 families and 291 species within the 
infraorders Ctenodactylomorphi and Hystricognathi. The families Anomaluridae 
(African scaly-tailed squirrels), Pedetidae (spring hares), and Zenkerelidae 
(Cameroon scaly-tail) originally included in this suborder were recently reclassified 
to form the fifth rodent suborder, called Anomaluromorpha and discussed separately 
below (Carleton and Musser 2005; Coster et al. 2015). Rodents of the Hystricomorpha 
suborder appear to be more diversified in their reproductive strategies and social 
structure than any other rodent group. They range from being entirely solitary (e.g., 
porcupines, tuco-tucos) to socially monogamous (Dassie rat, some gundies, Old 
World porcupines) to highly eusocial (e.g., naked mole rats and Damaraland mole 
rats). The reproductive success of many Hystricognaths is enhanced by a 
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postpartum estrus that enables females to be almost continuously pregnant. The 
infraorder Ctenodactylomorphi includes two extant families within the superfamily 
Ctenodactyloidea: the small Ctenodactylidae family (Gundis) of gregarious rodents 
from northern Africa and the Diatomyidae family represented by a single living spe-
cies, Laonastes aenigmamus (Laotian rock rat), native to Laos in Southeast Asia. 
Gundis live in colonies of up to 100+ individuals in all manner of rocky desert habi-
tats. Gundis breeding patterns vary from facultative monogamy to uni-male polyg-
yny to multi-male polygyny (Nutt 2007). Female gundis have long gestations and 
give birth to one to three highly precocial young that within an hour of their birth are 
roaming, sunbathing, and feeding on chewed leaves  (George 1978). The Laotian 
rock rat (also known as Kha-nyou) inhabits rocky limestone areas dotted by small 
patches of forest in Laos and Vietnam. They use small rock crevices for their dens. 
The Laotian rock rat is an example of the “Lazarus effect” as it was rediscovered in 
2005 after a long gap of having been considered extinct (Dawson et al. 2006; Jenkins 
et  al. 2005). Unfortunately, very little is known about their reproductive biology 
except that similar to other Hystricognathi, Laonastes females give birth to a single 
precocial young (Jenkins et al. 2005).

The infraorder Hystricognathi (true hystricognaths) is a large group of rodents, 
with 18 families and more than 230 species found primarily in South America, 
although some exist in North America, Africa, and Asia. This group is divided into 
two parvorders, the Phiomorpha and the Caviomorpha, and includes some of the 
largest rodents including porcupines (~25 pounds/11 kilograms in most males) and 
capybaras (often >100 pounds/45 kilograms). It also includes some of the most 
unusual rodents, such as the eusocial naked mole rats and extremely precocial 
pacas, as well as some of the most familiar rodents that are commonly kept as pets, 
including guinea pigs and chinchillas.

The Phiomorpha parvorder families Hystricidae (Old World porcupines), 
Bathyergidae (African mole rats), Heterocephalidae (naked mole rats), Petromuridae 
(Dassie rats), and Thryonomyidae (cane rats) are all found in Africa and Asia. Old 
World porcupines are monogamous and usually pair for life (Farida et  al. 2019; 
Sever and Mendelssohn 1988; Morris and Van Aarde 1985). They have one to four 
young once or twice a year after a pregnancy of ~90–112 days. The young are born 
quite developed, and the spines that are initially soft harden within a few hours of 
birth. Although porcupettes begin to eat solid food within 2 weeks, they are not fully 
weaned until 13–19 weeks after birth. They remain with the mother until they reach 
sexual maturity at around 9 months to 2.5 years of age, depending on species, and 
share the burrow system with their parents and siblings (prickle) from other litters 
until dispersal (Mori et al. 2014). Fathers also share parental duties, such as cub 
guarding, and help defend the family group from intruders (Sever and Mendelsson 
1988, 1989; Mori et al. 2016). The Phiomorpha parvorder is also striking because it 
contains the only two known mammalian examples of eusociality. While most mole 
rat species are solitary, the Damaraland mole rat (Fukomys damarensis) and the 
naked mole rat (Heterocephalus glaber) are eusocial, displaying a cooperative 
breeding system in which most members have specialized tasks and forgo reproduc-
tion. Naked mole rats are the most social of the burrowing mole rats and form 
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eusocial colonies of up to 300 individuals consisting of a single breeding female 
(the queen), one to three breeding males, and sexually immature adults of both sexes 
(subordinates) that provide alloparental care by retrieving, licking, and huddling 
with the pups (Jarvis 1981; Lacey and Sherman 1991). This investment in allopa-
rental pup care is enhanced in subordinate adults after the queen has given birth, 
which is partly mediated through consumption of the queen’s estrogen-rich feces 
(Watarai et al. 2018). Breeding female mole rats can have as many as 28 altricial 
pups per litter after a long 60- to 80-day pregnancy (Sherman et al. 1999). The fam-
ily Petromuridae consists of only one species, Dassie rats, that are endemic to rocky 
outcrops in southwestern Africa. Dassie rats (also called rock rats, but different 
from Loatian rock rats) are colonial, live in small groups of several adults and 
young, monogamous, and biparental (paternal care includes allogrooming and vigi-
lance against predators). Reproduction is seasonal, during the spring months, with 
litters of one to two highly precocial young. Multiple generations remain in the 
parental home range. The greater and lesser cane rats are the only two living species 
of the family Thryonomyidae. They are found throughout Africa in marshy areas 
and along river and lake banks. Depending on the season, greater cane rats are soli-
tary or communal. Lesser cane rats live in small family groups. Females give birth 
to litters of two to four precocial young once or twice per year after ~152 days of 
pregnancy (Stier et al. 1991).

The Caviomorpha parvorder unites all New World hystricognaths, including the 
extinct Heptaxodontidae (giant hutias) and 12 extant families. New World porcu-
pines (family Erethizontidae) are arboreal and nocturnal. They are generally solitary 
(Mertz 2003), and females carry their young for a gestation period ~ 195–210 days, 
depending on species, and give birth to one to three precocial young at a time. 
Similar to the Old World porcupettes mentioned above, New World porcupettes are 
born with their eyes open, tail strongly prehensile, and claws well developed. At 
birth, they have soft quills, which harden in a few days. Porcupettes will stay with 
their mother for about 6 months, which is beyond nutritional weaning.

The family Cuniculidae (pacas) contains three species of ground-dwelling 
rodents that are the second largest rodent occurring in South and Central America. 
Pacas are monogamous and mate for life. Typically, mothers give birth to one to two 
offspring, following a gestation of ~114–119 days. Pacas are extremely precocial at 
birth, being born with fur and open eyes, and are able to run, swim, and eat solid 
food within a day later. Weaning begins after 90 days, but the young start to follow 
their mothers early and can do so for up to a year. Paca mothers mind their highly 
mobile offspring carefully. The young are kept in nests inside holes too small for 
both predators and the mother to enter, and the mother uses a low rolling vocaliza-
tion to invite the young out of the hole for daily interaction and nursing (Lima 
et al. 2018).

The family Dasyproctidae (agoutis and acouchis) contains 13 species. Agoutis 
range from southern Mexico to northern Argentina and Paraguay and make their 
dens in burrows in stream banks; between boulders, roots, and bushes; or in tree 
hollows. They are group living and diurnal and are monogamous for life. After a 
long 104–120 pregnancy, they give birth to litters of one to two precocial young in 
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which they invest a great deal of time and parental care. Young are well coordinated 
and able to run within an hour of birth. Acouchis live in the Amazon basin and exist 
in two species: red acouchi (Myoprocta acouchy) and green acouchi (Myoprocta 
pratti). Both are probably nonmonogamous and uniparental. Their gestation lasts ~ 
99 days, and one to three relatively precocial young are born per litter. Even so, the 
pups remain sheltered inside a burrow until they are several weeks old. The mother 
returns to the nest burrow to nurse the young and produces a unique “purring” 
vocalization to help maintain contact with the offspring (Kleiman 1972). Weaning 
is extended, lasting 2–3 months, and young also remain with the mother for several 
weeks or months postweaning to benefit from her protection (Kleiman 1972).

The family Caviidae consists of ~23 species in five genera of rodents native to 
South America, including the largest extant rodent  – the capybara  – which 
approaches up to 200 pounds/90 kilograms. The family includes two subfamilies: 
the Caviinae, guinea pigs, wild cavies, and the capybara, and the Dolichotinae, the 
Patagonian hares or maras. They are unusually diurnal and are herbivorous. 
Capybaras (Hydrochoerus hydrochaeris) are semiaquatic rodents that present a 
complex sociality (Burton and Burton 2002). They are polygynous and live in long- 
lasting groups of 10–30 (and up to 100) individuals, including one male, several 
females that cooperatively care for and nurse all offspring, and one or more subor-
dinate males (Herrera et al. 2011; Macdonald et al. 2007). Capybara gestation is 
~130–150 days and usually produces a litter of four extremely precocious young 
once or twice a year (Ojasti 1973). Parturition occurs on land, and the young are 
fully mobile at birth and can follow the mother and eat grass but will continue to 
nurse for up to 16 weeks. The males do not usually provide paternal care but will 
tolerate the presence of the young (Ojasti 1973).

Wild cavies (rock cavy and mountain cavies) give birth to one or two young per 
litter several times per year after a pregnancy of ~75 days. The young are able to eat 
solid food within days of birth but continue to nurse for up to 7 weeks. The milk 
produced for these young is very dense in energy. This may be due to the lack of 
water availability in their environment. Both male and female rock cavies care for 
their young (Tasse 1986). Wild guinea pigs may have up to four litters throughout 
the year. They have an extended pregnancy (62 days) and on average one to two 
precocious young per litter (Kraus et al. 2005). Guinea pig females dedicate any-
where from 25 to 35 days to each litter; however, pups can eat solid food as early as 
3 days after birth (Eisenberg 1989; Kober et  al. 2008). Males invest little in the 
survival of their offspring but protect females and pups for a short period after par-
turition (Eisenberg 1989; Asher et al. 2004).

Maras are the sole extant representatives of the subfamily Dolichotinae, common 
in the Patagonian steppes of Argentina, but also live in Paraguay and Bolivia (Campo 
et al. 2020). Maras are monogamous for life but rear their young in communal war-
rens. The burrow can be shared with as many as 15 different pairs and their off-
spring. Because males are fiercely protective of their mates, only one mara pair 
occupies the burrow at any given time. They use a crèche system, where one pair of 
adults keeps watch of all the young in the crèche. Their pregnancy lasts around 
100 days, and they have from one to three precocious offspring each year that can 
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start grazing within the first day of birth. Offspring are born out in the open but are 
quickly transferred into a communal burrow. Females take on almost all direct care 
of their young, while males serve as sentries, protecting the den from potential 
predators. Young maras will nurse for much longer than most other rodent species, 
~75 days, before being weaned. The mother will visit the den for about an hour at a 
time because she must split time with other nursing mothers utilizing the same den 
(Macdonald et al. 2007).

The family Dinomyidae now contains only a single living species, the pacarana, 
native to South America. They are nocturnal and vegetarian, live in burrows, prone 
to climb trees, and typically found in family groups of four or five. Very little is 
known about their reproductive biology, except that pregnancy lasts up to ~283 days 
and that females often give birth to two precocial young (Macdonald 1984).

Chinchillidae (chinchillas and viscachas) consists of six species in three genera, 
found along the central and southern Andes and throughout most of Patagonia in 
southern South America. Members of this family often jump bipedally, but mostly, 
they move on all four limbs. All species are colonial, living in groups that range 
from a few individuals to hundreds, and they are mostly monogamous. Females give 
birth two or three times a year to one to four precocial kits after a gestation period 
of about 3–4 months. Newborn chinchillas are born fully furred with a complete set 
of teeth, and their eyes open within 24 h after birth. Lactation can last up to 8 weeks 
even though the kits are able to eat solids from birth. Both parents tend to their 
young, and groups of chinchilla parents may communally raise their young 
(Macdonald 1984; Wilson and Reeder 1993).

The family Abrocomidae has only nine known extant species. Chinchilla rats (or 
chinchillones) are found in the Andes of South America from southern Peru to 
northern Chile. Their common name reflects the resemblance to chinchillas although 
they have a body structure more like a short-tailed rat. They are rock specialists that 
inhabit rocky areas and thickets up to around 5000 m in elevation. Very little is 
known about their reproduction. The length of gestation ranges from 105 to 118 days 
with one to three precocial young per litter (Taraborelli et al. 2015). Kits are born 
fully furred with a complete set of teeth and able to eat solids from birth, and their 
eyes open within 24 h. They are herbivorous and nocturnal.

The family Octodontidae is restricted to southwestern South America and con-
sists of fourteen species in seven genera (degus, rock rats, and viscacha rats). This 
family is diverse in terms of ecology and morphology, with desert (Octomys and 
Tympanoctomys), semi-fossorial, and fossorial lifestyles (Octodon, Aconaemys, and 
Spalacopus). The best-known species is the common degu, Octodon degus, endemic 
to central Chile. They are diurnal and highly social and live in communally dug bur-
rows. Group sizes range from 2 to 12 members, and females exhibit communal care 
(Hayes et al. 2009). Common degus are seasonal breeders, with pups born following 
a 90-day gestation in early to mid-spring. Litters contain an average of six pups, but 
size can range from 1 or 2 to up to 12 young. Common degu pups are born relatively 
precocial, fully furred, and with eyes open at birth and are able to recognize their 
biological mother at an early age (Fuchs et al. 2010). Male common degus take part 
in protecting and raising their pups (Aspillaga-Cid et al. 2021).
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The family Ctenomyidae (tuco-tucos) includes ~60 species belonging to the only 
living genus of the family, Ctenomys, endemic to central and southern South 
America (Bidau et al. 2015). This genus is the second most diverse of the order 
Rodentia, being exceeded only by Rattus, with 69 species (Burgin et  al. 2018). 
Tuco-tucos are diurnal and fossorial, spending up to 90% of their lives underground. 
Tuco-tucos occupy a diverse array of habitats, ranging from arid, coastal sand dunes 
to wet montane meadows. Members of the genus exhibit differing levels of sociality 
(Tomasco et al. 2019). Most species are solitary (e.g., C. personi, C. mendocinus), 
but some are semi-social (C. rionegrensis) or social (C. sociabilis). Tuco-tucos have 
relatively long gestations (~95 days) and give birth to one to three young per litter 
(Rosi et al. 1996; Pereira 2006). Newborn tuco-tucos are not as precocious as other 
neonatal hystricognath rodents with respect to the developmental stage at birth; 
their bodies are poorly furred, their eyes are still closed, and they most likely cannot 
thermoregulate. Solitary tuco-tuco mothers display a nonselective set of maternal 
behaviors, similar to that observed in traditional rodent species (Camín 2010; 
Pereira 2006). In the social tuco-tucos, all the adult females in a group are kin and 
nest communally (Izquierdo and Lacey 2008; Lacey and Wieczorek 2004).

The family Capromyidae (hutias) inhabit the Caribbean Islands/West Indies. 
This family contains about 26 species in eight genera, but most species are rare or 
extinct. Some species are terrestrial, while others are partly arboreal. Nocturnal 
hutias show variations in their social organization, with some species being solitary 
and others living in social family groups with communal nesting. The gestation lasts 
~125  days, often producing one to six very precocial young (Witmer and 
Lowney 2007).

Echimyidae (spiny rats, coypu/nutrias) is the most diverse family of the South 
America hystricognath rodents with 78 species in 20 genera. They are found in 
tropical regions of Central and South America. Some are fully arboreal, and oth-
ers are terrestrial, fossorial, or semiaquatic. Most species are solitary, but the 
broad- headed spiny rat (Clyomys laticeps) and the coypu (also known as nutria, 
Myocastor coypus) are colonial. Spiny rats live either individually, in small 
groups, or in large colonies. Little is known about the breeding habits of many 
species. In general, spiny rats breed throughout the year, and females give birth 
to four to six litters of two to four pups a year. Gestation period varies between 
60 and 98 days. Coypus are semiaquatic and use a polygynous mating system 
within an organized social structure, containing about ten individuals, including 
adult females and males and their young (Gosling and Baker 1987). They are 
nonseasonal breeders with a gestation period of 126–141 days and average litter 
size of four to five. Coypus pups are precocial and born fully furred and with 
open eyes; they can eat vegetation within hours of birth. Mothers care exclu-
sively for the young, and newborn coypus nurse for about 8 weeks, after which 
they leave their mothers (Gosling and Baker 1987).
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 Castorimorpha

The suborder Castorimorpha contains three families that include Castoridae (bea-
vers), Geomyidae (pocket gophers), and Dipodomyinae (kangaroo rats and pocket 
mice). Castoridae consists of two species of beavers – the Eurasian beaver (Castor 
fiber) and the North American beaver (Castor canadensis). Both are nocturnal, 
semiaquatic (living near freshwater systems), and herbivorous and live in multigen-
erational family groups that can include a breeding pair, the current year’s offspring 
(kits), and older adult offspring from the year before (yearlings) (Busher 2008). 
Beavers are monogamous, pairing together for up to 4–9  years, typically only 
repairing after the death of one of the partners (Busher 2008). Although they have 
been reported as genetically monogamous, with no evidence of extra pair copula-
tions (EPC) (Syrůčková et al. 2014) in either species, other studies have found low 
percentages of EPCs (5–7%) in Eurasian beavers (Nimje et al. 2019). Nevertheless, 
both beaver species display qualities indicative of social monogamy including ter-
ritorial defense, slow maturation of young (~2 years), and biparental care split rela-
tively equally between mothers and fathers (Busher 2008).

Family Geomyidae is a superfamily consisting of seven genera and 35 species of 
fossorial (burrowing) gophers that have external cheek pouches known as “pockets” 
used for storing and transporting food (Russell 2012). Gophers are generally soli-
tary except for breeding when males and females can sometimes be found sharing 
burrows (Davis et al. 1938; Smolen et al. 1980; Wight 1930). However, females are 
the sole providers of parental care and display maternal behaviors similar to other 
rodents that give birth to numerous, altricial young. The majority of maternal care 
involves positioning the young on their backs in order to nurse them, grooming 
pups, or moving pups further into tunnel systems if under threat (Hickman 1975). 
The breeding patterns and reproduction outcomes in gophers are quite variable 
(Andersen 1978; Barrington 1942; Brown 1971; Connior 2011; Hickman 1975; 
Smolen et al. 1980; Wight 1930; Wood 1949) though they have best been studied in 
the Geomys and Thomomys genera. From what we know, most gophers are capable 
of breeding year-round, but with one or two breeding peaks during the year, while 
some species show stricter seasonal breeding patterns, depending on habitat loca-
tion. Variations in breeding times across the year are thought to be influenced by 
abundance of food, rainfall, temperature, and body metabolism (Wood 1949). 
Gestation lasts 18–51 days depending on the species, with some gophers having two 
litters in rapid succession (e.g., T. bulbivorus, T. quadratus; Wight 1930), whereas 
other species (e.g., G. pinetis) never show successive pregnancies, suggesting no 
postpartum estrus (Brown 1971). Litters generally consist of one to five pups, with 
average litter sizes of two to three.

Family Heteromyidae comprises three subfamilies including Dipodomyinae 
(kangaroo rats and mice), Heteromyinae (spiny pocket mice), and Perognathinae 
(pocket mice). Together, they contain six genera of burrow dwelling heteromyids 
generally found in the desert regions of North America but occasionally found in 
forested areas. Desert heteromyids share many similar features with other nocturnal 
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rodents but also show unique adaptations to their xeric habitats. For example, they 
can go for long periods without drinking water and extract their required water sup-
ply through metabolism of their primarily seed diet (Reichman 1983). Heteromyids 
are solitary creatures that aggressively defend their mound, which provides a bur-
row for shelter, food storage, and reproduction, with some species only having one 
mound per animal and others owning up to five to seven mounds (Reichman 1983). 
Aggression between males and females ceases during female estrus in the breeding 
season (during long days in spring/summer), and mating pairs will sometimes 
cohouse in the same burrow for one night during this time, returning to separate 
burrows the following night (Eisenberg and Isaac 1963; Ostwald et  al. 1972; 
Reichman 1983). Animals generally only produce one to two litters a year and have 
small litter sizes (two to three pups) that wean after only three weeks (Kenagy and 
Bartholomew 1985; Reichman 1983).

Several species of Dipodomys (kangaroo rats) and Perognathus (pocket mice) 
have been successfully brought into captivity and their reproductive behavior, par-
turition, and maternal behaviors are described in extensive detail (e.g., Butterworth 
1964; Eisenberg and Isaac 1963; Hayden et  al. 1966; Kenagy and Barnes 1984; 
Kenagy and Bartholomew 1985). In Dipodomys, females may assist with the birth-
ing process by pulling at the fetal membrane, consuming the placenta, cleaning 
pups, and chewing the umbilical cord, while other species are more passively 
involved and allow the movement of the pups to break the umbilical cord and will 
cover new pups with sand to dry them off (Butterworth 1964). Similar to the com-
monly described laboratory rodents, maternal care involves picking up and retriev-
ing the pups, either further into the burrow or, if the female possesses multiple 
burrows, moving pups from one to the other if under threat. Mothers show height-
ened aggression toward intruders, including foot stomping, a defensive behavior 
used to deter snakes from their territory (Randall and Matocq 1997). At three weeks 
of age, the mother prohibits nursing and juveniles disperse from the nest. While the 
harsh habitats and considerable challenges with maintaining captive colonies of 
heteromyids can prove challenging for research, many questions relating to ecologi-
cal adaptations and parental care – such as how do desert dwelling kangaroo rats 
and mice maintain lactation when the conservation of water is so limited – could 
provide fascinating insights into what is likely a unique physiological maternal 
condition.

 Anomaluromorpha

The suborder Anomaluromorpha contains nine living species in four genera and 
three families: Anomaluridae (African scaly-tailed squirrels, flying mice), Pedetidae 
(springhares), and Zenkerelidae (Cameroon scaly-tails). Little is known about the 
family life of these African rodents. The Anomaluridae are found in the forests of 
central Africa, and most species in this family are arboreal and can glide from tree 
to tree. Depending on the species, they either live alone with their young or live in 
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colonies, often making dens in hollow trees or in nests made of leaves. Given that 
gliding is presumably influenced by weight gain of pregnancy, these and other glid-
ers have fewer offspring per litter than do non-gliders (Fokidis and Risch 2008). The 
solitary Pedetidae springhares are found in semiarid regions of southern Africa 
(Peinke and Brown 2005). Both species of springhares (P. capensis and P. surdaster) 
are nocturnal and live in elaborate underground burrow systems. Springhares were 
recently reported to be biofluorescent, representing the first documented biofluores-
cence of an Old World eutherian mammal (Olson et al. 2021). Lastly, little is known 
about the reproductive behavior of the Zenkerelidae Cameroon scaly-tails as there 
are only few reported observations of this species (Adejumo et al. 2020; Dinets 2017).

3  Neural Basis of Maternal Caregiving in Rodents

In all rodent species, maternal behavior is essential for the survival and well-being 
of the offspring. Young have different needs as they grow and develop, and mothers 
coordinate and adjust their social interactions to match those needs (Grota and Ader 
1969; Pereira and Ferreira 2006; Pereira et al. 2008; Reisbick et al. 1975; Rosenblatt 
1975). Most of our knowledge on the neurobiological basis of maternal behavior 
has been obtained from Myomorpha species, mainly rats and mice.

Maternal behavior is a complex behavior that engages a wide array of cognitive, 
motivational, and affective functions and thus is necessarily supported by a distrib-
uted network of cortical, striatal, and limbic brain structures (Kohl et  al. 2018; 
Lonstein et al. 2015; Numan 2020; Pereira and Ferreira 2016). These include struc-
tures such as the orbitofrontal, prefrontal, and sensory cortices, sensory and affec-
tive components of the amygdala, the bed nucleus of the stria terminalis (BNST), 
the medial preoptic area (mPOA), hypothalamic and brainstem areas, the periaque-
ductal gray (PAG), the nucleus accumbens, and its dopaminergic input from the 
ventral tegmental area (VTA) (Fig. 4). Some of these structures are considered criti-
cal for the onset, maintenance, and/or regulation of key aspects of parenting (i.e., 
recognition, discrimination of and attraction toward young-relevant stimuli, effort- 
related functions), whereas others regulate attention, memory, empathy, decision- 
making, and other processes (e.g., alterations in food intake, stress reactivity, and 
aggression) that are recruited to support parenting (Lonstein et  al. 2015; Numan 
2020). The nucleus accumbens receives convergent inputs from all these cortical 
and subcortical structures (de Olmos and Heimer 1999) and is considered a 
corticolimbic- motor interface within this network (Mogenson et  al. 1980). As a 
major modulatory component of this circuitry, accumbens dopamine is considered 
to play a critical role in modulating motivational aspects of parenting (Champagne 
et al. 2004; Grieb et al. 2020; Hansen et al. 1991, 1993; Numan 2020; Pereira and 
Morrell 2011). The major target of nucleus accumbens medium spiny neurons is the 
ventral pallidum (VP), which itself subsequently sends GABAergic axons to motor- 
related structures, including substantia nigra pars reticulata, ventral tegmental area, 
as well as several hypothalamic and brainstem nuclei, to modulate motivational 
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Fig. 4 Proposed neural model for the display of active maternal behaviors. The hormones of preg-
nancy and sensory cues of offspring suppress inhibitory input from the MeA/DH/AHA/VMN to 
the mPOA/BSTv while simultaneously stimulating mPOA/BSTv output to the VTA. This VTA 
activity elicits dopamine release in the NA, as well as the PFC and BLA. DA release in the NA 
inhibits VP output, thus promoting active components of maternal behavior including retrieval. 
The NA, VP, PFC, and BLA can modulate this pathway by their connections to the MPOA/vBST 
or NA. AHA anterior hypothalamic area, BLA basolateral amygdala, BSTv ventral bed nucleus of 
the stria terminalis, DH dorsal hypothalamus, DA dopamine, MeA medial amygdala, mPOA medial 
preoptic area, NA nucleus accumbens, PFC prefrontal cortex, VP ventral pallidum, VTA ventral 
tegmental area. Lines ending in arrows = excitatory input; lines ending in vertical bars = inhibitory 
input; lines ending in circles = DAergic signaling. (Modified with permission from Lonstein 
et al. 2015)

aspects of behavioral output (Groenewegen et  al. 1993; Mogenson et  al. 1980; 
Swerdlow and Koob 1987).

Neonates provide multisensory signals that are clearly communicative to moth-
ers and facilitate approach and corresponding caregiving responses. Among the 
brain structures involved in parenting, the mPOA is considered a primary integra-
tive locus, not only in the laboratory rodents that have been studied but also numer-
ous other mammalian orders (Lonstein et  al. 2015; Numan 2020; Pereira and 
Ferreira 2016). Functional inhibition of the mPOA results in robust deficits in care-
giving behaviors in laboratory mice, rat, and hamster mothers (Lee et  al. 2000; 
Miceli and Malsbury 1982; Numan et al. 1977; Pereira and Morrell 2009; Tsuneoka 
et al. 2013), as well as in the less-studied California mouse (P. californicus) (Lee 
and Brown 2002). The mPOA receives converging offspring-related information 
from multiple sensory modalities (Risold et al. 1997; Simerly and Swanson 1986). 
In rodents, olfaction is a crucial sensory modality for social communication and, in 
combination with auditory, visual, and somatosensory stimuli, facilitates maternal 
understanding of offspring’s physiological and emotional needs that shape corre-
sponding caregiving decisions (Elyada and Mizrahi 2015; Fraser and Shah 2014; 
Schiavo et al. 2020). Note that olfaction in some species, including laboratory rats, 
inhibits maternal caregiving, and the originally noxious odors emanating from the 
pups must undergo a change in valence (naturally occurring in response to preg-
nancy hormones) before mothers respond positively to neonates. Activity mapping 
by visualizing Fos expression and calcium imaging studies showed increased activ-
ity of mPOA neurons during maternal interaction with offspring in early postpartum 
laboratory mice, laboratory rats, and prairie voles (Fleming and Walsh 1994; 
Kalinichev et  al. 2000; Katz et  al. 1999; Kelly et  al. 2017; Kuroda et  al. 2007; 
Lonstein and De Vries 2001; McHenry et  al. 2017; Tsuneoka et  al. 2013). In 
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addition, the mPOA is a primary neural site where pregnancy-related hormones, 
including gonadal and placental steroids, prolactin, and oxytocin, act to synchronize 
maternal responsiveness to offspring-related stimuli at parturition (Bakowska and 
Morrell 1997; Brown et al. 2017; Insel 1990; Mann and Bridges 2002; Numan et al. 
1999; Pi and Grattan 1999; Scott et al. 2000). Furthermore, the mPOA has wide-
spread connections throughout the brain, including projections to the VTA that 
allow for offspring-related information to regulate NA dopamine and modulate cor-
responding caregiving decisions (Fang et al. 2018; Kohl et al. 2018; McHenry et al. 
2017; Numan and Stolzenberg 2009; Simerly and Swanson 1986; Swanson 1976).

Many of the mPOA projection neurons recruited during maternal interaction 
with offspring are GABAergic and target cortical, midbrain, and hypothalamic and 
brainstem structures to modulate cognitive, motivational, and affective aspects of 
parenting (Kohl et al. 2018; Lonstein et al. 2015; Numan 2020). Modern genetic 
tools have allowed understanding of the neurochemical modulation of mPOA out-
put circuitry by identifying the neuronal phenotypes that are engaged during mater-
nal interaction with offspring. For instance, mPOA to VTA neurons containing 
neurotensin and/or expressing estrogen receptor alpha have been shown to posi-
tively modulate social approach and pup retrieval behavior (Fang et  al. 2018; 
McHenry et al. 2017). Other work shows that activating GABA cells in the mPOA 
inhibits anxiety and promotes positive responses to pups, while the opposite is true 
for activation of mPOA glutamate neurons (Zhang et al. 2021). This is consistent 
with studies showing that ablating a particular subpopulation of mPOA GABAergic 
neurons that also express the neuropeptide galanin produces severe deficits in 
maternal behavior, while activating them facilitates and/or increases maternal 
responsiveness (Kohl et al. 2018; Wu et al. 2014).

Many of these structures and connections undergo significant modulation and 
plasticity mediated by the interplay between maternal hormones and social experi-
ence while parenting develops and adjusts in new mothers. There is an increasing 
body of evidence showing that remarkable and long-lasting adaptations occur in the 
maternal brain, including adult neurogenesis, extracellular matrix plasticity (PNNs), 
dendritic/synaptic remodeling, and synaptic plasticity (Albin-Brooks et  al. 2017; 
Barrière et al. 2020; Kinsley and Lambert 2008; Lau et al. 2020; Uriarte et al. 2020). 
The neuroendocrine events accompanying parturition promote modifications in the 
processing of behaviorally relevant cues within the maternal circuitry, ultimately 
initiating and coordinating a new mother’s responsiveness to her newborn’s sensory 
cues and signals that allow for rapid recognition, and facilitate early mother-young 
interactions (Fleming et al. 1993; Lonstein et al. 2015). Considerable research has 
highlighted the role of sensory neuroplasticity in the rodent auditory, olfactory, and 
somatosensory systems in the transition to an early development of motherhood 
(Liu et al. 2006; Marlin et al. 2015; Vinograd et al. 2017). For instance, in rats and 
mice, hormonal-mediated plasticity in olfactory systems mediates the critical 
changes in odor processing that alters the hedonic valence of offspring’ scent, from 
aversive to highly attractive (Fleming et  al. 1989; Kinsley and Bridges 1990; 
Vinograd et al. 2017). Thereafter, the interplay between hormonal effects and the 
sensory experience of interacting with the young, as they grow and develop, is 
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instrumental to subsequently modulate the maternal circuitry to facilitate ongoing 
social interactions (Stern 1990, 1996; Stern and Johnson 1990). These alterations 
account for the remarkable behavioral plasticity of mothers.

4  Endocrinology of Maternal Caregiving in Rodents

The endocrine determinants of maternal caregiving in rodents are also, not surpris-
ingly, best understood for laboratory animals such as rats, mice, and hamsters. This 
research demonstrates that the hormonal factors that establish maternal care at par-
turition are the same as those necessary for successful pregnancy and parturition. 
That is, the hormonal fluctuations across female reproduction that fulfill the periph-
eral requirements of gestating, giving birth, and lactating are co-opted to act on the 
brain to first strongly initiate caregiving at parturition and then continue to influence 
maternal behaviors through the preweaning period.

Some of the earliest work on this topic found that transferring blood plasma from 
recently parturient rats to nulliparous female rats could facilitate retrieval of pups in 
the latter (Terkel and Rosenblatt 1968, 1972). This suggested the presence of blood- 
borne substances, such as hormones, that were responsible for the onset of maternal 
behavior in naturally pregnant and parturient females. Plasma concentration profiles 
of the most relevant steroid (estrogens, progesterone), protein (prolactin), and pep-
tide (oxytocin) hormones measured across pregnancy and parturition are now well 
characterized in rats and a number of other rodents; these profiles are quite similar 
among them, as well as similar to numerous non-rodent mammals studied. It is 
important to note the caveat that most laboratory studies of the steroid and peptide 
hormones involved in maternal caregiving involve primiparous female rodents that 
are not inseminated during the postpartum estrus. That is, the endocrine state most 
commonly studied for mothering in the laboratory is probably rare in feral rodents, 
which are more likely to be multiparous and gestating a new litter while caring for 
any current existing one. It is known that parity and simultaneous pregnancy and 
lactation affect the endocrine state and behavior of a number of rodents and other 
animals but are rarely studied (Uriarte et al. 2008, 2014; Pose et al. 2019; Del Ferkin 
2006; Naguib et al. 2010; Nephew et al. 2010).

 Steroid Hormones and Maternal Care: Estrogens 
and Progesterone

Circulating concentrations of estrogens are generally low for the first two weeks of 
the three-week pregnancy in laboratory rats after which estradiol levels rise consid-
erably and peak soon after parturition, coincident with the postpartum estrus 
(Garland et al. 1987) (Fig. 5). These levels remain low until the middle of lactation 
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Fig. 5 Schematic representation of plasma estradiol, progesterone, and prolactin concentrations 
across pregnancy and peripartum period in laboratory rats. (Modified with permission from Smiley 
et al. 2019)

and then rise until weaning and resumption of cyclicity approaches (Taya and 
Greenwald 1982). Ovarian corpora lutea are the source of estradiol during preg-
nancy and lactation in laboratory rats (Niswender et al. 1994). The corpora lutea 
created at pregnancy is responsible for initial estradiol secretion although those cre-
ated during the postpartum estrus take over during lactation (Taya and Greenwald 
1982). During early pregnancy, the corpora lutea produce both the steroidogenic 
substrate for estrogen synthesis, and estradiol itself, but during the second half of 
pregnancy, the placenta becomes the source of androgens necessary for estradiol 
produced by the corpora lutea (Gibori and Sridaran 1981).

Maternal caregiving in laboratory rats begins during late pregnancy, a few days 
before parturition even begins (Mayer and Rosenblatt 1984), so it is thought that the 
rising estradiol at this time is essential for priming the brain for the rapid onset of 
maternal caregiving in naturally parturient laboratory rats. Note that this prepartum 
onset of caregiving is not universal even in laboratory rodent species, such as ham-
sters and prairie voles (Buntin et al. 1984; Hayes and DeVries 2007). Some expres-
sion of maternal care in laboratory rats can be achieved by as little as 10–13 days of 
natural pregnancy followed by termination (Rosenblatt and Siegel 1975), and simi-
lar effects are observed after treating ovariectomized females with exogenous estra-
diol for a similar duration of time (Bridges et al. 1974; Bridges 1984). In fact, even 
a single high dose of estradiol benzoate can reduce the latency for ovariectomized 
and hypophysectomized nulliparous rats to begin showing caregiving behaviors 
(Siegel and Rosenblatt 1975). Conversely, preventing the aromatization of andro-
gens to estradiol prevents a rapid onset of maternal behaviors in hormone-treated, 
ovariectomized rats (Bridges and Russell 1981). However, the ability to induce 
maternal care in initially non-maternal nulliparous rats or mice through a few days 
of exposure to young pups (a process termed maternal sensitization; Rosenblatt 
1967) is unaffected in a number of studies by the absence of estradiol or its receptor 
(Stolzenberg and Rissman 2011; Gallagher et al. 2019; Rosenblatt 1969) although 
other studies find that inhibiting estrogen synthesis or receptor signaling does impair 
it in female mice (Ogawa et al. 1998; Murakami 2016). Thus, while the onset of 
maternal caregiving can be quickly established both naturally and experimentally 
by exposure to estrogens, pup-directed caregiving can still sometimes be displayed 
(with a relatively long latency compared to estrogen-stimulated caregiving) in the 
absence of estrogen signaling.

M. Pereira et al.



23

Estrogens presumably influence many brain sites simultaneously to instill the 
full, robust expression of maternal caregiving at parturition, but the only individual 
brain site where modulating estradiol signaling can influence parenting in female 
rodents is the mPOA. When cannulae filled with crystalline estradiol benzoate (EB) 
were implanted for 2 days into the mPOA of late-pregnant rats that were hysterec-
tomized and ovariectomized (to provide some natural hormone priming), maternal 
behaviors were shown almost immediately toward test pups; controls with choles-
terol implanted into the mPOA took a median of 2 days to show these same behav-
iors (Numan et al. 1977; also see Felton et al. 1999). Similar studies later showed 
that estradiol implants into the mPOA could also reduce the latency to retrieve pups 
by ovariectomized nulliparous female rats (Fahrbach and Pfaff 1986). Conversely, 
implanting the selective estrogen receptor modulator tamoxifen into the mPOA of 
late-pregnant rats somewhat impairs the onset of maternal caregiving when the lit-
ters are delivered by Caesarian section (Ahdieh et al. 1987), which itself can hinder 
the initial onset of caregiving in some strains of laboratory rats (Stern 1985).

Estrogen receptors (ERs) in the brain exist in two isoforms – alpha and beta – 
that are distributed widely but differentially across the brain (Simerly et al. 1990; 
Mitra et  al. 2003). The mPOA has very high expression of ERα, and it is much 
higher than ERβ (Shughrue et al. 1997), suggesting the former is more involved in 
estrogenic stimulation of maternal behaviors. The mPOA shows significant eleva-
tions in ER receptor binding, and specifically ERα mRNA and/or immunoreactivity, 
across various time points of pregnancy in laboratory rats (Giordano et al. 1990; 
Wagner and Morrell 1995, 1996) and mice (Koch 1989). Furthermore, female rats 
that display more maternal care have higher ERα expression in their mPOA com-
pared to females showing less care (Champagne et al. 2003). ERβ also fluctuates 
across reproduction in laboratory rats, with the number of cells in the mPOA 
expressing this isoform lower in late-pregnant and lactating rats compared to proes-
trus virgins, although late-pregnant females have very high ERβ expression per cell 
(Greco et al. 2003). In support of a particular role for ERα in maternal care, short- 
hairpin RNA interference of ERα gene expression in the mPOA starting prepartum 
completely eliminated postpartum responsiveness to pups in mice (Ribiero et  al. 
2012) as did genetic deletion of ERα-expressing cells in the mPOA (Wei et  al. 
2018). On the other hand, optogenetically stimulating ERα-expressing cells in the 
mPOA that project to the VTA activated retrieval (Fang et al. 2018). Some interest-
ing findings about the role of ERα in maternal caregiving is that even when maternal 
behavior is expressed during the postpartum maintenance phase of caregiving, when 
estrogens are thought to have very little role in pup-directed behaviors, ERα- 
expressing cells in the mPOA are still activated in parous rats interacting with pups 
(Lonstein et al. 2000), and optogenetically inhibiting these cells impaired retrieval 
in parous mice (Wei et al. 2018). It is unknown if it is the ERα expression on these 
mPOA cells, or some other signaling mechanisms in these cells, that matter for 
these effects, but it is intriguing to consider that perhaps ERα-expressing cells in the 
mPOA are being activated in a ligand-independent manner (i.e., in the absence of 
circulating estradiol) by pup cues to continue promoting motherhood through the 
postpartum period (see Maggi 2011).
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Estrogens do not act alone to instill the rapid onset of caregiving in pregnant and 
parturient rats. Within days of insemination, plasma progesterone concentrations 
are rapidly rising and are exceedingly high through day 19 of pregnancy, after which 
they fall to very low levels at parturition (Garland et al. 1987; Grota and Eik-Nes 
1967; Rosenblatt et al. 1994; Sanyal 1978) (Fig. 5). Progesterone alone has no effect 
on maternal responsiveness (Doerr et al. 1981), but when administered with estra-
diol, it has a biphasic effect on the onset of maternal caregiving in rats. More specifi-
cally, progesterone first synergizes with estradiol to rapidly promote motherhood 
but needs to be withdrawn for that influence to be revealed. Indeed, while estradiol 
administered alone can reduce the latency for ovariectomized females to begin 
retrieving, the dose and duration of estradiol can be reduced if progesterone is also 
provided (Bridges 1984), but if this progesterone is not withdrawn, the behavior 
does not emerge (Bridges and Russell 1981). In addition, if exogenous progesterone 
is injected after a Cesarean section, the onset of caregiving is prevented (Bridges 
and Feder 1978; Bridges et  al. 1978; Numan 1978). These findings can be con-
trasted with a single study on Syrian hamsters in which exogenous progesterone at 
the end of pregnancy did not interfere with the onset of maternal caregiving (Siegel 
and Greenwald 1975). Interestingly, progesterone in rats not only can inhibit the 
onset of maternal behavior after it serves its initial facilitatory role, but it can con-
tinue to inhibit the behavior even after it is well established through lactation. There 
is a mostly understudied rise in progesterone beginning a few days after parturition 
in rats, and preventing this rise via postpartum ovariectomy has been seen to 
decrease pup licking early postpartum (de souza et al. 2010) but increase licking and 
nursing later postpartum (Grieb et al. 2017).

Few studies have examined changes in progestin receptor expression across 
female reproduction in the rat brain. In the mPOA, progestin receptor immunoreac-
tivity is high in nulliparous females, falls soon after mating, rises again before and 
after parturition, and falls during early lactation (Numan et al. 1999; Grieb et al. 
2017). Despite these results indicating that the sensitivity of the mPOA to proges-
terone fluctuates across reproduction, Numan (1978) long ago showed that implants 
of progesterone into the mPOA did not inhibit the onset of maternal behavior in 
Cesarean-sectioned and ovariectomized female rats that were also treated with 
exogenous estradiol. It was concluded that either the mPOA was not a site where 
progesterone inhibits maternal care or multiple sites need to be exposed to proges-
terone for it to have its negative effects.

 Protein and Peptide Hormones and Maternal Care: Prolactin 
and Oxytocin

The protein hormone prolactin is probably best known to be required for milk secre-
tion by the mammary glands but can also assist estrogen and progesterone’s pro- 
maternal effects. Starting soon after insemination, prolactin is released by the 
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anterior pituitary gland in twice-daily surges that maintain the first half of preg-
nancy, but by the middle of gestation, lactogens secreted by the placenta(e) rise and 
inhibit the pituitary gland to become the primary source of this hormone (Grattan 
2015). Placental lactogens then begin falling a few days before parturition, resulting 
in a prepartum prolactin surge from the now disinhibited pituitary (Grattan 2015) 
(Fig. 5). After parturition, prolactin levels are high until postpartum day 10 and then 
decline (Taya and Sasamoto 1980; Mattheij et al. 1985). Suckling or non-suckling 
stimulation of the nipples maintains high postpartum concentrations of prolactin in 
mothers, and even maternally sensitized, nulliparous female rats may show elevated 
circulating prolactin when interacting with pups (Stern and Siegel 1978).

Administering exogenous prolactin does not alone stimulate maternal care in 
ovariectomized and hypophysectomized virgin rats (Baum 1978), and consistent 
with that finding, preventing the late-pregnancy surge in prolactin in mated females 
by ovariectomizing them on pregnancy day 17 (thereby preventing the immediate 
prepartum rise in ovarian estrogens from stimulating pituitary prolactin release) 
does not inhibit the later display of caregiving (Bridges et al. 1974). However, when 
given against a background of chronic exogenous estradiol and progesterone treat-
ment, injecting prolactin or implanting pituitary grafts ectopically in the body cavity 
helps stimulate maternal behavior in ovariectomized and hypophysectomized virgin 
rats (Bridges et  al. 1985; Bridges and Ronsheim 1990). Conversely, injecting an 
inhibitor of endogenous pituitary prolactin release (i.e., bromocriptine) disrupts the 
onset of responsiveness to pups in estradiol plus progesterone-treated virgin rats 
(Bridges and Ronsheim 1990).

Intracerebroventricular (ICV) infusion of prolactin will also stimulate the onset 
of maternal behavior in nulliparous virgin female rats treated with estradiol and 
progesterone and in pregnancy-terminated females (Bridges et al. 1990). Prolactin 
acts on the brain through two isoforms of the prolactin receptor – a long form and a 
short form. Expression of the long form, but not the short form, rises in the mPOA 
across pregnancy to peak at parturition and then falls through lactation (Bakowska 
and Morrell 1997; Mann and Bridges 2002; Pi and Grattan 1999). This pattern of 
prolactin receptor expression in rats is very similar to their circulating estradiol 
across reproduction, which is a strong upregulator of prolactin receptor expression 
(Pi et al. 2003). Eliminating prolactin receptors in the brain and body by null muta-
tion of the prolactin gene impairs pup responsiveness in both nulliparous and pri-
miparous mice (Lucas et al. 1998), and prolactin receptors in the mPOA is one of 
the brain sites where prolactin acts to stimulate maternal care. Infusing ovine pro-
lactin or placental lactogens into the mPOA greatly shortens the latency of steroid- 
primed nulliparous rats to retrieve pups (Bridges et  al. 1990, 1997; Bridges and 
Freemark 1995), and conditional knockout of mPOA prolactin receptors prevents 
the onset of maternal caregiving at parturition (Brown et al. 2017).

Oxytocin is a peptide hormone that has been well studied for a role in caregiving 
behaviors. Because there is no specific transporter mechanism that can carry oxyto-
cin released by the posterior pituitary into the blood back into the brain (as there is 
for prolactin; Ermisch et al. 1985), the oxytocin affecting maternal caregiving and 
other behaviors is thought to arise from intracerebrally projecting oxytocinergic 
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cells in the hypothalamus and elsewhere (Veenema and Neumann 2008). Consistent 
with the uterine muscles needing to refrain from contracting and prematurely expel-
ling the fetuses, plasma oxytocin concentrations are low for the first 2 weeks of 
pregnancy in laboratory rats but quadruple by day 17. Oxytocin levels continue to 
rise as each pup is born and then fall. These low concentrations persist unless there 
is suckling by the young to elicit brief boluses of oxytocin release into the blood, 
resulting in milk ejection (Crowley 2011).

Perhaps surprising to some readers, the body of work on oxytocin and mother-
hood demonstrates that oxytocin can facilitate – but is not essential – for the onset 
or maintenance of caregiving behaviors in laboratory rats or mice (Yoshihara et al. 
2017). On the positive side, this conclusion comes from research demonstrating that 
a single ICV oxytocin administration could induce maternal behavior in female rats 
but not if they were in the low-estradiol diestrus state of their cycle if they were 
gonadally intact and not if they were not given exogenous estradiol if they were 
ovariectomized (Pedersen and Prange 1979; Pedersen et al. 1982). It was also found 
that ICV injection of an oxytocin antiserum or an oxytocin antagonist delays the 
onset of maternal behaviors in pregnancy-terminated or nulliparous rats given estra-
diol (Fahrbach et  al. 1984, 1985; Pedersen et  al. 1985). Other studies, however, 
suggested that oxytocin’s effects on the onset of caregiving were more complicated 
and perhaps depended on the animals’ sensory capabilities or stress level before and 
during testing (Wamboldt and Insel 1987; Fahrbach et al. 1986; Rubin et al. 1983).

Oxytocin receptor expression and autoradiographic binding in many sites in the 
female brain are sensitive to the female’s reproductive state and are particularly 
elevated in response to high concentrations of circulating estrogens (e.g., Bale et al. 
1995). Studies are somewhat conflicting about where in the brain and when during 
reproduction OTR expression or binding peaks, but elevations during late preg-
nancy and/or the peripartum period have been reported in the ventromedial hypo-
thalamus (VMH), BNST, lateral septum, olfactory bulbs, VTA, and mPOA (Bale 
et al. 1995; Meddle et al. 2007; Pedersen et al. 1994; Insel 1990). The mPOA and 
VTA are currently the only known targets for oxytocin’s effects on maternal behav-
ior. Medial preoptic area infusion of oxytocin facilitates maternal responding 
(Fahrbach et al. 1985), whereas mPOA infusions of an oxytocin antagonist during 
parturition greatly delay or completely eliminate retrieval of pups and delay the 
latency to crouch over pups in rats (Pedersen et al. 1994). Oxytocin receptor antago-
nism also prevents the experience-related enhancements in retrieval in nulliparous 
mice (Okabe et al. 2017). Notable impairment in the onset of maternal behavior is 
also found after parturitional OT receptor antagonism in the rat VTA, but the effects 
are not as pronounced as those found when the mPOA is targeted (Pedersen 
et al. 1994).

Despite all of this evidence suggesting the importance of oxytocin for maternal 
caregiving, more recent studies knocking out the genes for oxytocin or its receptor 
clearly demonstrate that the absence of oxytocin signaling results in surprisingly 
minor detriments to the onset of maternal caregiving, at least in laboratory mice 
(Nishimori et al. 2008; Macbeth et al. 2010; Rich et al. 2014; Pedersen et al. 2006). 
Oxytocin receptor antagonism or gene knockout also produces relatively minor 
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deficits in pup licking and nursing when assessed during the postpartum mainte-
nance phase of caregiving (Pedersen and Boccia 2003; Champagne et al. 2001). A 
recent review of this topic concluded that more attention to methodological details 
and avoiding hyperbolic reporting of experimental results would be important for 
defining oxytocin’s role in parental care (Yoshihara et al. 2017).

Other rodent families have not been extensively studied for hormone-behavior 
relationships in maternal females. Given that, the endocrinology of pregnancy and 
the peripartum period in Sciuridae appears to be at least partly similar to laboratory- 
studied Mymorpha (and most mammals in general). As seen in studies of numerous 
species of squirrels (Miller et al. 2021; Tait et al. 1981; Holekamp et al. 1988; Nunes 
et al. 2000; Yadav and Haldar 2009) and numerous marmots (Keeley et al. 2012; 
Concannon et al. 1984; Exner et al. 2003), there is a tremendous rise in progesterone 
or its metabolites in blood or feces across pregnancy, followed by a precipitous 
decline starting soon before parturition. Mated female prairie dogs (Cynomys 
ludovicianus) also show this pattern of progesterone secretion, but it occurs even in 
females that aborted their litters, indicating that the placentae are not the hormonal 
source of progesterone in this and probably other species (Foreman and Garris 
1984). Furthermore, a number of Sciuridae have a second rise in progesterone after 
parturition (Holekamp et  al. 1988; Holekamp and Talamantes 1991; Exner et  al. 
2003), which also occurs during mid-lactation in laboratory rats (Hansen et  al. 
1983). However, studies of pregnancy concentrations of estrogens in Sciuridae 
show more diversity, with significantly higher total estrogens in pregnant 
Funambulus pennantii (Yadav and Haldar 2009) and Spermophilus beecheyi com-
pared to non-mated females (but in the latter not as high as during mating; Holekamp 
and Talamantes 1991), similarly high estrogen levels in pre-mated and pregnant 
S. beldingi (Nunes et al. 2000), somewhat higher levels in pregnant than nonpreg-
nant Marmota vancouverensis (Keeley et al. 2012), and similarly low levels found 
for females in any reproductive state in Marmota marmota (Exner et  al. 2003). 
Relationships to behavior are scant although building and maintaining the nest is 
most consistently high in relation to the high progesterone (and somewhat less con-
sistently with the high estradiol and testosterone) levels of midpregnancy in 
Belding’s ground squirrels (Nunes et al. 2000), but in American red squirrels, fecal 
androgen metabolites are highest when postpartum maternal nest attendance is low-
est (Dantzer et al. 2011). These studies suggest that androgens and hormones other 
than those discussed in detail above that are widely studied in laboratory-raised 
Myomorpha would be valuable to study in most rodent species.

In family Castoridae, studies on hormone plasma levels and transcript levels in 
endocrine organs (e.g., brain, adrenals, gonads) have focused on seasonal patterns 
and sex differences in beavers (Bogacka et al. 2017; Chojnowska et al. 2015, 2017; 
Czerwinska et al. 2015, 2017). To date, hormones have not been directly linked with 
parental behavior, but rather to breeding/pregnancy times, with females showing 
higher blood plasma levels of testosterone and progesterone during April (preg-
nancy times), relative to July (end of lactation period) and November (sexual quies-
cence), and higher follicle-stimulating hormone (FSH) levels in July and November 
as they gear toward mating (Chojnowska et al. 2015).
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Unfortunately, very little is known about gestational and peripartum hormones in 
hystricomorpha species, but the scarce available information on agoutis, guinea 
pigs, chinchillas, naked mole rats, degus, and porcupines generally agrees with 
Myomorpha (Antonini et al. 1976; Ebensperger et al. 2010; Edwards et al. 2021; 
Guimarães et al. 2016; Mikkelsen et al. 2017; van Aarde and Potgieter 1986).

5  Patterns of Paternal Caregiving

While maternal care is obligatory in rodents, paternal care is the exception. Paternal 
care typically corresponds with monogamous mating systems and has evolved inde-
pendently in response to conditions where the male’s contribution is essential for 
offspring survival. The fascinating evolution of the emergence of paternal care in 
mammals, including rodents, has been discussed extensively elsewhere (e.g., 
Clutton-Brock 1991; Gromov 2020; Kölliker 2012; Royle et  al. 2012). As with 
maternal care, the study of paternal care has relied on only a few rodent species 
from family Myomorpha, mainly prairie voles, mice, gerbils, and hamsters. This is 
due both to the limited number of rodent species which display paternal care in 
addition to the feasibility of breeding and studying these animals in a laboratory 
setting. In rodents, paternal behavior is generally similar to that of maternal behav-
ior (with the exception of true nursing behavior and physiological ability to lactate) 
and may include pup-directed behaviors such as retrieving, licking, and huddling 
over pups or indirect parental behaviors such as nest building, defense of young, or 
providing provisions for the mother. Some males, such as Phodopus campbelli 
(referred to as dwarf or Djungarian hamsters), will even assist with the delivery of 
pups and consume amniotic fluid and the placenta (Jones and Wynne-Edwards 
2000). These behavioral similarities to females beg the question as to whether pater-
nal behaviors are controlled by the same neurobiological and hormonal mechanisms 
as maternal behaviors. Compared to maternal caregiving, the investigation of pater-
nal caregiving is still in its infancy. While many similarities are indeed present, and 
will be discussed below, the mechanisms driving paternal care are usually more 
variable, species-specific, and highly dependent on social, experiential, and other 
external factors that interact with neuroendocrine mechanisms. As these topics have 
been thoroughly reviewed many times elsewhere (e.g., Bales and Saltzman 2016; 
Guoynes and Marler 2020; Horrell et al. 2018; Saltzman et al. 2017; Saltzman and 
Ziegler 2014), we will highlight only some of the major advances and concepts that 
have emerged from the literature on rodents thus far.

In the absence of pregnancy and lactation, males generally require a mating stim-
ulus and/or cohousing with the pregnant female to promote the onset of paternal 
behavior. However, the requirements to become paternal vary by species. For exam-
ple, exposure to soiled bedding from the pregnant female partner alone can stimu-
late paternal care in California mice (Peromyscus californicus; Gubernick 1990; 
Gubernick and Alberts 1989), whereas some other mouse species will not show 
paternal care unless mating with ejaculation occurs (Vom Saal 1985). In the absence 
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of mating and cohabitation with a pregnant female, repeated exposure to pups over 
the course of several days can induce paternal behavior, as in females, through the 
phenomenon discussed above known as sensitization. However, for the purposes of 
this chapter, we will mainly focus on what is known about the paternal behavior of 
sires (i.e., mated males). Other proximate factors driving paternal care include 
developmental experience, dominance status, housing conditions, previous paternal 
experience, intrauterine position, age, and the testing procedure (e.g., Brown 1993; 
Ghiraldi and Svare 1986; McCarthy and vom Saal 1986; Vom Saal 1983). In some 
species, paternal care is not observed in the wild, but when males are raised in cap-
tivity, they will share the nest with the female and may provide some paternal 
behavior toward the young. In addition, it should be noted that some of these exam-
ples of paternal behavior may be an artifact of laboratory conditions and may not 
substantially affect pup outcomes (e.g., physical or behavioral development) or 
future reproductive success (Shilton and Brooks 1989).

6  Neural Basis of Paternal Caregiving

The research on maternal care has revealed that two main actions must occur: (1) 
the stimulation of circuits which promote pup-directed behaviors and (2) inhibition 
of circuits that are involved in young avoidance/aggression. In females, these actions 
are modulated by hormones that change over pregnancy, parturition, and lactation to 
modify these circuits. So far, the evidence shows that males also require activation 
of circuits that promote caregiving behaviors and inhibition of circuits which inter-
fere with care (e.g., pup-directed aggression) and that these circuits are also sensi-
tive to hormonal modulation. Compared to the extent of knowledge we currently 
have on the neuroendocrine regulation of maternal behavior, the circuits and mecha-
nisms underlying paternal behavior are not nearly as well understood.

In females, olfactory cues from young are relayed to the medial amygdala (MeA) 
and then to the BNST and mPOA. In the presence of pregnancy-related hormones, 
this circuit promotes attraction, approach, and other maternal responses toward 
pups. As such, these areas have been the main target of investigation in paternal 
males. As with maternal behavior, the mPOA has been repeatedly shown to be acti-
vated following paternal interactions (as indicated by Fos immunoreactivity) during 
paternal interactions in many rodent species (de Jong et al. 2009, 2010; Kirkpatrick 
et al. 1994a; Lambert et al. 2013; Smiley et al. 2021; Tsuneoka et al. 2015). Some 
of the earliest studies on paternal care revealed that lesions to the mPOA caused 
major deficits to paternal behaviors (Lee and Brown 2002; Rosenblatt et al. 1996; 
Sturgis and Bridges 1997), much like they do to maternal behavior. The technologi-
cal advancement in transgenic tools, particularly in laboratory mice, has allowed for 
more precise identification of the mPOA cell types and circuits involved in paternal 
care. For instance, studies have shown that optogenetic stimulation of particular 
subsets of neuropeptide-synthesizing or steroid hormones-sensitive mPOA neurons 
can modulate caregiving behaviors in paternal (as well as maternal) laboratory mice 
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(Wu et al. 2014; Wei et al. 2018). Inhibition or ablation of these neurons decreased 
parental behaviors in both sexes, whereas optogenetic activation of these neurons in 
virgin male mice (which are normally infanticidal) decreased pup-directed aggres-
sion and increased pup grooming (a paternal response). Through a series of elegant 
experiments, Kohl et al. (2018) showed that discrete populations of mPOA galanin 
neurons (most of which also contain the inhibitory neurotransmitter GABA) pro-
jected to different brain regions, including the MeA, PAG, VTA, and PVN. Each of 
these distinct projections was then shown to regulate a different aspect of paternal 
behavior including motor control of pup-directed behaviors, motivation to approach 
pups, and neuromodulation of other peptides during these interactions. Together, 
these studies showed how one population of neurons in the mPOA can coordinate 
multiple aspects of parental behavior simultaneously.

Immunohistochemical studies using Fos expression have identified other brain 
regions associated with paternal care including the caudal dorsal raphe nucleus, 
lateral habenula, lateral septum, paraventricular nucleus of the thalamus, nucleus 
reuniens of the thalamus, and amygdala (de Jong et  al. 2009, 2010; Kirkpatrick 
et  al. 1994a; Smiley et  al. 2021). In California mice, lesions of the basolateral 
nucleus of the amygdala result in similar paternal deficits as mPOA lesions in first- 
time fathers, including longer latencies to retrieve pups and less pup grooming and 
time spent in contact with pups (Lee and Brown 2007). In virgin male prairie voles 
(Microtus ochrogaster), which normally show alloparental care, lesions to cortico-
medial, but not basolateral amygdala, reduce the amount of time males spent in 
contact with a foster pup (Kirkpatrick et al. 1994c). In sum, so far, it appears that 
fathers require similar neural circuitry as mothers to promote paternal care, but the 
research is currently limited to the mPOA and some subdivisions of the amygdala.

With the exception of a few species, such as prairie voles which show allopa-
rental care as virgins, many virgin male rodents are infanticidal and will attack 
and kill unrelated pups outside of the time they may have sired offspring. This 
behavior is hypothesized to be an adaptive reproductive strategy in which males 
can reinstate estrous cycling in lactating females, which allows them to mate and 
sire offspring of his own with her. Virgin females of some rodent species are typi-
cally not infanticidal (but see Shilton and Brooks 1989, for example, where both 
male and female collared lemmings display infanticide); therefore, the require-
ment for the suppression of pup-attacking behavior in order to show parental care 
is often unique to males. In male laboratory mice, mating with ejaculation has 
been shown to be the necessary stimulus that suppresses infanticidal behavior 
(Vom Saal 1985). Bilateral excitotoxic lesions in the rhomboid nucleus of the 
BNST (BNSTrh) resulted in a delayed latency to show infanticidal behavior in 
virgin male mice (Tsuneoka et al. 2015). However, it did not eliminate infanti-
cide, suggesting that other brain regions are involved. Perplexingly, studies using 
Fos expression have shown that the MeA and mPOA are activated following both 
paternal and infanticidal interactions with pups in virgin male mice (Chen et al. 
2019; Tachikawa et al. 2013). To resolve how the MeA neurons could be involved 
in two opposing behaviors – paternal care and infanticide – Chen et al. (2019) 
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used fiber photometry to record intracellular calcium activity in GABA-
expressing neurons in the MeA of freely behaving male mice interacting with 
pups. MeA-GABA neurons were active during pup grooming in both virgin 
males and females which showed spontaneous parental behaviors but showed an 
approximately fourfold increased activity when males were attacking pups. 
Optogenetic stimulation of GABAergic neurons in the MeA of virgin males at 
higher laser intensities induced pup-attacking behavior, while optogenetic stimu-
lation at lower frequencies induced pup-grooming behavior, indicating that the 
MeA can influence both infanticidal and paternal responses in an activity- 
dependent manner.

Like maternal care, both paternal and infanticidal behavior are highly regulated 
in both positive and negative ways by olfactory input from pups. Genetic ablation of 
the vomeronasal organ (VNO), which specially detects social odors, eliminates 
infanticidal behavior in virgin male laboratory mice. Instead, VNO-deficient virgin 
male mice will show the full display of paternal behavior toward foster pups 
(Tachikawa et al. 2013). In male rats, which normally do not show paternal behavior 
but can be sensitized into acting paternal through repeated pup exposure, olfactory 
bulbectomy reduced the number of days to show pup retrieval (Fleischer et  al. 
1981). However, in virgin male prairie voles, which are not normally aggressive 
toward pups, bilateral olfactory bulbectomy increased pup-directed attacking behav-
ior in roughly half of the males tested (Kirkpatrick et  al. 1994b) and increased 
attacking behavior in virgin female mice, which are also normally alloparental 
toward pups (Neckers et  al. 1975). Therefore, in species that show pup-directed 
aggression, olfactory inputs from pups need to be suppressed, whereas olfactory 
inputs appear to facilitate parental responses in species which already show these 
alloparental behaviors as virgins.

In sum, while many brain regions that are involved in maternal care have been 
implicated in paternal care, only the mPOA, some subdivisions of the amygdala, 
and olfactory regions have been extensively studied and have a causal role in pro-
moting paternal care. Although the circuits that control infanticide are not well 
understood, they appear to be distinct from those promoting paternal behaviors and 
may require separate regulatory mechanisms to suppress attack behaviors. What is 
clear is that both of these processes must take place simultaneously in order to 
become paternal and that these changes are likely triggered through mating and/or 
other stimuli associated with the pregnant female partner.

7  Endocrinology of Paternal Caregiving

Analogous to females, mated males also undergo some systematic changes in circu-
lating hormones that are stimulated by copulation, cohabitation with pregnant 
females, and interactions with young. These hormones can then act on the neural 
circuitry underlying paternal behavior to shift behaviors away from aggression and 
toward the onset of caregiving.
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 Steroid Hormones and Paternal Care

Early studies of testosterone in male mammals showed that testosterone levels drop 
when males become fathers, leading to the conclusion that high levels of testoster-
one were incompatible with paternal behaviors. However, the role of testosterone- 
regulating rodent paternal behavior is not as straightforward as this dogma suggests. 
In several rodent species, including Phodopus campbelli (Reburn and Wynne- 
Edwards 1999), Mongolian gerbils (Meriones unguiculatus; Juana et al. 2010), and 
volcano mice (Neotomodon alstoni; Luis et al. 2012), males show increases in tes-
tosteroneover the female’s gestation period, which remain unchanged during the 
pup-rearing period. Gonadectomy prior to puberty + testosterone replacement in 
adulthood facilitates paternal behavior in C57/B6 mice (Kercmar et al. 2014) and 
volcano mice (Luis et al. 2012), but whether these actions are mediated through the 
aromatization to estradiol has not been tested. In adult virgin male gerbils, which 
are normally aggressive toward pups, castration + testosterone, + estradiol, or dihy-
drotestosterone (DHT; a non-aromatizable androgen) caused males to show paternal 
responses toward pups, with testosterone and estradiol having a greater effect than 
DHT (Martínez et  al. 2015). However, when adult male gerbils were castrated, 
cohoused with pregnant females, and then tested during the postpartum period, tes-
tosterone reduced paternal behavior (Clark and Galef 1999).

In California mice, testosterone has been shown to facilitate paternal behavior 
through the conversion to estradiol. Castration in adult males reduces paternal 
behavior with replacement with either testosterone or estradiol restoring paternal 
behavior (Trainor and Marler 2001, 2002). This was further confirmed by using 
aromatase inhibitors + testosterone or + DHT to show that, indeed, the conversion 
to estradiol is required for paternal care and, specifically, via local production of 
estradiol in the mPOA (Trainor et al. 2003). Estrogen signaling through the ERβ 
receptor also mediates hippocampal neurogenesis, which is important for reducing 
anxiety in father mice during the mid-pup-rearing period when paternal care starts 
shifting from passive (e.g., huddling) to active (e.g., retrieving pups that leave the 
nest) (Glasper et al. 2016; Hyer et al. 2016, 2017). However, a role for estrogen 
signaling in paternal behaviors has received mixed support in the hamster and vole 
models. Although male P. campbelli have high baseline levels of circulating estra-
diol throughout their mate’s pregnancy and lactation period, and at levels similar to 
breeding females, castration in adult males had no effect on paternal behavior 
(Hume and Wynne-Edwards 2005), with no evidence to support local brain aroma-
tization to estrogen or an upregulation of ERα receptors in key brain regions for 
parental care (Hume and Wynne-Edwards 2006; Timonin et al. 2008). In hamsters, 
aromatase inhibitors given during adolescence (postnatal day (pnd) 18) reduced 
subsequent paternal behavior in adults (Timonin and Wynne-Edwards 2008). 
However, postnatal exposure to ERα agonists (pnd 8–14) resulted in increased pup- 
directed aggression (Perry et al. 2015). Finally, mixed findings for a role of gonadal 
hormones have been produced in prairie voles with one study reporting castration 
decreased paternal behavior (Wang and De Vries 1993) and another reporting no 

M. Pereira et al.



33

effects (Lonstein and De Vries 1999). However, neonatal castration significantly 
reduced the percentage of males who showed alloparental care in adulthood 
(Lonstein and De Vries 2000).

Progesterone has not been as well studied as testosterone and E2. In hamsters, 
progesterone rises at the end of their mate’s pregnancy (Schum and Wynne-Edwards 
2005) and declines in California mouse fathers (Trainor et al. 2003). Progesterone 
receptors are downregulated in father California mice (Perea-Rodriguez et al. 2015), 
and importantly, progesterone-receptor knockout mice do not exhibit infanticidal 
behavior as virgins (Schneider et al. 2009).  Treatment with progesterone increased 
pup-attacking behavior in mice, but not other aggressive behaviors, while block-
ing progesterone receptors enhanced paternal responses (Schneider et al. 2003).

In sum, it is difficult to generalize any certain patterns of steroid hormone effects 
on paternal care as they appear to be species- and brain site-specific although devel-
opmental (i.e., organizational) effects of estrogen may be important for paternal 
behavior expression in adulthood. Drawing from the limited data from male mice, 
progesterone interferes with paternal behavior, and progesterone activity must be 
suppressed in order for males to show caregiving.

 Peptide and Protein Hormones and Paternal Care

As discussed above, oxytocin  generally has some positive effects on maternal care-
giving. Oxytocin neuron activation, serum oxytocin levels, and oxytocin receptor 
expression are similarly positively related to paternal care in a number of rodent 
species (e.g., Kenkel et al. 2012, 2014; Li et al. 2015; Perea-Rodriguez et al. 2015). 
Given these positive associations, it is surprising that very few studies have manipu-
lated oxytocin during rodent paternal care. Recently, it was shown that an oxytocin 
receptor antagonist infused directly into the mPOA of father Mandarin voles 
(Lasiopodomys mandarinus, another monogamous vole species) reduced paternal 
responses and increased the latency to initiate paternal behavior toward pups (Yuan 
et al. 2017). Chemogenetic stimulation of oxytocin-expressing neurons in the PVN 
projecting to either the VTA or the NA stimulated paternal behavior in Mandarin 
voles, particularly licking and grooming responses, while inhibiting these pathways 
reduced these behaviors (He et al. 2021). In laboratory mice, CD38, a membrane 
glycoprotein which facilitates oxytocin  secretion from neurons in the hypothala-
mus, has been shown to be an important factor for paternal care. CD38 knockout 
mice do not retrieve pups but will do so if injected with OT. Furthermore, introduc-
ing CD38 into the NA using a lentiviral vector recovers pup retrieval behavior in 
most males, with full recovery if males are also injected with oxytocin  (Akther 
et al. 2013).

The role of another closely related peptide, arginine-vasopressin (AVP), has been 
primarily investigated in male voles. In meadow voles (Microtus pennsylvanicus), 
which are nonmonogamous but can show facultative paternal care under winter 
conditions, central infusions of AVP into the lateral ventricle reduced pup-directed 

Parental Behavior in Rodents



34

aggression and increased paternal responses in previously non-paternal male virgins 
(Parker and Lee 2001). In prairie voles, sires have a reduced density of AVP fibers 
in the lateral septum (LS) and lateral habenula, compared to virgins or males 
cohoused in pregnant females (Bamshad et al. 1993, 1994), potentially reflecting 
increased synthesis and release during parenting. Indeed, central infusions of AVP 
in the lateral septum promoted, while AVP antagonists inhibited paternal behavior 
in prairie voles (Wang et al. 1994a). However, castration that eliminates AVP immu-
noreactivity in this area either has detrimental effects (Wang and De Vries 1993) or 
no effects on alloparental behaviors in virgin males (Lonstein 2002), suggesting that 
AVP action in the lateral septum alone is probably insufficient for paternal responses. 
AVP-containing neurons in the PVN are also activated when males are exposed to 
pups (Kenkel et al. 2012), with fathers having increased AVP mRNA levels com-
pared to virgins (Wang et al. 2000). However, in California mice, no such differ-
ences in AVP mRNA levels exist (de Jong et  al. 2013). In fact, California mice 
fathers show reduced levels of AVP V1a receptor mRNA in the BNST, compared to 
virgins (Perea-Rodriguez et al. 2015). In virgin male prairie voles, both OT and AVP 
receptor antagonists are required to reduce alloparental responses (Bales et al. 2004).

Another important hormone for paternal care is prolactin. In several rodent spe-
cies, including Mongolian gerbils (Brown et al. 1995), California mice (Gubernick 
and Nelson 1989), and dwarf hamsters (P. Campbelli) (Reburn and Wynne-Edwards 
1999), circulating prolactin levels are higher in fathers compared to virgins. In some 
species, this increase in prolactin may be in response to pregnant female stimuli as 
male gerbils and California mice that cohabited with a female during gestation had 
higher circulating prolactin levels compared to males cohoused with pregnant 
females (Brown 1993; Gubernick and Nelson 1989). However, pharmacologically 
suppressing circulating prolactin had no effect on paternal behavior in P. Campbelli 
fathers (Brooks et al. 2005). In laboratory mice, on the other hand, a clear role for 
prolactin has been established. A recent study showed that the differences in paren-
tal responses to pups in male rats (which are not normally parental) and mice (which 
show mating-induced paternal care) can be attributed to differences in the dynamics 
of prolactin secretion (Stagkourakis et al. 2020). Prolactin is under inhibitory con-
trol of dopamine neurons in the arcuate nucleus (i.e., TIDA neurons). In rats, these 
neurons oscillate at slow rates to sustain dopamine release, leading to lower circu-
lating levels of prolactin. In contrast, TIDA neurons in mice oscillate at faster rates, 
leading to dopamine depletion and, hence, higher prolactin levels (relative to rats); 
this, in turn, facilitates paternal care via acting on prolactin receptors in the mPOA 
(Stagkourakis et al. 2020). Optogenetically stimulating TIDA neurons in rats to cre-
ate faster mouselike oscillations increases prolactin secretion and can induce pater-
nal responses in males. From these results, it is likely that most males have a 
circuitry that can be activated to show paternal care, but that males require the 
appropriate hormonal stimulation to induce the onset of this behavior.

In sum, the peptide hormones  oxytocin and AVP, and the protein hormone pro-
lactin, are generally positively related to paternal behavior. However, the casual 
evidence establishing a role for these peptides has been limited to only a handful of 
studies. Both oxytocin and prolactin have been shown to exert its effects on paternal 
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care through receptors in the mPOA, whereas AVP has some effects in the 
LS. Although it is clear that hormones are important for paternal care, hormonal 
changes also occur in species-specific ways, with different species requiring differ-
ent hormonal stimulation to show these behaviors. In many species, but not all, 
these hormonal changes are facilitated by mating and cohabitation with pregnant 
females.

8  Conclusions

Rodents make up roughly a quarter of all mammalian species and have undoubtedly 
provided us with some of the most detailed descriptions of parental care and infor-
mation about the physiological and neurobiological underpinnings of this incredi-
bly important reproductive behavior. Most work on the neuroendocrinology of 
parental care has focused on a limited subset of species – laboratory rats, mice, 
voles, hamsters, and gerbils – all within the suborder Myomorpha. This work has 
greatly influenced our understanding of the parental brain and has proven to be one 
of the most translatable models for understanding human parenting. We hope that 
the discussion above is convincing enough that this research is actually quite limited 
and is not completely representative of all rodents. In fact, many other species of 
rodents within the other four rarely-studied suborders (Sciuromorpha, 
Hystricomorpha, Castorimorpha, and Anomaluromorpha) show interesting unique 
parental behaviors that have evolved from their particular environments and other 
constraints.

There are substantial opportunities for comparative analyses among closely 
related species that display different parental strategies within Myomorpha (and 
likely other rodent families) that allows us to discover which features of parental 
care are common and which are unique adaptations. This has been demonstrated 
well through studies comparing the monogamous, biparental prairie vole with the 
promiscuous, uniparental meadow vole (Bamshad et al. 1993; Fowler et al. 2005; 
McGuire et al. 1992; McGuire and Novak 1984; Oliveras and Novak 1986; Wang 
et al. 1994b), as well comparing the biparental Phodopus campbelli with the unipa-
rental Phodopus sungorus (Ma et  al. 2005; Reburn and Wynne-Edwards 1999; 
Schum and Wynne-Edwards 2005). Some species, such as Peromyscus polionotus 
and Peromyscus maniculatus, which display opposite mating/parental strategies, 
can interbreed and/or tolerate cross fostering (Bendesky et  al. 2017), which are 
powerful tools to understand the genetic contributions to monogamy and biparental 
care, as well as the influence of different parental types on offspring phenotypes.

With regard to the endocrine and neural basis of motherhood, it is clear that the 
hormones that prepare the body for pregnancy and lactation also act on the brain 
circuitry that promotes maternal care behaviors. However, the hormonal correlates 
of maternal behavior have been studied in a handful of laboratory rodents that all 
give birth to altricial young and thus show quite similar patterns of caregiving 
behavior. Most of these animals also have a postpartum estrus that involves its own 
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unique endocrine state in the peripartum period, which is not universal across 
rodents. Most females are also studied after their first parturition, which is certainly 
not representative of many free-living rodents even of these well-studied species 
that are simultaneously pregnant while caring for young.

Although paternal care is displayed in only a small number of rodent species, 
paternal care can nonetheless be equally important for offspring survival as mater-
nal care in natural settings. Paternal care is far less studied compared to maternal 
care but appears to require similar neural circuits as maternal care, and these are 
also sensitive to hormonal modulation. While males undergo systemic changes in 
hormone secretion patterns between mating and weaning of offspring, these changes 
tend to be more variable and are more species-specific, relative to females. Males 
are also especially susceptible to external social and environmental factors, which 
greatly influences where they show paternal care. It is also important to study pater-
nal care in wild populations as rodent paternal behavior is sometimes an artifact of 
laboratory/captive conditions.

In sum, for the field studying parental caregiving to gain a fuller understanding 
of how these behaviors evolved and how generalizable the mechanisms underlying 
these behaviors are, there needs to be a wider range of rodents studied across the 
different rodent families. We recommend that researchers consider alternative mod-
els of rodent parental care, especially when developing new research programs 
investigating the hormonal or neural basis of these behaviors. Only by studying both 
similarities and differences between species can we generalize concepts among spe-
cies, which will lead to great predictive models and translational outcomes for 
understanding parenting in other mammals, including humans.
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Parental Behavior in Carnivores

Robyn Hudson, Péter Szenczi, and Oxána Bánszegi

Abstract The mammalian order Carnivora is generally defined as species that feed 
exclusively or to some degree by eating other animals. The Carnivora comprise 
around 280 species, divided into 16 families, 13 of which are terrestrial and 3 
aquatic. Carnivores are spread across the entire planet, including the two polar 
regions and on land and sea. Consistent with such diverse ecologies, there is no typi-
cal pattern of parental care distinguishing carnivores from other mammals. Using 
examples from different taxonomic families, our aim is to illustrate the diversity of 
parental care in Carnivora. Major topics include parental care before and after birth 
of the young, paternal, and alloparental care and the process of weaning. Given the 
position of many carnivores at the apex of food chains, a greater understanding of 
their patterns of parental care as a vital part of reproductive biology is essential to 
conservation programs.

Keywords Maternal care · Paternal care · Helpers · Prenatal preparation · 
Parturition · Postnatal care · Weaning · Independence · Diversity

1  Introduction

The mammalian order Carnivora according to recent molecular phylogenetic stud-
ies is a monophyletic taxonomic group (Eizirik et al. 2010; Hassanin et al. 2021) 
made up of species generally characterized by a high proportion of vertebrates in 
their diet. The Carnivora comprise around 270–290 species (depending on sources), 
a number comparable to that of primates (256 species) but considerably less than 
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the most numerous mammalian orders, Chiroptera (bats), with an estimated 977 
species and Rodentia (rodents) with an estimated 2000 species. Nevertheless, the 
range in body mass of carnivores, from the 25 g least weasel Mustela nivalis1 to a 
4000–6000 kg male southern elephant seal Mirounga leonina, exceeds that of all 
other living mammalian orders (Mittermeier and Wilson 2009). Carnivora are com-
monly divided into 16 families, 13 of which are terrestrial and 3 aquatic (Table 1).

Members of this order typically have strong jaws and dentition characterized by 
large, daggerlike canine teeth adapted for catching and holding prey and the remaining 
teeth shaped for cutting, tearing at, and masticating meat. Other adaptations to the 
demands of a carnivore’s hunting lifestyle typically include speed and agility, muscular 
strength, highly developed sensory acuity, and strongly convoluted brains indicative of 
the importance of learning and other cognitive abilities. Together, these characteristics 
are thought to account for the considerable charismatic appeal of many carnivores. 
Nevertheless, only the Felidae, Phocidae, and Otariidae (Table 1) are obligate carni-
vores, depending exclusively on a diet of fresh animal protein for their survival. All 
other carnivores are also scavengers or foragers to a greater or lesser degree, which 
include in their diet carrion, insects, and other invertebrates, fungi, and plant material 
such as berries, fruits, leaves, roots, and nuts. Exceptions among carnivores are the 
giant and the red panda Ailuropoda melanoleuca and Ailurus fulgens, respectively, 
which can be considered obligate herbivores feeding almost exclusively on bamboo, 
and the mainly frugivorous kinkajou Potos flavus and African palm civet Nandinia 
binotata. The bat-eared fox Otocyon megalotis, white-tailed mongoose Ichneumia 
albicauda, and aardwolf Proteles cristata, for example, are primarily insectivorous.

Hunting and/or scavenging is time-consuming. It can be dangerous, and success 
is often uncertain, obligating mothers, which in many carnivore species are the sole 
caretakers of the young, to leave them alone for extended periods. On the other 
hand, meat is calorie-rich, is easy to digest (as reflected by the relatively short and 
simple digestive tracts of carnivores compared to herbivores, for example), and can 
be brought to the mother and/or to the young. Some canid species transfer solid food 
to the mother and young by regurgitation, a canid innovation that allows mates or 
other caretakers to feed the mother at the den, whose ability to hunt may be compro-
mised in late pregnancy and early lactation, and to introduce the young to solid food 
around the time of weaning (Macdonald and Sillero-Zubiri 2004).

A notable feature of carnivores is their worldwide distribution and the varied 
habitats they occupy. Carnivores can be found across the whole planet, including the 
two polar regions, aquatic environments, and the full range of terrestrial habitats: 
coastal areas, bushland, swampland, desert, forest, jungle, inland savannah and 
steppe, high-altitude mountains, urban environments, and at all latitudes. A further 
notable feature is their diversity of social and mating systems, ranging from species 
leading primarily solitary lives, such as most Felidae and Viverridae, to those 
forming pairs, family groups, or packs such as many Canidae or Hyaenidae, or even 
large complex societies such as members of the Herpestidae and Mustelidae. 

1 Latin names of species are given only at first mention, and they are listed in Table 1 according to 
the taxonomic families to which they are presently considered to belong.
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Table 1 Carnivore families with some general characteristics and a list of species mentioned in 
the text. Group living propensity of the species refers mostly to their parental behaviors

Family
Extant 
species Size range

Litter 
size

Species in 
the text Latin name

Group 
living 
propensity

Mustelidae 57 20 g/45 kg 1–18 American 
mink

Neogale vison Solitary

Weasels, otters, 
and badgers

Asian 
small-clawed 
otter

Aonyx cinerea Group 
living

Domestic 
ferret

Mustela 
putorius furo

European 
badger

Meles meles Facultative 
groups

Fisher Pekania 
pennanti

Solitary

Giant river 
otter

Pteronura 
brasiliensis

Group 
living

Least weasel Mustela nivalis Solitary
River otter Lontra 

canadensis
Facultative 
groups

Sea otter Enhydra lutris Facultative 
groups

Tayra Eira barbara Solitary
Wolverine Gulo gulo Solitary

Felidae 37 1–300 kg 1–10 Domestic cat Felis silvestris 
catus

Cats African lion Panthera leo Group 
living

Black-footed 
cat

Felis nigripes Solitary

Bobcat Lynx rufus Solitary
Caracal Caracal 

caracal
Solitary

Cheetah Acinonyx 
jubatus

Facultative 
groups

Cougar Puma concolor Solitary
Iberian lynx Lynx pardinus Solitary
Leopard Panthera 

pardus
Solitary

Margay Leopardus 
wiedii

Solitary

Ocelot Leopardus 
pardalis

Solitary

Pallas’s cat Otocolobus 
manul

Solitary

Tiger Panthera tigris Solitary

(continued)
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Table 1 (continued)

Family
Extant 
species Size range

Litter 
size

Species in 
the text Latin name

Group 
living 
propensity

Canidae 35 1–50 kg 1–16 African wild 
dog

Lycaon pictus Group 
living

Dogs Arctic fox Vulpes lagopus Facultative 
groups

Bat-eared 
fox

Otocyon 
megalotis

Group 
living

Black- 
backed jackal

Canis 
mesomelas

Group 
living

Domestic 
dog

Canis lupus 
familiaris

Maned wolf Chrysocyon 
brachyurus

Pair living

Raccoon dog Nyctereutes 
procyonoides

Facultative 
groups

Red fox Vulpes vulpes Pair living
Gray wolf Canis lupus Group 

living
Viverridae 34 1–14 kg 1–6 Binturong Arctictis 

binturong
Solitary

Civets, genets, 
and olyans
Herpestidae 34 200 g/4.5 kg 1–7 Banded 

mongoose
Mungos mungo Group 

living
Mongooses Dwarf 

mongoose
Helogale 
parvula

Group 
living

Meerkat Suricata 
suricatta

Group 
living

White-tailed 
mongoose

Ichneumia 
albicauda

Solitary

Mephitidae 12 200 g/4.5 kg 1–10 Eastern 
spotted 
skunk

Spilogale 
putorius

Solitary

Skunks and stink 
badgers
Procyonidae 12 1–10 kg 1–7 Kinkajou Potos flavus Facultative 

groups
Raccoons
Eupleridae 8 500 g/10 kg 1–6 Malagasy 

civet
Fossa fossana Pair living

Malagasy 
mongooses and 
civets

Malagasy 
narrow- 
striped 
mongoose

Mungotictis 
decemlineata

Group 
living

(continued)
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Table 1 (continued)

Family
Extant 
species Size range

Litter 
size

Species in 
the text Latin name

Group 
living 
propensity

Ursidae 8 25–700 kg 1–5 American 
black bear

Ursus 
americanus

Solitary

Bears Brown bear Ursus arctos Solitary
Giant panda Ailuropoda 

melanoleuca
Solitary

Polar bear Ursus 
maritimus

Solitary

Sloth bear Melursus 
ursinus

Solitary

Spectacled 
bear

Tremarctos 
ornatus

Solitary

Sun bear Helarctos 
malayanus

Solitary

Hyaenidae 4 8–70 kg 1–5 Aardwolf Proteles 
cristata

Pair living

Hyenas Brown hyena Hyena brunnea Group 
living

Spotted 
hyena

Crocuta 
crocuta

Group 
living

Prionodontidae 2 400 g/1 kg 2–3
Linsangs
Nandiniidae 1 1–3 kg 1–4 African palm 

civet
Nandinia 
binotata

Solitary

African palm 
civet
Ailuridae 1 3–6 kg 1–3 Red panda Ailurus fulgens Solitary
Red panda
Phocidae 18 30–3000 kg 1 Southern 

elephant seal
Mirounga 
leonina

Solitary

Earless seals; true 
seals

Baikal seal Pusa sibirica Solitary

Harbor seal Phoca vitulina Solitary
Hooded seal Cystophora 

cristata
Solitary

Ringed seal Pusa hispida Solitary
Weddell seal Leptonychotes 

weddellii
Solitary

Otariidae 15 25–1000 kg 1 Antarctic fur 
seal

Arctocephalus 
gazella

Solitary

Eared seals, fur 
seals, and sea 
lions

Galápagos 
fur seal

Arctocephalus 
galapagoensis

Solitary

New Zealand 
sea lion

Phocarctos 
hookeri

Solitary

(continued)
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Table 1 (continued)

Family
Extant 
species Size range

Litter 
size

Species in 
the text Latin name

Group 
living 
propensity

South 
American fur 
seal

Arctocephalus 
australis

Solitary

Odobenidae 1 400–
1700 kg

1 Walrus Odobenus 
rosmarus

Group 
living

Walrus

Diversity in mating systems ranges from the polygynous southern elephant seal that 
shows strong harem-based female defense to the female-dominated polyandrous 
mating system of the spotted hyena Crocuta crocuta to the varying degrees of 
monogamy in the Canidae. These varied geographical and social ecologies have 
resulted in a great diversity in patterns of parental care in which even members of 
the same taxonomic family and species of similar size can differ markedly (Bekoff 
et  al. 1984). Nevertheless, some generalities can be noted. Apart from seals and 
walrus, carnivore young can be considered altricial although with the exception of 
the American mink Neogale vison and the giant panda, most have some fur at birth, 
perhaps because most carnivores do not build nests although most give birth within 
the shelter of dens or burrows and because the young of some species are left alone 
for extended periods when mothers or other caretakers must leave to hunt or forage.

Following convention, we define parental care as any behavior that directly con-
tributes to the well-being and survival of the young. Thus, for the purpose of this 
chapter, we have excluded territorial behavior and mate guarding, typically by 
males, which, while possibly helping ensure mothers a resource-rich environment 
and limiting infanticide by roaming males, might principally serve other purposes 
such as males’ access to mating opportunities.

As we argue in this chapter, knowledge of parental care in carnivores is rather 
limited. It is based on detailed knowledge of only a handful of species, and this is 
often gained under the artificial conditions of laboratories, zoos or animal parks, 
and farm or household conditions. This is understandable given the considerable 
difficulty in observing most carnivores, particularly in nature. The young are typi-
cally born into dens or burrows, which are often difficult to access and often 
defended by a dangerous, well-armed mother and sometimes together with the 
father and other members of the social group. Moreover, many carnivores are pri-
marily nocturnal or crepuscular, increasing the difficulty of observing parent-young 
interactions. Despite such difficulties, it is our aim to illustrate the diversity of car-
nivore parental behavior by using some of the best-documented examples from dif-
ferent taxonomic families and to show how limited our knowledge of this 
fundamental aspect of carnivore behavioral biology still is.

For this purpose, we have arranged the chapter in three main parts corresponding 
to the three main phases of carnivore parental care: prepartum preparation for arrival 
of the young, parturition and behaviors directly associated with this, and postpartum 
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care, including weaning of the young and subsequent care to their complete inde-
pendence. We will not discuss physiological mechanisms underlying parental 
behavior as so little is known about these in carnivores. Available information 
mainly relates to the endocrine regulation of mating and fertility in a few domestic 
or semi-domestic and laboratory species (dog, cat, ferret, mink). Also, we will not 
present in detail and only partly discuss accompanying differences in social systems 
that may be strongly influenced by ecological factors.

According to present knowledge, in the great majority of carnivores, parental 
care is provided by the mother alone. But before discussing the three main phases 
of parental care, we briefly consider the role of fathers (and in section “Alloparental 
care” of other members of the social group) in helping raise the young.

 Paternal Care

Male parental care is unusual in mammals, occurring in only 5–10% of species 
(Woodroffe and Vincent 1994), and in the majority of carnivore species, females 
care for the young alone. Male care of offspring would be expected only when the 
benefits of helping the female outweigh the costs (Clutton-Brock 1991; Gross 
2005). Hence, even though fathers may increase the survival or quality of their off-
spring by helping care for them or their mother, this usually entails a trade-off 
between time invested in care of the family and time lost in obtaining additional 
mating opportunities.

Among carnivores, male parental care is most common in the Canidae where it 
is reportedly present to some degree in all species (Kleiman and Malcolm 1981). 
Forms of paternal care are usually classified as direct or indirect. Direct care refers 
to interactions between males and their offspring, which can be reasonably under-
stood to increase offspring fitness. Common forms of direct care are grooming and/
or cleaning the young, carrying or retrieving them, providing warmth by huddling 
with them, providing food, defense against predators, and playing or other forms of 
socializing. Indirect care involves those behaviors that could benefit offspring even 
if there is no direct interaction between the father and young. Examples include den 
construction, giving alarm calls, and providing food for the mother. Arguably, the 
most social canid is the African wild dog Lycaon pictus in which females produce 
up to 16 pups per litter, thus requiring support from the father and even other pack 
members (Malcolm and Marten 1982). Fathers of feral domestic dogs Canis lupus 
familiaris reportedly guard the nest site and regurgitate food for the pups (Pal 2005). 
Gray wolf fathers Canis lupus also reportedly participate in guarding the den 
(Ruprecht et al. 2012) and feed the nursing mother, and when the cubs leave the den 
around weaning, the breeding male as well as other adults regurgitate food for them 
(Packard 2010). Even the maned wolf Chrysocyon brachyurus, thought to be soli-
tary, has been observed to spend time sleeping together with its mate, and after birth 
of the cubs, the male stays in the vicinity, reducing his home range and activity 
levels, suggesting that he may contribute to parental care.
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Male investment in some form has also been reported, at least occasionally, in 
three of the four species of Hyaenidae although it is apparently not found in the 
spotted hyena (Richardson 1987; Mills 1990; East et al. 2003). So-called raccoon 
dogs Nyctereutes procyonoides show long-term pair bonding, and males participate 
in rearing the young. In fact, they reportedly spend more time alone with the pups 
than females, guarding the litter at the den or in its close vicinity while females for-
age to satisfy their increased energy needs due to the high cost of lactation (Kauhala 
et al. 1998). Direct male care also occurs in the tropical otters: the giant river otter 
Pteronura brasiliensis and the Asian small-clawed otter Aonyx cinerea (Schmelz 
et al. 2017) and in families of the banded mongoose Mungos mungo (Rood 1974). 
Although male care in the form of playing with young and allowing them to take 
food items has been recorded in a number of felids in captivity (Kleiman and 
Malcolm 1981), it is difficult to know if this is an artifact of confined conditions as 
there are presently no reports of such activity in the wild. Direct paternal care has 
not been reported in any of the aquatic carnivores, and in fact, in species with large 
sexual dimorphism in body mass such as the southern elephant seal, males may 
severely injure or crush young pups to death – presumably sometimes even their 
own offspring  – during battles with competing males for access to females 
for mating.

For any one topic, the examples given below represent only a fraction of the 
diversity of parental care in carnivores. Investigating in more detail any one aspect 
will surely reveal a richness and diversity beyond the bounds of this chapter.

2  Prepartum Behavior: Preparation for Arrival of the Young

For many mammals, parental care begins before birth of the young. Since altricial 
offspring require a particularly secure environment for early rearing (Case 1978), in 
many carnivores one of the most important prepartum behaviors is seeking out or 
actively constructing a nursery burrow or den. Such structures are vital to protect the 
young from harsh weather, and from aerial and land predators, which may include 
infanticidal males or other conspecifics (Ruggiero et  al. 1998; Ross et  al. 2010; 
Libal et  al. 2011; Jackson et  al. 2014; White et  al. 2015). Den sites are critical 
resources that influence the survival of the young and ultimately the population 
dynamics of several species. The use of subterranean natal dens that can be readily 
defended is characteristic of almost all species in several families of carnivores 
(Canidae, Hyaenidae, Mephitidae) and prevalent in others (Herpestidae, Mustelidae, 
Ursidae) (Noonan et al. 2015). Many carnivores that use dens or burrows do not 
actively excavate them but occupy already existing structures such as hollow or 
fallen trees, rock crevices, or other naturally formed cavities or occupy burrows and 
tunnels constructed by other species. In contrast, mongooses, otters, hyenas, bad-
gers, wolverines, and several canid species such as foxes, dingoes, coyotes, or 
wolves dig their own natal dens, a behavior not seen in any felids.
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Only few species of carnivores have been reported to build nests of plant or other 
material within such nursery dens or cavities. Examples include the European bad-
ger Meles meles (Roper 1992), the American mink (Malmkvist and Palme 2008), 
and the red panda (Roka et al. 2015).

Properties of dens contributing to protection, including avoiding human distur-
bance, are reportedly more important for breeding females than habitat features such 
as prey density or structure of vegetation as reported for the Iberian lynx (Fernández 
and Palomares 2000), African wild dog (Jackson et al. 2014), gray wolf (Sazatornil 
et al. 2016), spotted hyena (Périquet et al. 2016), and the fisher Pekania pennanti 
(Matthews et al. 2019). Such shelters can also be important in helping to maintain a 
stable and adequate thermal environment for the altricial young (Reichman and 
Smith 1990). Dens of several species of the family Felidae such as Pallas’s cat 
Otocolobus manul, Iberian lynx Lynx pardinus, and ocelot Leopardus pardalis con-
tribute importantly to thermoregulation, as well as providing a refuge from other 
carnivores, including predatory conspecifics, and from humans (Fernández and 
Palomares 2000; Laack et al. 2005; Ross et al. 2010). Thermoregulatory factors in 
den selection were also found to be important in wolverines Gulo gulo (Magoun and 
Copeland 1998), and the Arctic fox Vulpes lagopus constructs and uses dens with 
southward-facing entrances to improve microclimate conditions (Smits et al. 1988). 
For most bear species, which have very altricial young, dens also provide a safe and 
sheltered environment for giving birth, nursing, and early cub growth in some spe-
cies during winter hibernation (Oli et al. 1997; Seryodkin et al. 2003; Manchi and 
Swenson 2005; Zhang et al. 2007; Derocher et al. 2011; Faure et al. 2020).

Pinnipeds depend on and seek out solid substrates to give birth and, with the partial 
exception on the walrus Odobenus rosmarus (see section Nursing), for nursing the 
young. They utilize a wide variety of habitats, including pack ice, fast ice, and land. 
Phocid seal species give birth mostly on ice, whereas all 15 species of otariids give 
birth on land. The only surviving member of the Odobenidae, the walrus, is also an 
ice-breeding species (Bowen 1991). In several pinniped species, these sites are part of 
long-established breeding grounds with high individual philopatry, on beaches, rocky 
shores, or ice sheets; for example, the Galápagos fur seal Arctocephalus galapagoen-
sis, southern elephant seal (Hindell and Little 1988), Antarctic fur seal Arctocephalus 
gazella (Hoffman and Forcada 2012), Weddell seal Leptonychotes weddellii (Cameron 
et al. 2007), and New Zealand sea lion Phocarctos hookeri (Chilvers and Wilkinson 
2008). Because young seals are born without a substantial layer of subcutaneous fat 
and accumulate most of their lipid reserves after birth (Donohue et al. 2000), thermo-
regulatory factors are important in pupping site selection. However, the majority of 
seal pups are born into an environment that gives little protection against weather or 
predators, and predation is a significant source of pup mortality including in several 
species of ice-breeding pinnipeds (Bowen 1991). In this regard, the ringed seal Pusa 
hispida and the Baikal seal Pusa sibirica are exceptions as females of these species 
construct dens from snow under ice ridges or over breathing holes (Smith and Stirling 
1975; Miyazaki 2009). Such dens have a main chamber and smaller tunnels off the 
central cavity and provide thermal protection and concealment from predators such as 
Arctic foxes and polar bears Ursus maritimus.
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In addition, pregnant females may adjust their hunting range as parturition 
approaches. This is particularly the case for solitary carnivores such as pinnipeds, 
mustelids, and most felids where the mother raises the young alone. This change 
might be due to anatomical constraints of the pregnant mother, change in prey type or 
a focus on nest defense. Even after the young start to accompany their mother on hunt-
ing or foraging trips, their still limited motor abilities and endurance may also influ-
ence her behavior. For example, female North American cougars Puma concolor 
reduce their home range around and following parturition (Seidensticker et al. 1973; 
Maehr et  al. 1989), as do leopards Panthera pardus (Seidensticker 1976), tigers 
Panthera tigris (Sunquist 1981), bobcats Lynx rufus (Nielsen and Woolf 2001), and 
the mustelid tayras Eira barbara (Presley 2000). Harbor seals Phoca vitulina restrict 
their foraging range during lactation (Thompson et al. 1994) while several large-bod-
ied phocid seals fast throughout lactation completely (Schulz and Bowen 2005).

Thus, from the above, we may conclude that carnivore species show a wide range 
of prepartum behaviors relevant to the successful raising of their young. And fur-
thermore, that the availability of suitable breeding sites such as dens, burrows, or ice 
flows and associated productive hunting grounds are vital for the conservation of 
many carnivore species (Squires et al. 2008).

3  Parturition

This is a critical phase in the reproductive cycle of all mammals in which females 
give birth to live young in various stages of maturation, and as noted above, includ-
ing for carnivores, all the young of which are altricial or semi-altricial. Parturition 
involves varying degrees of physical, physiological, and external hazard, both for 
mothers and their young. While giving birth, mothers and young, particularly in 
solitary species, may be vulnerable to attack by predators as at this time, mothers 
are largely unable to defend themselves or their offspring.

Carnivore mothers typically give birth alone, and even in monogamous pairs, the 
female often does not allow the male to enter the breeding den (Naaktgeboren 
1968). All pinniped species (Boness and Bowen 1996), the sea otter Enhydra lutris 
(Estes 1980), the feline margay Leopardus wiedii (Moreira 2001), and some mem-
bers of the Eupleridae such as the Malagasy narrow-striped mongoose Mungotictis 
decemlineata and the Malagasy civet Fossa fossana give birth to only one offspring 
(Nowak 2005; Schneider and Kappeler 2016). In other families, the litter size can 
differ markedly, for example, in Ursidae between one and two young in the sun bear 
Helarctos malayanus, sloth bear Melursus ursinus, spectacled bear Tremarctos 
ornatus, and giant panda, to as many as five in the American black bear Ursus 
americanus and brown bear Ursus arctos (Garshelis 2004). In families such as the 
Mustelidae, Felidae, Viverridae, and Hyaenidae, between two and six young is most 
common, but up to 14 has been reported in the least weasel (Sundell 2003) and up 
to 18  in the domestic ferret Mustela putorius furo (Lindeberg 2008). In some 
Canidae such as the domestic dog, the Arctic fox, and the African wild dog, there 
may be up to 16 pups (McNutt and Silk 2008; Table 1).
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Duration of birth including the expulsion of each young and the interval between 
each expulsion can vary considerably. Large individual differences have been 
observed lasting from 8 to 225 min for mothers giving birth to singletons, as in the 
South American fur seal Arctocephalus australis (Franco-Trecu et al. 2016), and 
even in polytocous species, the rhythm can be very different, for example, in foxes 
30–120 min between young (Naaktgeboren 1968), gray wolf 9–90 min, domestic 
dog 6–212  min (Klarenbeek et  al. 2007), and the tayra 17–30  min (Poglayen- 
Neuwall 1974). In the domestic cat Felis silvestris catus, the rhythm can also vary 
but is usually approximately 20 min (Hudson et al. 2009). Mainly in cats, but some-
times also in dogs, delivery between young may be interrupted for as much as 
24–36 h (Lopate 2012, own observations).

With the arrival of each offspring, mothers usually bite through the umbilical 
cord, eat the placenta, and vigorously lick the young and surrounding area clean of 
birth fluids (Naaktgeboren 1968; Poglayen-Neuwall 1974). When delivery is com-
plete, mothers typically lie on their side or back, exposing their nipples to the off-
spring although in the case of the domestic cat, early-born kittens may already have 
attached to nipples and started suckling while parturition is still in progress (Hudson 
et  al. 2009). In general, the young, stimulated by the mother’s vigorous licking, 
attach to a nipple within minutes and start to ingest colostrum and milk 
(Naaktgeboren 1968).

Orientation to the mammary region and attachment to nipples may be aided by 
emission of chemical cues from the mother’s ventrum, a so-called nipple-search 
pheromone (cf. European rabbit Oryctolagus cuniculus: Hudson et al. 1990; domes-
tic cat: Raihani et al. 2009), the emission of which appears to be associated with the 
female’s reproductive cycle and under hormonal control (domestic cat: Raihani 
et al. 2009). In some litter-bearing species, the young rapidly develop a nipple order, 
with each offspring using only one or two particular nipples. This seems to be gen-
erally the case in felids (Pfeifer 1980; Hudson et al. 2009) although apparently not 
necessarily in canids (Hudson et al. 2016). Establishment of an order in nipple use 
has also been reported in black bears (Rogers et al. 2020) and the binturong Arctictis 
binturong (Schoknecht 1984).

Presumably to protect the young, immediately after parturition, mothers are 
reportedly more aggressive, especially around the den site. This has been seen in 
dogs (Pal et al. 1998) and hyenas (Kruuk 1973) but is possibly more general.

4  Postpartum Care and Transition to Independence

 Nursing

In mammals, maternal care entails a large energetic cost. Lactation in particular can 
nearly triple a mother’s caloric requirements (Gittleman and Thompson 1988; 
Oftedal and Gittleman 1989) while exposing her to greater risk of debilitation, 
injury, or even death, thereby reducing her fitness and future fecundity (König et al. 
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1988; Clutton-Brock et al. 1989; Koivula et al. 2003). Given the low-fat reserves in 
some taxa such as felids and some mustelids (Mustonen and Nieminen 2012), moth-
ers of some species must soon leave their young to hunt, scavenge, or forage. The 
opposite is typical for bears and aquatic species, which often have extensive fat 
reserves. Bears remain in dens with their newborn cubs for weeks to months without 
eating or drinking, something some of them do, for example, polar bears, since they 
give birth during hibernation (Garshelis 2004). Some seal species draw on their fat 
reserves to remain with their pups for extensive periods of up to 50 days until being 
compelled to return to sea to hunt (Boness and Bowen 1996).

Among pinnipeds, this fasting strategy mostly occurs in the Phocidae, with a 
nursing-foraging cycle more typical for the Otariidae. Mothers of the latter family 
usually accumulate only a small amount of subcutaneous fat before they arrive to 
their breeding sites; thus, they fast for only 5–11 days after giving birth and then 
alternate foraging trips to sea with visits to land to nurse their pups, sometimes leav-
ing them for 2–13 days. An extreme case, however, is presented by the hooded seal 
Cystophora cristata, which gives birth on an ice flow, an unstable environment, and 
nurses her pup almost continuously for 4 days, during which time the pup gains 
around 7 kg per 24 h and doubles its birth weight, after which the mother leaves it 
permanently and returns to sea (Bowen 1991). The walrus is the only carnivore with 
an aquatic nursing strategy. The young remain with their mother wherever she goes 
and are nursed at sea as well as on land (Bowen 1991).

Apart from providing milk, mothers of many species such as the domestic cat 
regularly lick the anogenital area of newborn young to stimulate urination and 
defecation, usually ingesting the excreta, thereby contributing to nest hygiene 
(see section Den hygiene and safety; Turner and Bateson 2014, own observa-
tions). Because of the bactericidal effect of saliva, periparturient licking by 
females of their mammary and anogenital areas is particularly adaptive since 
these are the body areas of the mother that could be contaminated by fecal-borne 
bacteria and which the newborns’ mouths come into close contact during birth 
and suckling (Hart and Powell 1990). Newborn mammals, which are born with a 
sterile gut, do not have the intestinal bacterial flora that protect against opportu-
nistic pathogens (Greene 1984).

 Den Hygiene and Safety

Although dens and nests provide major benefits by protecting offspring from preda-
tors and harsh weather, they can also have costs in terms of hygiene due to a buildup 
of ectoparasites and by attracting predators, including infanticidal conspecifics, due 
to the accumulation of odors, worn trails, or repeated visits by caretakers. One strat-
egy some species are thought to use to counteract such dangers is to move the nurs-
ery site from time to time although this might also be done to accommodate the 
changing needs of rapidly growing young. Thus, female ocelots are reported to use 
two to four den sites for each litter and to move kittens one to five times between 
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them (Laack et al. 2005). Domestic cats and bobcats also frequently move their lit-
ters, especially if the mother is disturbed by unfamiliar males or humans (Feldman 
1993, Nielsen and Woolf 2001, Turner and Bateson 2014, own observations). Giant 
panda mothers also regularly change dens although the reason is unknown as this is 
the only species of Ursidae that has been observed to do so (Garshelis 2004). 
Frequent den changes have also been reported in spotted and brown hyenas Hyena 
brunnea. The most likely reasons are thought to be human disturbance and a buildup 
of fleas at the den (Mills 1990). Limiting parasite infestations may also help explain 
moving the young in other carnivores although information on this is presently 
lacking.

Transport of the young is facilitated by the particular posture the offspring of 
some species adopt, notably felids such as the domestic cat and canids, which when 
carried in the mother’s mouth by the nape of the neck reflexively curl up in a fetal- 
like posture, remaining motionless and completely silent (Turner and Bateson 2014; 
own observations).

 Mother-Young Recognition

Since maternal care comes at a large energetic cost, evolutionary theory predicts 
that to maximize their fitness, mothers should preferentially care for their own 
young (Hamilton 1964) and thus should be able to distinguish them from alien off-
spring. If a mother indiscriminately cares for both her own and unrelated offspring, 
this could increase even further her energetic requirements and be detrimental to the 
development of her own young (Fleming and Rauscher 1978; Horrell and Bennett 
1981; König et al. 1988; Mappes et al. 1995; Andersen et al. 2011).

This can be true in the opposite direction also. In many mammals, it is important 
for the early survival of the young that they quickly learn to recognize their own 
mother and to distinguish her from other conspecifics. The attempt to suckle from 
an alien mother, for example, may result not only in rejection but also in serious 
injury or even death (Le Boeuf et  al. 1972; Wolski et  al. 1980; Trillmich 1981; 
Harcourt 1992). Even for the young of solitary species that remain hidden in nests 
or dens, it can be vital that they remain quiet at the approach of predators or poten-
tially infanticidal conspecifics and only respond positively to the approach of their 
mother (Sieber 1986, cf. Vaňková et al. 1997, Torriani et al. 2006 in ungulates).

Olfactory and vocal cues have been found to play a particularly important role in 
mother-offspring recognition. This is clearly the case and has been best studied in 
herd and colony-living species such as various pinnipeds (review in Insley et  al. 
2003; see also Charrier et al. 2010, Pitcher et al. 2010, Trimble and Insley 2010, 
Sauvé et al. 2015) where for mothers, identifying their own young among the throng 
of the colony is a daily task. Playback experiments in spotted hyenas have con-
firmed mutual vocal recognition between cubs and mothers/caretakers (Holekamp 
et al. 1999), and Hepper (1994) found mutual olfactory recognition in the domestic 
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dog between mothers and young, which may last as long as 2 years after permanent 
separation.

However, less information is available on other taxonomic groups. This may be 
because the need for individual recognition between mothers and their offspring is 
less obvious for solitary than for social species. An exception is the domestic cat in 
which due to mothers readily permitting the handling and experimental manipula-
tion of their newborn young by familiar caretakers, mutual olfactory recognition 
between mothers and young has also been found and that the young retain a mem-
ory of their mother’s scent for more than a year after permanent separation 
(Bánszegi et al. 2017b; Jacinto et al. 2019; Szenczi et al. 2022). Mothers may also 
emit specific vocalizations to greet or call their young to follow and which the 
young rapidly learn to distinguish from similar calls from other mothers (Szenczi 
et al. 2016).

 Alloparental Care

Care of the young may not only be by the mother or the breeding pair. Other, even 
unrelated members of a social group may also contribute to raising the young by 
helping guard, groom, carry, play with, nurse, or otherwise feed the offspring of 
others. The extent of cooperative care of young varies widely among carnivore spe-
cies, ranging from joint breeding site defense to nursing and provisioning unrelated 
offspring (Clutton-Brock 2016). Both juveniles and adults may participate in allo-
parental behavior, while allolactators are frequently females who have lost their 
own young (Kleiman and Malcolm 1981; MacLeod et al. 2013).

Social carnivores in particular frequently show alloparental care, often accom-
panied by some degree of reproductive suppression in helpers (Montgomery 
et al. 2018). These include members of the canid, felid, herpestid, hyaenid, mus-
telid, and procyonid families (Rood 1978; Lukas and Clutton-Brock 2012; 
Federico et  al. 2020). Among communal breeders, such as the African lion 
Panthera leo, the spotted and the brown hyenas, and the banded mongoose, most 
females breed during each reproductive cycle and participate in some degree of 
alloparental care although temporarily nonbreeding females and males may also 
contribute to the care of young born in the group (Mills 1990; Lewis and Pusey 
1997). In facultative cooperative breeders such as the black-backed jackal Canis 
mesomelas and Arctic fox, the parents and nonbreeding helpers alike care for the 
young (Johnsingh 1982) although the number of helpers is small, and parents can 
successfully raise their young without helper assistance (Clutton-Brock 2006). 
Obligate cooperative breeders, such as the African wild dog and the meerkat 
Suricata suricatta, require assistance from nonbreeding helpers to successfully 
raise their offspring. In these species, nonbreeding helpers may even provide the 
majority of care, and their number typically exceeds the number of breeders 
(Lukas and Clutton-Brock 2012).
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 Weaning

The transition from a diet exclusively of milk to starting to obtain and ingest solid 
food is a crucial stage in the development of all mammalian young as it involves 
major changes in the behavior and physiology both of mothers and their offspring. 
An influential theory first proposed by Trivers (1974) essentially sees the weaning 
process as one of conflict between parents and young. It states that the optimal 
amount of parental investment in offspring is unequal for the two parties, such that 
offspring can be expected to try to obtain a greater amount of resources than their 
parents are willing to provide. However, the empirical evidence gathered since has 
refined this statement, leading to suggestions that the existence of such conflict 
might be overstated (Mock and Forbes 1992; Bateson 1994, 2014) and that the rela-
tionship between mother and offspring at weaning is more one of synchronization 
and cooperation than it is of conflict (Kölliker et al. 2005; Hinde et al. 2010; Cox 
and Hager 2016; Royle et al. 2016; Bánszegi et al. 2017a).

The young usually achieve considerable independence well before being com-
pletely weaned. They are able to digest solid food and to eliminate without maternal 
stimulation and can maintain an adequate body temperature without being brooded 
(Olmstead et al. 1979; Bateson 2014). Their locomotor abilities have also developed 
markedly (Peters 1983), increasing their ability to feed, hide, return to the nest, or 
defend themselves (Baerends-van Roon and Baerends 1979), probably boosting 
their confidence and leading them to increasingly explore unfamiliar environments 
(Romand and Ehret 1984). Hormonal changes of the mother during the lactational 
period may lead to a decline in her motivation to return to her young and in a reduc-
tion in her willingness to nurse, for example, by blocking access of the young to the 
nipples (Martin 1986; Bateson 2014), and to a reduction in responsiveness to their 
separation calls (Bánszegi et al. 2017a).

As weaning approaches, the content of the milk may change, generally increas-
ing in fat and protein and decreasing in lactose as has been reported for several spe-
cies, including humans (Neville et al. 1991; Verd et al. 2018). Information on this, 
however, is limited for Carnivora, with only a few studies of some seal species, 
probably stimulated by their sometimes extremely short nursing period. The change 
in milk composition during the weaning period is generally consistent with findings 
in other mammals although some decline in fat content has been found just before 
weaning (Bryden 1968; Riedman and Ortiz 1979; Carlini et al. 1994).

 Postweaning Care

We continue the main theme of this chapter emphasizing the diversity of parental 
care among carnivores with a consideration of postweaning patterns leading to 
eventual independence of the young. In the pinnipeds, where information is 

Parental Behavior in Carnivores



70

available, the young rapidly achieve complete independence once they start a life 
at sea (Boness and Bowen 1996). However, in several other obligate carnivore taxa, 
most notably the Felidae, where the survival of the young will depend on their abil-
ity to hunt, learning the necessary skills may require the young to remain with their 
mother or other members of the group for a longer period. The degree of “teach-
ing” such skills varies in carnivores. In pack-hunting species that often pursue 
large prey, the young can gain experience by merely joining the hunt, so the degree 
of teaching is relatively low. In contrast, young solitary hunters such as most 
Felidae have few opportunities to interact with live prey unless provided by adults, 
usually the mother; hence, the degree of teaching is high (Thornton and 
Raihani 2008).

Thus, among felids, behavior suggestive of teaching has been reported in tigers 
(Schaller 1967), cheetahs Acinonyx jubatus (Kruuk and Turner 1967), caracals 
Caracal caracal (Ewer 1969), black-footed cats Felis nigripes, and domestic cats 
(Leyhausen 1979; Caro 1980). Juvenile lions, tigers, and leopards begin to make 
hunting excursions with their mother at 12–15 months of age (Bekoff et al. 1984). 
Lionesses are reported to distinguish between serious hunts, with only adults par-
ticipating, and training hunts, with juveniles following and watching adults in pur-
suit of prey (Schenkel 1966). Leyhausen (1979) has described in detail how female 
cats first only bring the prey and consume it in the presence of the young, then later 
allow them to interact with the already dead prey, and finally bring them live prey 
that is freed in their presence. The mother does not assist or interfere with the 
efforts of the young to kill the prey but brings it back if it escapes. Further sugges-
tive evidence of teaching by bringing live prey to the young has also been reported 
in meerkats (Thornton and McAuliffe 2006), river otters Lontra canadensis (Liers 
1951), the eastern spotted skunk Spilogale putorius (Thorne and Waggy 2017), and 
the dwarf mongoose Helogale parvula (Rood 1978), all of which hunt 
individually.

In contrast, there are no records of adult pack-hunting canids modifying their 
behavior in such a way as to promote learning when young are present at a hunt. The 
only anecdotal examples of teaching in canids are in bat-eared foxes and the red fox 
Vulpes vulpes, which forage individually for invertebrate and small vertebrate prey 
(Macdonald 1980; Nel 1999).

The importance of learning also depends on whether specialized techniques need 
to be used either because the prey is difficult to catch or might pose a danger to the 
hunter. Felids are known to often kill prey by precise bites to the nape, throat, or the 
snout (Kitchener et  al. 2010), and meerkats kill potentially dangerous scorpions 
using a complex sequence of moves to avoid being stung (Thornton and Raihani 
2008). In contrast, canids have less specialized canine teeth and bite the prey with 
more or less accuracy. As young canids can practice this relatively imprecise tech-
nique by joining the hunting pack, adults do not need to teach them and can feed 
them with regurgitated meat rather than by releasing live prey.
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5  Conclusion

Given the diversity of carnivore lifestyles as illustrated by the various examples in 
this chapter, it is clear there is no typical pattern of carnivore parental care, not even 
within taxonomic families. From the view of general biology, notable in this respect 
is the lack of a clear correspondence between taxonomic groups and patterns of 
parental care, with the exception that while the Canidae have biparental care, often 
with other social support, in the Felidae – with the exception of the lion –, the three 
pinniped families, the Ursidae, and the Mustelidae, parental care is provided by the 
mother alone. Considering this diversity, caution must be taken not to inappropri-
ately overgeneralize patterns of parental care from one particular species or taxo-
nomic group, or from laboratory and highly domesticated or semidomesticated 
species, to other carnivores, or indeed to other mammals more broadly (see Macrì 
and Richter 2015 for a related warning regarding the use of a limited number of 
mammalian species and experimental paradigms in biomedical research). More 
studies are needed across a greater range of species and taxonomic groups and 
where possible in the natural conditions, or at least approximations of these, under 
which each species has evolved. The need for such studies is underlined by the 
important role of carnivores as apex predators in the food chain in many ecosystems 
and thus their key role in ecosystem management and conservation.
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The Onset of Maternal Behavior in Sheep 
and Goats: Endocrine, Sensory, Neural, 
and Experiential Mechanisms

Frédéric Lévy

Abstract In sheep and goats, the onset of maternal behavior at parturition is char-
acterized by a first phase called maternal responsiveness during which the mother is 
attracted to any newborn. In a second phase, called maternal selectivity, the mother 
establishes a selective bond with her young so that she only accepts it at suckling. 
After a description of the behavioral expression of both phases, this chapter reviews 
the physiological, sensory, and neural mechanisms involved. These two behavioral 
processes are synchronized with parturition by the vaginocervical stimulation 
induced by the expulsion of the newborn. Olfactory cues provided by the neonate 
are involved in maternal responsiveness and selectivity. Oxytocin supported by 
estrogens is the key factor for maternal responsiveness. The neural network involved 
in maternal responsiveness is mainly hypothalamic and is different from the cir-
cuitry involved in selectivity, which mainly concerns olfactory processing regions. 
Visual and auditory cues are necessary for offspring recognition at a distance. This 
multisensory recognition suggests that mothers form a mental image of their young. 
Maternal experience renders mothers more responsive to maternally relevant physi-
ology and to young-related sensory inputs.

Keywords Oxytocin · Estrogens · Olfactory learning · Olfactory neurogenesis · 
Olfactory bulb · Vision · Audition · Attachment

1  Introduction

The expression of parental care in mammals varies widely across species and is 
closely related to the developmental stage of the young but also to the social struc-
ture of the species and their ecology. Sheep and goats are mostly seasonal breeders, 
and consequently, births occur during a short time period, providing the young with 
an optimal growth. Feral breeds of sheep and goats form social groups and 
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continuously move in search of food. The ability of the young to follow their mother 
quickly after birth is essential for their survival, especially in sheep, while in goats, 
the young stays hidden during the first days of life. Newborns possess fully devel-
oped sensory and motor systems as well as capacities for thermoregulation control 
to follow the mother. Thus, the demand of maternal behavior for precocial mam-
mals (ungulates, pinnipeds, cetaceans) differs from altricial mammals (most rodents, 
canids, felids). Mothers of precocial young do not build a nest, and the mother- 
infant relationship is characterized by the maintenance of direct contact between 
both partners. Mothers of these species, therefore, develop a maternal care system 
in which a selective bond to one’s own young is rapidly formed after parturition. 
Subsequently, mothers only allow their young to suck while rejecting any alien 
young that approaches the udder. This behavioral trait offers a unique opportunity 
to study the sensorial, physiological, and neural mechanisms involved in memoriza-
tion and recognition of an individual. In addition, the onset of maternal behavior is 
strictly dependent on the process of parturition, while in most rodents, maternal care 
can be induced only by the presence of the young. Therefore, studying the onset of 
maternal behavior in these species is also appropriate to reveal the importance of 
parturition itself as the physiological event for synchronizing a multiplicity of neu-
ral mechanisms that coordinate maternal care. Another remarkable characteristic of 
sheep and goat maternal behavior is the primary importance of olfaction that is 
involved both in the attractiveness of any neonate at parturition and in the individual 
recognition of the young that allows the establishment of selective bond. Therefore, 
issues of the underlying bases of an individual odor and neural mechanisms respon-
sible for learning this individual odor can be addressed.

This chapter reviews the current literature on the physiological, sensory, and 
neural mechanisms underlying maternal interest toward any neonate at parturition 
and the formation of a selective bond to one’s own young. In a first section, expres-
sion of maternal behavior, i.e., maternal responsiveness and selectivity, is described. 
Immediate factors controlling maternal responsiveness (Sect. 3) and selectivity 
(Sect. 4) are then examined. In addition to these internal factors, Sect. 5 considers 
how external factors such as level of nutrition can affect the expression of maternal 
behavior. The final section concerns breed, temperament, and maternal experience 
as possible causes of variations in the quality and the quantity of the different items 
that composed maternal care.

2  Characteristics of the Onset of Maternal Behavior

 Behavior During the Prepartum Period

In domestic and feral breeds of sheep and goats, the future mother shows a shift of 
behavior from gregariousness to isolation from the flock (Arnold and Dudzinski 
1978; Lickliter 1984a; O’Brien 1984; Alexander et  al. 1990a). This tendency to 
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isolation is associated with a clear decrease in gregariousness just before parturition 
(Poindron et al. 1997, 2007a). For example, in bighorn sheep and European mou-
flon, females withdraw from their group about 2 weeks before parturition (Langbein 
et al. 1998) and domestic ewes show the lowest responses to social isolation 24 h 
before parturition (Soto et  al. 2021). In Beetal goats, manifestation of isolation 
seeking begins 4–6  h before parturition (Das and Tomer 1997). In Saanen and 
Toggenburg domestic goats, the phenomenon of isolation and seeking a birth site 
ranged from 1.5 h to 8 h (Lickliter 1985), while in Murciano-Granadin goats, this 
isolation occurs mainly 1 h before parturition (Ramírez et  al. 1995). Isolation is 
often accompanied with seeking a secluded or sheltered place to lamb. The shelter 
chosen varies according to the topography of the environment, the bush cover, and 
the presence of fences or cubicles in indoor conditions (Gonyou and Stookey 1984). 
Seeking shelter seems to depend on the size of the paddock: While in small pad-
docks Merino ewes lamb in shelter, there is no tendency for ewes to lamb close to 
the boundary fences in 12 ha paddocks (Stevens et al. 1981). Factors like food avail-
ability, protection against predators, or adverse climatic conditions (wind, rain) 
appear to influence the choice of the birthplace (Alexander et al. 1990a; Yamin et al. 
1995; Pritchard et al. 2021). Isolation and lambing in a sheltered place also prevent 
the future mother from interventions of other ewes during parturition that could 
disturb the display of a proper maternal care and bonding. In indoor lambing pens, 
providing cubicles reduces mother-young separation and the stealing of lambs by 
other pre-parturient ewes (Gonyou and Stookey 1983). Thus, offering shelter to 
ewes during the lambing period allows an improvement of welfare and of lamb 
survival especially during inclement weather (Pritchard et al. 2021).

Pre-parturient behavior has been extensively characterized in ewes during the 
last hour prior to parturition. The typical behavioral traits are pawing, the ewe scrap-
ing the ground with her forefeet, which could be reminiscent to nest building 
(Echeverri et al. 1992; Arnold and Morgan 1975; Alexander et al. 1988) and ground 
sniffing, increasing after amniotic fluids are discharged, due to attraction to these 
fluids (Lévy et al. 1983). Circling and flanking that are relatively rare outside the 
parturition period increase during the last hour before parturition (Echeverri et al. 
1992). Some behavioral sequences also are characteristics of the pre-parturient ewe. 
For example, ground sniffing frequently precedes walking and pawing the ground, 
and circling leads to pawing. These sequences are thought to be related to the search 
for an appropriate birth site (Echeverri et  al. 1992). Both non-agonistic, such as 
sniffing conspecific’s vulva, and agonistic behaviors, such as butting and pushing, 
occur at high levels as lambing approaches, especially in intensive farm manage-
ment where animal density can be elevated (Das and Tomer 1997; Lickliter 1985; 
Ramírez et al. 1995; Echeverri et al. 1992). These agonistic behaviors contribute to 
isolation during lambing and consequently facilitate the formation of a bond with 
the neonate. During the hours preceding parturition, ewes and goats emit frequent 
vocalizations of low amplitude and frequency characterized by low-pitched bleats 
produced with the mouth closed (Lickliter 1985; Ramírez et al. 1995; Arnold and 
Morgan 1975; Sèbe et al. 2007).
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 Behavior at Parturition and Maternal Responsiveness

In sheep, there is no consistent peak of births throughout the 24 h cycle (Arnold and 
Morgan 1975; Alexander et al. 1993). However, some studies report a slight ten-
dency for lambing at particular times of day rather than overnight (Dwyer and 
Lawrence 1998; Cloete et al. 2002; Fahmy et al. 1997). Differences could be due to 
the breed but also to environmental factors such as time of feeding (Arnold and 
Morgan 1975; Alexander 1988). In goats, the picture is quite different since most of 
births occur during daytime (Das and Tomer 1997; Lickliter 1985; Allan et  al. 
1991). During the late phase of labor, the amniotic sac ruptures. The majority of 
ewes and goats sniff and lick the ground where amniotic fluids spill and give birth 
at this place. Length of labor, defined as the interval between the onset of visible 
contractions and the expulsion of the newborn, is variable according to the studies. 
However, most ewes have a labor of less than 1 h with very few more than 2 h 
(Arnold and Morgan 1975; Regueiro et al. 2021; Alexander et al. 1990b; Dwyer 
et al. 2001; Dwyer et al. 1996). A similar interval duration is reported in goats (Das 
and Tomer 1997; Ramírez et  al. 1995; Sambraus and Wittmann 1989) although 
some studies indicate a longer parturition length (>130 min; Kasikci 2018). Multiple 
parturitions, birth weight, breed, and maternal experience affect parturition length 
(Cloete et  al. 2002; Regueiro et  al. 2021; Cloete et  al. 1998; Otal et  al. 2010; 
Martinez et al. 2009; Dwyer and Lawrence 1999a). The majority of the females are 
lying down during at least part of the labor process. Fetuses usually present in an 
anterior position with the head resting on the extended forelegs.

Immediately after birth, mothers stand up and start avidly licking (Fig. 1a), nudg-
ing the neonate, usually beginning with the head and continuing eventually onto the 
body with a particular attention to the anogenital region (Lickliter 1985; Alexander 
1988). Licking behavior might be accompanied with pawing the newborn lamb to 
incite it to stand (Fig. 1b). Mothers lick their newborn almost continuously for the 
first 90 min and intermittently for the following 2 h (Lickliter 1985; Dwyer and 
Lawrence 1998; Sambraus and Wittmann 1989). The amount of time spent groom-
ing depends on breed and multiple parturitions, twinborn lambs receiving less over-
all grooming attention than single lambs (Dwyer and Lawrence 1998; O’Connor 
et al. 1992). Licking behavior toward the neonate is mediated through attractiveness 
of amniotic fluid and is restricted to the time of parturition as amniotic fluid is aver-
sive outside the parturition period (Lévy et al. 1983). Grooming stimulates activity 
of the lamb and prevents heat loss by drying it and is important for the development 
of maternal responsiveness and maternal selectivity (Poindron et al. 2010; Otal et al. 
2009). Occasionally, when the neonate urinates, goats display flehmen behavior in 
which they arch the head upward and, with an open jaw, draw the urine into the 
vomeronasal organ, a secondary olfactory organ. While grooming the newborn, 
both ewes and goats emit low-pitched bleats (Lickliter 1985; Sèbe et  al. 2007; 
Sambraus and Wittmann 1989; Dwyer et al. 1998; Shillito 1972). These vocaliza-
tions are almost emitted during the immediate postpartum period, and in sheep, 
their rate is affected by breed and experience (Dwyer et  al. 1998). They have a 
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Fig. 1 Onset of maternal behavior in sheep. (a) Immediately after parturition, a mother licks her 
lamb. (b) A mother paws the lamb to stimulate it for standing. (c) A mother adopts a parallel- 
inverse position with their young for suckling. (d) A mother rejects an alien lamb approaching the 
udder for suckling

calming effect and also play a crucial role in the development of the mother-young 
bond as 2-day-old lambs are able to recognize low-pitched bleats of their own 
mother (Sèbe et  al. 2010). The neonate is usually able to stand within the first 
15–20 min. The mother helps the newborn in searching the udder by arching the 
back and bending the hind legs, thus facilitating its access and by gently pushing it 
with her muzzle and grooming the anogenital region (Fig. 1c). Suckling is generally 
achieved during the second hour after birth, which allows ingestion of colostrum, of 
primary importance for lamb survival, and attachment to the mother (Nowak 
et al. 2007).

The placenta is usually expelled after about 3 h in sheep (Arnold and Morgan 
1975) and 2–3 h in goats (Lickliter 1985; Otal et al. 2010). Surprisingly, does and 
ewes, as herbivorous animals, temporarily change their feeding preference and 
ingest their placenta. However, partial ingestion occurs in the majority of cases 
(Alexander et  al. 1990b; Otal et  al. 2010; Gonzalez-Stagnaro and Madrid-Bury 
2004). The proportion of animals displaying placentophagia depends on litter size 
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with a higher frequency in mothers delivering twins, or triplets in sheep, than in 
mothers with singletons, and on breed (Alexander et al. 1990b; Otal et al. 2010; 
Ramirez et  al. 1995). Placentophagia is thought to provide beneficial effects to 
mothers, such as analgesia enhancement, additional food supply, and promoting 
lactogenesis (Mota-Rojas et al. 2020). Placentophagia is also assumed to minimize 
the risk of predation by removing olfactory attractant of the afterbirth (Bridges 
2015). In this respect, one may wonder the reason why complete placentophagia is 
less widespread in these ungulate species.

While after some hours sheep mothers leave the birth site followed by their 
lambs (follower species), the doe leaves her kids for several hours, and the kids hide 
for 4–7 days (hider species). Mothers visit them for nursing only a few times per day 
(Poindron et al. 2007a; Lickliter 1984b; O’Brien 1983). Interestingly, this hiding 
behavior is reported not only in feral goats but also in domesticated goats indicating 
it has not been lost by domestication (Lickliter 1984b).

Maternal responsiveness constitutes the first phase of the development of mater-
nal behavior at parturition during which maternal care is direct toward any newborn 
and exchange with an alien newborn is easily performed (Poindron et  al. 1980). 
Behaviors indicative of maternal responsiveness are licking, emission of low- 
pitched bleats, suckling and absence of agonistic behavior, high-pitched bleats, and 
suckling refusal. Criteria used to define maternal responsiveness may vary between 
studies, to the use of one criterion such as licking (Krehbiel et al. 1987) and suckling 
(Poindron et al. 1980) to a maternal index composed of maternal acceptance and 
rejection behaviors (Perrin et al. 2007).

Full maternal responsiveness in both sheep and goats is related to the event of 
parturition and fades after some hours in the absence of the newborn (Lévy et al. 
1991; Collias 1956; Klopfer et al. 1964; Ramírez et al. 1996). In sheep, if the new-
born lamb is removed at birth, before any contact with the mother, the majority of 
ewes are unable to display maternal care when reunited after 12 h of separation 
(Poindron et al. 1979). In goats, the length of separation is even shorter since a sepa-
ration of 1 h (Klopfer et al. 1964; Ramírez et al. 1996) brings about the extinction 
of the maternal response in all the mothers. The difference in separation length 
between sheep and goats could be due to the elimination of birth fluids by cleaning 
the kid during the separation period that renders it less attractive to the does. Thus, 
maximal maternal responsiveness is limited to a short period. Herscher et al. (1963) 
define it as a period in which “the sensibility of the mother is highest on facing cer-
tain particular stimuli.” The term of sensitive period was then used, which is related 
to the sensitivity to any neonate and means that the contact with the neonate at a 
particular period will result in lasting effects on the maternal behavior (Poindron 
et al. 2007b). This characteristic emphasizes the importance of parturition as a key 
event for triggering maternal responsiveness.
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 Individual Recognition of the Young: Maternal Selectivity

During the phase of maternal responsiveness, while ewes and does are interacting 
with their neonate, sniff them, lick them, suckle them, and vocally communicate 
with them, they learn the sensory identity. This learning leads to the establishment 
of individual recognition so that after a few hours, mothers are able to recognize 
their own offspring and accept them at suckling while they reject any suckling 
attempt by any other young (Fig. 1d). This discriminative process is called maternal 
selectivity (Poindron et al. 2007b; Lévy et al. 2004). If the offspring is removed, a 
high level of locomotor activity and the emission of distress bleats also character-
izes maternal selectivity (Poindron et  al. 1994). At reunion, the motivation to 
approach the young is greater than in the case of an alien young (Shillito and 
Alexander 1975). Similarly, when put in a two-choice test, mothers approach spe-
cifically their lamb and stay close to it in comparison to an alien young (Shillito and 
Alexander 1975; Ferreira et al. 2000; Keller et al. 2003). Thus, maternal selectivity 
has been considered as a model of attachment since it fulfills the criteria defined by 
Ainsworth and Bell (1970) studying mother-infant relationships in humans (Nowak 
et al. 2011).

Two types of recognition of the young can be characterized in both sheep and 
goats. A proximal recognition (<0.25 m) is based on learning of the olfactory signa-
ture of the young and leads to the exclusive acceptance of the familiar young at 
suckling. Mothers, made anosmic before parturition, show no signs of discrimina-
tion and accept any young at suckling (Baldwin and Shillito 1974; Bouissou 1968; 
Morgan et al. 1975; Klopfer and Gamble 1966; Lévy et al. 1995a) even if the new-
borns differ in the color of their coat (Romeyer et al. 1994a). In addition, a distal 
recognition allows mothers to identify their young from a distance, and this involves 
visual and auditory cues (Keller et al. 2003; Terrazas et al. 1999).

Proximal and distal recognition also differ in their dynamics of establishment. 
Sheep and goat mothers are able to perform selective nursing (proximal recogni-
tion) within 2 h of contact with their young after parturition (Romeyer et al. 1994a; 
Poindron and Le Neindre 1980), most ewes being selective even after 30 min of 
contact after birth (Keller et al. 2003). Discrimination at a distance with the help of 
both visual and auditory cues is functional slightly later since mothers are able to 
show a preference for their lambs, only after 6 h of contact in ewes and after 4 h in 
does (Keller et al. 2003; Poindron et al. 2003).

The fact that the establishment of proximal and distal recognition is closely 
related in time could indicate that proximal recognition represents a first step criti-
cal for the later development of distal recognition. However, both recognitions 
develop independently from each other. Anosmic ewes can discriminate their own 
lamb from a distance even though they are not able to discriminate their own lamb 
at a short distance and are willing to nurse any lamb (Ferreira et al. 2000). Therefore, 
no intermodal sensory processing is involved in the complete development of mater-
nal discrimination, at least during the early phase of mother-young interaction. 
Nonetheless, at 1 month of lactation, anosmic ewes display discriminative behavior 
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at suckling with more rejection of the alien lamb suggesting that audition and vision 
can compensate for the absence of olfaction allowing proximal recognition (Ferreira 
et  al. 2000). Similarly, Alexander and Stevens (Alexander and Shillito 1981) 
reported that washing the familiar lamb at 5  days postpartum disrupts proximal 
recognition while it has no behavioral consequence when performed at 1 month 
postpartum. Likewise, anosmia performed at 2 weeks postpartum does not prevent 
recognition at suckling as when anosmia is performed before parturition (Poindron 
1976). Hence, some compensatory mechanisms could exist between the different 
sensory modalities so that the predominance of olfaction for proximal recognition 
progressively changes to a more multisensory control as lactation advances.

3  Immediate Factors Controlling Maternal Responsiveness

The close synchrony between parturition and the onset of maternal responsiveness 
indicates that physiological changes associated with the development of pregnancy 
and parturition could be involved in the control of the behavior. In fact, these physi-
ological changes, mainly endocrine and neuroendocrine, induce a maximal state of 
responsiveness to the sensory cues emanating from young which thereafter main-
tain maternal responsiveness (Rosenblatt 1994).

 Physiological Changes During Pregnancy and Parturition

As in many other mammals like rodents and lagomorphs, an increase in the ratio of 
estradiol to progesterone occurs at parturition in sheep and goats. In sheep, 2 to 
4  days before parturition, the concentration of plasma progesterone falls while 
estradiol rises one day before parturition to reach a peak at parturition and returns to 
basal levels within the first 4 h after parturition (Challis and Linzell 1971; Chamley 
et al. 1973; Shipka and Ford 1991). While similar changes have been observed in 
goats, there is no large acute prepartum increase in estradiol concentrations of the 
great magnitude known for sheep (Currie et al. 1988). Elevated plasma concentra-
tions of glucocorticoids, especially cortisol, measured around parturition, have been 
reported in sheep (Strott et al. 1974) and goats (Hydbring et al. 1999).

The change of estradiol and progesterone steroid balance induces a rise in con-
centrations of the pituitary hormone prolactin, which occurs 1 day before parturi-
tion in sheep (Chamley et al. 1973), during the last 3 days in goats (Currie et al. 
1988). These prolactin concentrations are maintained at a high level after parturition 
because of suckling stimulation (Chamley et al. 1973; Davis et al. 1971).

Contrary to the other hormones, the rise in plasma oxytocin (OT) concentration, 
released from the posterior pituitary, is strictly contemporaneous with the actual 
phase of expulsion and is caused by the vaginocervical stimulation. In both species, 
OT concentrations show significant elevation only at birth and up to 15  min 
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postpartum due to the Ferguson reflex (Currie et al. 1988; Kendrick et al. 1991a). 
Changes in OT concentrations also occur during parturition at the central level in 
various brain regions. OT release increases in the cerebrospinal fluid, the olfactory 
bulb (OB), the bed nucleus of the stria terminalis (BNST), the septum, the medial 
preoptic area (MPOA), the paraventricular nucleus of the hypothalamus (PVN), and 
the substantia nigra (Da Costa et al. 1996; Kendrick et al. 1986, 1988a, b, 1992a; 
Lévy et al. 1992). OT increased release is associated with the increase of OT immu-
noreactivity and mRNA level in the OB, the BNST, the MPOA, the supraoptic 
nucleus (SON), and PVN (Broad et al. 1993). Expression of OT receptor mRNA 
also enhances in these brain regions, and this enhancement is promoted by the 
increase in estradiol release (Broad et al. 1999a). Thus, at the time of parturition, 
there is a dramatic increase in OT synthesis, storage, and release, and this tremen-
dous activation is amplified by an increase in the number of OT receptors.

Parturition is also the time of an increased release of several neurotransmitters. 
For instance, the ascending noradrenergic system shows a general pattern of activa-
tion that parallels the OT system since increase in noradrenaline release is observed 
in the same brain regions (Kendrick et al. 1986, 1988a, 1992a; Lévy et al. 1993). 
Release of GABA and glutamate also increases in the OB, the BNST, the MPOA, 
and the PVN (Da Costa et al. 1996; Kendrick et al. 1986, 1988a, 1992a, b, 1997a, b).

Thus, parturition is accompanied with simultaneous activations occurring in dif-
ferent brain areas not directly connected. This suggests that the physiological regu-
lation of maternal motivation is multi-determined. Nevertheless, these studies 
correlate physiological events with not only the emergence of maternal responsive-
ness but also with the onset of parturition and lactation. Therefore, only some of 
these physiological events could be specific for the induction of maternal behavior.

 Hormonal Factors Controlling Maternal Responsiveness

In sheep, a positive effect of estradiol on maternal responsiveness has been reported 
on several occasions although results have not always been consistent. Earliest stud-
ies show that in nonpregnant ewes, a short-term treatment (1 week) or a long-term 
treatment (4 weeks) of progesterone following estradiol at high doses are effective 
but only in 50% of the ewes exposed to lambs for 1 h (Le Neindre et al. 1979). This 
treatment also induces abnormal behavior such as permanent estrus and male sexual 
behavior. Further investigations have revealed evidence for facilitation of maternal 
responsiveness by steroids. Spontaneous acceptance of a lamb occurs only when 
estrogen concentrations are high, at estrus, and at the very end of pregnancy 
(Poindron and Le Neindre 1980). The period during which parturient ewes are posi-
tively responsive to lambs, the sensitive period, can be extended for 4 h to 24 h by 
estradiol injection at a supraphysiological doses (20 mg; Poindron et al. 1979). A 
similar dose of estradiol benzoate also induces maternal responsiveness in non- 
gestant ewes. However, this treatment is pharmacologic since it induces abnormal 
sexual behavior. In studies performed using more physiologically appropriate doses 
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(200 μg of estradiol) and longer period of treatment (6 weeks), full maternal respon-
siveness is never observed in any of the tested ewes (Kendrick et al. 1992b; Kendrick 
and Keverne 1991). In goats, attempts to stimulate maternal responsiveness with 
steroid treatment that induces lactation have failed so far (Rosenblatt and Siegel 
1981). Thus, contrary to rodents and lagomorphs, in sheep and even less in goats, 
steroids are not sufficient to induce the full repertoire of maternal responsiveness, 
and as we will see, they have priming effect allowing other factors to trigger the 
behavior.

The synchrony between the process of expulsion of the fetus and the onset of 
maternal responsiveness has led to suspect the involvement of vaginocervical stimu-
lation in activating the behavior. This hypothesis is now supported by numerous 
evidences in both non-parturient and parturient sheep and goats. Maternal respon-
siveness is induced in nonpregnant ewes primed with progesterone and estradiol 
after administration of 5 min of vaginocervical stimulation (Keverne et al. 1983). 
The dramatic effects of vaginocervical stimulation have been confirmed in two 
other breeds of sheep receiving low doses of estradiol and even in ewes at estrus 
(Kendrick et  al. 1991b, 1992b; Poindron et  al. 1988). This stimulation not only 
increases the number of maternal ewes but also induces licking, maternal bleats, and 
acceptance at the udder and reduces aggressive behavior toward the young. Ewes 
also display an attraction toward amniotic fluids that is a characteristic trait of 
maternal ewes at parturition. A facilitating action of vaginocervical stimulation has 
been also investigated in parturient ewes. Vaginocervical stimulation re-induces 
maternal responses 1 h (Keverne et al. 1983) or 2 h (Lévy et al. 2010) and even 24 h 
after parturition (Kendrick et al. 1991b). In contrast, if stimulation of the genital 
tract is prevented at the time of parturition by peridural anesthesia, maternal behav-
ior is disrupted, and attraction to amniotic fluids is lost (Krehbiel et al. 1987; Lévy 
et al. 1990a). Similarly, in goats, vaginocervical stimulation is a key factor for the 
induction of maternal responsiveness. Blocking vaginocervical stimulation by peri-
dural anesthesia at the first signs of parturition impairs the display of maternal care 
(Poindron et al. 2007a), and an artificial vaginocervical stimulation applied at 2 h 
postpartum induces again maternal responsiveness (Romeyer et al. 1994b).

The neuroendocrine mechanisms by which vaginocervical stimulation elicits 
maternal responsiveness implicate the release of OT in various brain regions. 
Indeed, the involvement of OT was first supported by studies reporting that a mas-
sive release of OT occurs in the brain, similar to that in the peripheral circulation, at 
parturition and in cycling ewes after an experimental vaginocervical stimulation 
(Kendrick et al. 1986, 1988b; Lévy et al. 1992). The actual demonstration of a direct 
link between activation of the OT system and maternal responsiveness is revealed 
by the display of maternal responses induced by intracerebroventricular injection of 
OT in non-gestant ewes (Kendrick et  al. 1987; Keverne and Kendrick 1991). 
Interestingly, OT, like vaginocervical stimulation, was ineffective when given with-
out estradiol priming. OT involvement was also reported in parturient ewes. 
Blocking vaginocervical stimulation at parturition with peridural anesthesia inhibits 
central release of OT and maternal responsiveness. Maternal care and attraction to 
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amniotic fluids are restored by intracerebroventricular injection of OT (Lévy 
et al. 1992).

Thus, OT is a physiological signal of primary importance to synchronize the 
onset of maternal responsiveness with the appearance of the young. This signal is 
further amplified by other neuropeptide systems such as opiates. 
Intracerebroventricular infusions of morphine potentiate cerebrospinal fluid con-
centrations of OT after vaginocervical stimulation and induce maternal responsive-
ness similar to that of the parturient ewe (Keverne and Kendrick 1991). The 
facilitating action of opiates have been also evidenced in parturient ewes whose 
maternal responsiveness is blocked by an injection of naltrexone, an opioid antago-
nist (Caba et  al. 1995). Whether other neuroendocrine systems, like arginine- 
vasopressin system or prolactin, are involved directly or indirectly through the OT 
system remains an open question.

 Sensory Factors Controlling Maternal Responsiveness

The onset phase of maternal responsiveness controlled by neuroendocrine systems 
induces a maximal state of responsiveness to the sensory cues emanating from the 
young, which thereafter maintain maternal responsiveness (Rosenblatt and Lehrman 
1963). In sheep, mothers lose their maternal responsiveness if the newborn is 
removed at parturition (Poindron et al. 1980).

A series of studies have demonstrated that olfactory cues provided by the new-
born are of primary importance for the maintenance of maternal responsiveness 
beyond the sensitive period. Deprivation of olfactory cues by placing the lamb in an 
airtight transparent box from birth to 8 h after parturition decreases maternal respon-
siveness tested after this period of separation with the lamb. When only lamb odors 
can be perceived by the mother, the proportion of ewes is greater than when only 
visual cues are provided (Poindron et al. 1988). It appears that goats differ from 
sheep, as in goats suppressing the sensory cues provided by licking and suckling 
impairs the maintenance of maternal responsiveness after 4 h of treatment while in 
sheep it does not even following 12 h of treatment (Bordi et al. 1994; Romeyer et al. 
1993a). This impairment could result from a loss of olfactory perception due to the 
privation of licking the kid. By licking, olfactory molecules provided by the new-
born can be transferred via the tongue to the vomeronasal organ. If an effect of lick-
ing privation was confirmed, the vomeronasal system could be involved in the 
regulation of maternal responsiveness in the goat, contrary to sheep (Lévy 
et al. 1995a).

What could be the type of olfactory cues meaningful for the mother to maintain 
her responsiveness to the young? Early studies indicate that newly born kids 
(Gubernick et al. 1979) or lambs (Poindron et al. 1980) are more readily accepted 
by parturient females than day-old ones. One of the elements differentiating both 
types of young is the presence of amniotic fluids on their coat, which are very attrac-
tive for the mother at parturition (Lévy et al. 1983; Vince et al. 1985). This olfactory 
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attraction is necessary for the maintenance of maternal responsiveness by attracting 
the mother to her newborn. Washing the newborn with either soap or water reduces 
licking behavior, and it prevents udder acceptance and increases aggressive behav-
ior (Levy and Poindron 1987). Amniotic fluids can also facilitate the adoption of 
1-day-old lambs whose coats are treated with amniotic fluids (Lévy and Poindron 
1984; Basiouni and Gonyou 1988). Amniotic fluids from the tested mother or an 
alien mother have similar effects on maternal acceptance, suggesting that amniotic 
fluids contain olfactory cues responsible for a general attractiveness (Arnould et al. 
1991). These compounds appear to differ from those eliciting repulsion in non- 
gestant ewes (Uriarte et al. 2012). A chemical characterization has identified vola-
tile organic compounds of amniotic fluids, and it would be interesting to test whether 
some of these compounds are involved in the attractiveness of amniotic fluids 
(Viviers et  al. 2015). Thus, amniotic fluids are “a potent organizer of maternal 
behavior” in focusing the attention of the mother from the licking of her body to the 
licking of the neonate, as was stated in the cat by Schneirla et al. (1963).

Another experimental strategy used to investigate the role of olfaction in the 
maintenance of maternal responsiveness is to observe the effects of prepartum anos-
mia. In sheep, disruption of the olfactory epithelium by irrigation of the nasal cavi-
ties with zinc sulfate induces a reduction in the time spent licking and suckling the 
newborn, and in the number of maternal bleats, and an increase in the number of 
protest bleats (Lévy et al. 1995a). On the contrary, lesion of the vomeronasal organ 
causes little disturbances in the onset of maternal care. In goats, anosmia has no 
consequence on the display of maternal responsiveness (Romeyer et  al. 1994a; 
Hernandez et al. 2002). However, the effects of anosmia were not investigated in 
females without a previous maternal experience, and it could be possible that this 
experience compensate for the loss of olfactory perception. Whether a difference 
exists in the role of the main olfactory system between both species remains an open 
question.

 Brain Regions Involved in Maternal Responsiveness

Hormonal changes occurring at parturition render the mother responsive to lamb 
cues, mainly olfactory, so that maternal responsiveness can emerge. Hormones act 
on a primary neural circuitry of which some elements have been identified in sheep.

One approach for defining brain regions involved in maternal responsiveness has 
been the use of the so-called expression of immediate early genes (c-fos) or the 
protein Fos as markers of neuronal activation. Increase in c-fos expression concomi-
tant to the expression of maternal responsiveness has been observed in extensive 
neural circuitry including various limbic (BNST, lateral septum, medial amygdala, 
hippocampus) and hypothalamic areas (MPOA, PVN, SON, ventromedial nucleus; 
Da Costa et al. 1997; Keller et al. 2004a).

However, this approach is correlational and does not reveal the functional 
involvement of these brain structures. To answer this question, reversible 
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inactivation of some of these structures, using infusion of an anesthetic, was under-
taken before parturition and during the first 2 h postpartum (Perrin et  al. 2007). 
MPOA inactivation significantly impairs the whole expression of maternal behavior 
as a massive decrease in licking behavior, nursing, and maternal vocalizations is 
reported (Fig. 2). Interestingly, inactivation of the septum or the diagonal band of 
Broca has no behavioral consequences. In addition, when maternal interest is chal-
lenged by a separation/reunion lamb test, mothers with MPOA inactivation exhibit 
little reaction after separation of their lambs and do not show any motivation to 
reunite with them. These findings allow considering the MPOA as a key structure 
for the control of maternal responsiveness as was reported in various studies in the 
rat (Numan and Insel 2003; Olazabal et al. 2013). Surprisingly, whereas ewes with 
BNST inactivation express normal maternal behavior at parturition, they are less 
motivated to join their lambs, suggesting that this structure regulates approach 
behavior to the young as it has been demonstrated in the rat (Numan and Numan 
1996). The MPOA is also important for the maintenance of maternal responsiveness 
beyond parturition. Deficits in responses to the separation/reunion lamb test are 
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Fig. 2 A neural model of the regulation of maternal responsiveness and selectivity at parturition 
in sheep. The neural network represents a set of brain structures involved in maternal responsive-
ness (grey) and in selectivity (dark). The functional role of some of these structures has been tested 
(see graphs below). BNST: bed nucleus of the stria terminalis; CoA: cortical amygdala; MeA: 
medial amygdala; MOB: main olfactory bulb; MPOA: medial preoptic area; PVN: paraventricular 
nucleus; VCS vaginocervical stimulation. (Adapted from Lévy and Keller 2009)

The Onset of Maternal Behavior in Sheep and Goats: Endocrine, Sensory, Neural…



92

found in maternal ewes infused at 2  h postpartum with an anesthetic for a 12-h 
period (Perrin et al. 2007). This result is in accordance with a previous study show-
ing an enhanced Fos expression in the MPOA at 7 h postpartum following the rein-
troduction of the lamb after a short separation period (Keller et al. 2005).

The PVN is the main source of OT release in the brain, and at parturition, there 
is an extensive activation of the whole OT system of the PVN (Da Costa et al. 1996; 
Broad et al. 1993, 1999b). As a matter of fact, OT infusion into the PVN in nonpreg-
nant ewes receiving a steroid pretreatment induces the full maternal repertoire (Da 
Costa et al. 1996). However, since enhancement of OT release also occurs at parturi-
tion in the MPOA, the BNST, and the OB, these brain regions could be part of the 
neural network involved in maternal responsiveness (Kendrick and Keverne 1992). 
This hypothesis was tested in steroid-treated non-gestant ewes infused with OT in 
the MPOA or in the OB. These treatments do not induce the full repertoire of mater-
nal behavior but only reduce aggression toward lambs, and no effects on acceptance 
behaviors are promoted (Kendrick 2000). Part of the effects of OT in inducing 
maternal responsiveness could be mediated through its modulation of neurotrans-
mitter releases (Lévy et al. 1995b; Kendrick et al. 1997a). For instance, noradrena-
line is released together with OT during parturition in the MPOA, the BNST, the 
PVN, and the OB (Kendrick et  al. 1992a, 1997a; Lévy et  al. 1995b). Moreover, 
retrodialysis infusions of OT increase noradrenaline release in the MPOA (Kendrick 
et al. 1992a) and in the OB (Lévy et al. 1995b). Therefore, it is possible that OT acts 
on presynaptic noradrenergic terminals, and in this way, a restricted pattern of 
potentiated noradrenaline release could occur at sites controlling maternal 
responsiveness.

4  Immediate Factors Controlling Maternal Selectivity

Sheep and goat mothers learn and memorize the identity of their young using olfac-
tion, vision, and audition. As revealed in previous sections, mothers first learn olfac-
tory cues provided by the young that permit recognition at a short distance and 
acceptance at suckling. A few hours later when the exclusive bond is formed, moth-
ers learn the young’s visual appearance and voice that are more salient cues for 
recognition at a distance.

 Olfactory Cues

Like many young of ungulates, lambs and kids adopt a parallel inverse position 
when suckling, allowing the mothers to sniff the trunk and the anogenital region 
during nursing (Fig. 1c). This olfactory investigation is of primary importance for 
identification of the young. When ewes or does are experimentally rendered anos-
mic, they accept at suckling alien young as well as their own although sniffing of the 
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anogenital region persists (Poindron et al. 2007b; Lévy et al. 2004). Interestingly, in 
sheep, only the main olfactory system is involved in young identification since 
lesions of the accessory olfactory system does not prevent maternal selectivity at 
suckling (Lévy et al. 1995a). Whether in goats the accessory olfactory system plays 
a role in selectivity remains to be clarified.

The issue of the chemical nature and the source of odors responsible for the 
olfactory signature of the young are still not elucidated. Olfactory cues responsible 
for the identity of the young are probably not very volatile since mothers are not 
able to recognize their lamb at a distance greater than 25 cm (Keller et al. 2003; 
Poindron et al. 2003; Alexander 1978). Wool from various body regions could pro-
vide cues to recognition since sheep mothers are very interested in wool taken from 
the rump, trunk, or head-neck of their own lamb (Alexander and Stevens 1982). A 
chemical analysis of the cranial wool of lamb identifies 133 volatile organic com-
pounds that could be implicated in the olfactory identity of the lamb (Burger et al. 
2011). Unfortunately, alien lambs dressed in jackets sprayed with a mixture of these 
compounds were rejected at suckling. The anal odor could also serve a specific 
release to suckling (Alexander et al. 1983a). The absence of interest for lamb feces 
suggests that sebaceous glands exterior to the anus could be part of the source of 
odor. Odors associated with amniotic fluids seem not be determinant for the olfac-
tory recognition of the lamb. Ewes that already are selective at suckling reject an 
alien lamb coated with amniotic fluid coming from their own lamb (Porter et al. 
1994). However, one study reports a relatively high proportion of selective mothers 
just after parturition suggesting that amniotic fluid could bear some individual che-
mosensory information (Keller et al. 2003).

What are the processes involved in the formation of the individual odor of the 
lamb? Evidence for a genetic contribution to olfactory signatures has been demon-
strated in rodents and humans (Restrepo et  al. 2006). Consequently, a degree of 
genetic relatedness of individuals and a similarity of their odor types is predictable. 
In sheep, mothers have been tested for their ability to detect olfactory resemblance 
between their twins. Mothers more readily accept their familiar lamb than to its twin 
isolated at birth. However, they treat more positively their separated twin than unfa-
miliar alien lambs (Porter et al. 1991). In a follow-up experiment, it was evidenced 
that familiar and isolated monozygotic twins are not differentiated by their mothers 
while this is not the case for the corresponding dizygotic twins (Romeyer et  al. 
1993b). It thus seems that the odor of monozygotic twins is more akin than those of 
dizygotic twins, supporting the hypothesis that olfactory signatures are genetically 
influenced, as reported in rodents and humans.

The environment also influences individually distinctive odor signatures. A pos-
sible role of acquired maternal labels, for example, through the maternal diet has 
been reported in the spiny mouse (Porter and Doane 1978). These diet-specific 
odors could be deposited onto the young as their mothers lick them or they could be 
transferred to the litter through milk. The existence of acquired maternal labels has 
also been proposed in goats (Gubernick 1981). However, recognition of the familiar 
kid can occur without labeling: Mother goats are selective to their own kids placed 
after birth into a wire meshed cage that prevents their mother from labeling through 
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licking and/or suckling (Romeyer et al. 1993a). In addition, such maternal labels are 
not necessary for the rejection of alien lambs since mother goats reject both labeled 
and unlabeled alien lambs. Similar conclusions can be drawn from studies in sheep. 
Mothers develop a selective bond with their lambs, even when direct physical con-
tact is prevented, provided that they have access to the lamb’s odor (Romeyer et al. 
1993b). Mothers also reject alien young regardless of whether those lambs have 
been isolated (presumably unlabeled) after birth or housed with their own mother 
(presumably labeled; Porter et  al. 1991) or fed by an alien mother (presumably 
labeled through milk; Lévy et al. 1991). However, maternal labels although unnec-
essary can be incorporated into the lamb odor. Ewes are able to discriminate between 
their monozygotic twins after having full contact with one of those lambs (presum-
ably labeled) for 4 h whereas not when physical contact with one of the twins has 
been prevented during the exposure period (Romeyer et al. 1993b). Thus, it seems 
that the lamb odor results from chemical by-products of bodily processes and 
acquired olfactory cues especially those transferred from the mother and those 
resulting from the activity of the bodily microbiota.

 Visual and Auditory Cues

Maternal recognition of lamb or kid at great distance is dependent on visual and/or 
acoustic cues and is established a few hours after parturition (Keller et al. 2003; 
Terrazas et al. 1999; Poindron et al. 2003). Recognition of the lamb based only on 
visual cues has been explored in a few studies, but the salient cues involved are not 
determined yet. Early studies report that the appearance of the lamb’s face is of 
primary importance while changes in the appearance of the rump or the front legs 
do not disturb lamb recognition (Alexander and Shillito 1977). The significance of 
faces is further demonstrated by the ability of ewes to discriminate photographs of 
faces between unfamiliar lambs (Ferreira et  al. 2004) and between familiar and 
unfamiliar lambs (Kendrick et al. 1996). Peripheral features of the faces could be of 
significance since removing the peripheral, but not internal, features abolishes the 
recognition between faces of adult sheep (Peirce et al. 2000). Lamb discrimination 
is only accomplished on photographs of 3-week-old lambs, suggesting that these 
facial features are not salient before this age (Kendrick et al. 1996). The ability of 
goats to discriminate the face of their familiar kid is not documented, while goats 
can discriminate members of their group using head’s cues (Keil et al. 2012) and 
can form categories based on the visual appearance of symbols and generalize 
across new symbols (Meyer et al. 2012). In addition, kids use pelage color to recog-
nize their mothers in a large group-choice situation (Ruiz-Miranda 1993). Because 
kids can be distinguished according to the color of their coat, mother goats might be 
able to recognize the face of their young earlier than sheep mothers.

Vocal discrimination is effective sooner than visual discrimination since ewes 
display a preference for vocalizations of their lambs at 24  h of age (Sèbe et  al. 
2007). This early ability is facilitated by a high vocal activity from both the mother 
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and its young for the first hours after parturition (Sèbe et al. 2007; Dwyer et al. 
1998; Poindron et al. 1980) providing a favorable context to learn the vocal identity 
of the lamb. In addition, an association between the vocal activity of the dyad and 
nursing is established within 6  h postpartum, shaping very early mother-young 
communication (Sebe et al. 2008). Another factor facilitating the early development 
of vocal discrimination resides in the fact that lambs’ calls are individually distinc-
tive based on the temporal and the frequency distribution of the call (Sèbe et al. 
2018). However, it remains to be determined which parameters are relevant for 
lamb’s recognition by the mother. The response to lambs’ calls is maximal when 
motivation for feeding is high, suggesting that vocal recognition is not only efficient 
for the maintenance of mother-young contact but also ensures a high probability of 
preferential maternal nursing (Sebe et al. 2008). In hider species, like goats, mothers 
memorize the location where their offspring are hidden and call to initiate nursing. 
Therefore, the requirement for mothers to recognize their young vocally is less criti-
cal. However, evidence has been provided for offspring vocalization individuality 
even during the hiding phase, at 1 week postpartum, based on frequency distribution 
and duration of the bleats. This individual acoustic signature probably serves as a 
support for the recognition of the kid evidenced at 2 days after birth (Briefer and 
McElligott 2011; Terrazas et al. 2003). Thus, it appears that vocal discrimination 
plays an important role in the early development of the bond with the young. It can 
be effective at much greater distances than allowed by visual recognition and when 
mother and young cannot see each other. However, although auditory cues are suf-
ficient to allow identification soon after birth, addition of visual cues increases the 
efficiency of offspring recognition.

 Brain Regions Involved in Selectivity

Fos studies reported in section “Brain regions involved in maternal responsiveness” 
also reveal that olfactory memory processes associated with selectivity require a 
neural network different from the one involved in maternal responsiveness (Fig. 2). 
Olfactory processing regions, the OB, the piriform cortex, the frontal medial cortex, 
and the orbitofrontal cortex, are mainly activated in mothers that are undergoing 
olfactory formation (Da Costa et al. 1997; Keller et al. 2004a). In addition, the corti-
cal nucleus of the amygdala, the entorhinal cortex, and the hippocampal formation 
show increased Fos labeling in anosmic (and consequently not selective) mothers in 
comparison to intact ones (Keller et al. 2004a).

 The Olfactory Bulb

The OB, the first relay olfactory information processing, was extensively studied 
with a combination of different methodological approaches. Using electrophysio-
logical recordings of the mitral cells, the main cells of the OB that send olfactory 
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signals to various olfactory cortical structures, parturition was revealed as a key 
event that modifies the processing of lamb odors (Kendrick et al. 1992c). During 
pregnancy, lamb or amniotic fluid odors preferentially activate none of these cells, 
and instead, the majority of them respond to food odors. After birth, the number of 
cells that respond preferentially to lamb odors markedly increases, indicating that 
the change in salience of lamb odors that occurs at parturition is mediated by a shift 
in olfactory cell responsiveness. In addition, while the majority of mitral cells do not 
differentiate between lamb odors, a proportion of the cells do respond preferentially 
to the odor of the ewe’s own lamb (Fig. 2). Thus, a coding for the familiar lamb odor 
is set up at the level of the first relay of odor processing when the recognition of 
lamb odors is a behavioral priority.

Measures of the release of glutamate, the neurotransmitter of mitral cells, and 
gamma-aminobutyric acid (GABA), a modulator of the activity of mitral cells, by 
in  vivo microdialysis are consistent with the changed firing activity of these 
neurons. Although lamb odors do not induce release of these neurotransmitters pre-
partum, after parturition, own lamb odors selectively increase glutamate and GABA 
release (Kendrick et  al. 1992c). Functional studies support these correlations. 
Infusion of a GABA receptor antagonist in the OB prevents lamb recognition after 
the selective bonding had been formed (Kendrick 1994).

Centrifugal pathways of the OB, like noradrenergic inputs, play a role in estab-
lishing changes within the OB, which are responsible for the formation of a lamb 
olfactory memory. During the learning phase of lamb odor, an increase in noradren-
aline release occurs in the OB (Lévy et al. 1993). Lesions of noradrenergic projec-
tions to the OB or direct infusions of a ß-adrenergic antagonist reduce the number 
of selective ewes without affecting maternal responsiveness and odor perception 
(Lévy et  al. 1990b; Pissonnier et  al. 1985). Noradrenergic activation stimulates 
nitric oxide release, which in turn potentiates glutamate release. Blockade of the 
neuronal enzyme nitric oxide synthase prevents both the potentiation of glutamate 
release and formation of the olfactory memory (Kendrick et al. 1997b). OT release 
within the OB (see section “Brain regions involved in maternal responsiveness”) at 
parturition may also facilitate lamb odor memory because it increases noradrenaline 
concentration in this brain region (Lévy et al. 1995b). Further evidence that OT can 
modulate olfactory processing directly in the OB comes from a study showing a 
change of mitral cell activity by microiontophoretic applications of OT (Yu et al. 
1996). Thus, OT would facilitate maternal responsiveness, by mediating olfactory 
attraction to amniotic fluids (Lévy et al. 1990a), and selectivity, by facilitating olfac-
tory memory formation induced by noradrenaline release.

In addition to these changes, the OB retains another form of brain plasticity that 
is a lifelong continuous generation of neurons originating from neural stem cells in 
the sub-ventricular zone located on the wall of the lateral ventricles (Fig. 3a). These 
cells produce transient amplifying cells, which divide to produce neuroblasts. The 
neuroblasts migrate along the rostral migratory stream, and after reaching the OB, 
the majority of them mature into interneurons, which regulate the activity of the 
mitral cells (Fig. 3b; Lledo et al. 2006; Lepousez et al. 2015). This neuroplasticity 
could provide an additional mechanism through which olfaction can contribute to 
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Fig. 3 Olfactory neurogenesis and maternal behavior. (a) Continuing neurogenesis mainly occurs 
within the sub-ventricular zone (SVZ) and the dentate gyrus (DG). The SVZ gives rise to neuro-
blasts that migrate through the rostral migratory stream (RMS) and differentiate into mature neu-
rons in the olfactory bulb (OB; Gheusi and Lledo 2007). (b) The main steps of olfactory 
neurogenesis include the proliferation, migration, differentiation, and integration of newborn neu-
rons. (c) Photographs showing 3-month-old neuroblasts and their dendrites labeled by the bromo-
deoxyuridine (BrdU) and doublecortin (DCX) (adapted from Brus et al. 2014). (d) Zif268 is a 
marker of neural activity (adapted from Corona et al. 2017). (e) Infusion of the antimitotic Ara-C 
into the ventricles leads to a reduction <70% (AraC-min) or >70% (Ara-Cmax) in the number of 
olfactory neuroblasts (adapted from Corona et al. 2018)

the enhancement of lamb olfactory learning. A first evidence to support this hypoth-
esis comes from experiments showing an alteration of olfactory neurogenesis dur-
ing the establishment of maternal behavior. A decrease in cell proliferation in the 
sub-ventricular zone of the ventricle is observed in mothers that remain with their 
lambs for the first 2 postpartum days when compared to mothers separated from 
them (Brus et al. 2010). In addition, the number of neuroblasts, which migrate to the 
OB, also decreases in mothers interacting with their lambs. However, maturation of 
the remaining neuroblasts, revealed by their dendritic length and their number of 
nodes, is enhanced (Fig. 3c; Brus et al. 2014). Interactions with young and associ-
ated olfactory learning, rather than parturition, are responsible for these modifica-
tions because they are prevented by separating mothers from their lambs at 
parturition. Numerous studies report that olfactory experience sculpts newborn neu-
rons (Lazarini and Lledo 2011). In the context of motherhood, olfactory exposure to 
pups induces changes in structural synaptic plasticity of newly born olfactory 
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neurons in mice (Belnoue et al. 2016; Kopel et al. 2012). The decrease in the num-
ber of neuroblasts would reduce cell competition and consequently increase their 
maturation, facilitating their integration in the neural network involved in learning. 
In support of this hypothesis, a modeling study indicates that an increase in cell 
proliferation causes a reduction in the amount of synaptic rewiring, which is not 
beneficial for learning (Butz et al. 2008).

A further step in the demonstration of the importance of olfactory neurogenesis 
in the context of maternal behavior consists in testing if increased activation of 
newborn neurons after exposure to lambs is of behavioral relevance. By pairing 
neurogenic markers with markers of neural activity, activation of olfactory newborn 
neurons have been compared between mothers exposed either to lambs or to an 
adult conspecific (Corona et al. 2017). Exposure to lambs increases the percentage 
of activated neuroblasts in the OB compared to exposure to an unfamiliar ewe, indi-
cating that the preferential activation is not achieved for any social odors but is 
specific to lamb odors (Fig. 3d). Hence, newborn neurons of the OB could partici-
pate in the processing of lamb odors.

To further understand the functional relevance of olfactory neurogenesis, the 
consequences of a disruption of neurogenesis on recognition of the familiar lamb 
were assessed during the early postpartum period (Corona et al. 2018). Infusion of 
the antimitotic drug Ara-C into the ventricles during the second month of gestation, 
leading to a 70% reduction in olfactory neurogenesis, disrupts discrimination of the 
familiar lamb. During selectivity tests, mothers with reduced olfactory neurogenesis 
do not display aggressive behavior toward alien lambs. In addition, when ewes are 
given the choice between familiar and unfamiliar anesthetized lambs so that only 
olfactory cues are available, mothers with a 70% reduction in neurogenesis are not 
able to discriminate their own lamb from an alien lamb (Fig. 3e). These results indi-
cate that adult-born olfactory neurons are to some extent involved in lamb olfactory 
memory. The mechanisms controlling the integration of olfactory adult-born neu-
rons during the formation of the lamb memory are not elucidated. The increased 
activity of noradrenergic afferents to the OB at parturition could be a potential can-
didate as it was demonstrated in mice that olfactory perceptual learning requires 
both the presence of adult-born cells and noradrenaline (Moreno et al. 2012).

 Beyond the Olfactory Bulb

Plastic changes that occur in the OB represent the first changes in the processing of 
a lamb odor memory. Based on studies showing Fos activation during formation of 
such memory, the involvement of some secondary olfactory processing regions was 
investigated by silencing these regions using infusion of an anesthetic.

Cortices that receive extensive olfactory projections do not seem to be required 
for the formation of olfactory lamb memory. Infusion of tetracaine within the piri-
form cortex for 4 h postpartum only reduces rejection of an unfamiliar lamb from 
the same breed but not from a different one suggesting the involvement of this olfac-
tory cortex in the fine discrimination of similar lamb odors. However, the 
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assumption that lambs of the same breed share common olfactory signatures remains 
to be elucidated (Broad et al. 1999b). It would be of interest to inactivate more spe-
cifically the posterior part of the pyriform cortex known to be engaged in olfactory 
memorization (Mouly et al. 2001; Mouly and Gervais 2002). The medial frontal 
cortex that shows increased c-fos expression at parturition when ewes are exposed 
to lambs (Da Costa et al. 1997) was also reversibly inactivated in parturient ewes. 
The treatment decreases aggressive motor responses (head butts) and protest vocal-
izations directed toward strange lambs without interfering with acceptance behav-
iors toward lambs. These rejection behaviors toward strange lambs appear 1 h after 
the termination of tetracaine infusions, indicating that despite inactivation of the 
medial frontal cortex, an olfactory memory for the familiar lamb has been formed 
(Broad et al. 2002).

A functional role for both the cortical and the medial nuclei of the amygdala in 
the formation of lamb olfactory memory, which receives olfactory input from the 
OB, has been revealed using infusion of lidocaine for the first 8 h postpartum (Keller 
et  al. 2004b). Inactivation of either the cortical or the medial nucleus results in 
acceptance at suckling of the alien lamb, a lack of aggressive behavior, and a 
decrease in the percentage of selective ewes for the first 8 h postpartum (Fig. 2). The 
loss of selectivity cannot be the consequence of an impairment of maternal respon-
siveness because ewes display the full repertoire of maternal acceptance toward 
their lambs at parturition. The termination of lidocaine infusions in nonselective 
mothers does not restore selectivity, and lidocaine infusions in selective mothers at 
2 days postpartum do not impair selectivity, indicating that the loss of selectivity 
cannot be explained by an impairment of memory retrieval. These results support 
the view that both nuclei form a hub in the network controlling olfactory lamb rec-
ognition memory.

The basal forebrain cholinergic system innervating cortical and limbic areas is 
well known for its contribution to attention processes and memory function (Knox 
2016). This brain region is also essential for the formation of olfactory recognition 
of the lamb. At parturition and during the first hours postpartum, the cholinergic 
system is activated, especially in the OB (Kendrick et al. 1986; Lévy et al. 1993). 
Moreover, the blockade of central muscarinic receptors by injections of scopol-
amine at parturition impairs olfactory recognition of the familiar lamb tested at 4 h 
postpartum without interfering with maternal responsiveness (Lévy et  al. 1997). 
Central muscarinic receptors are also implicated in post-acquisition processes of 
lamb odor recognition since injection of scopolamine after the establishment of 
selectivity impairs retention of this memory (Ferreira et  al. 1999). The extended 
lesion of the basal forebrain cholinergic system (higher than 75%), using a specific 
cholinergic immunotoxin, ME20.4IgG-saporin, induces a severe impairment of 
olfactory lamb recognition within 4 h following birth (Ferreira et al. 2001). No defi-
cit of maternal responsiveness was reported, indicating that the impairment of rec-
ognition could not result from disturbance of lamb nursing, an olfactory deficit, or 
a loss of aggressiveness toward the alien lamb. However, which of the projections 
sites of the cholinergic system is involved remains to be determined. A functional 
interaction between noradrenergic and cholinergic projections to the OB can be 
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suggested since increased release of both neurotransmitters occurs in the OB at 
parturition. In addition, impairment of the noradrenergic afferents to the OB does 
not prevent individual recognition of the lamb in all animals (Lévy et al. 1990b). 
The hypothesis of a synergistic action between both systems would be interesting 
to test.

The neural network controlling olfactory recognition of the lamb undoubtedly 
includes more brain structures. For instance, the entorhinal cortex may be important 
since it shows increased Fos activation during the formation of olfactory lamb mem-
ory (Da Costa et al. 1997; Keller et al. 2004a), and it is critical in olfactory recogni-
tion memory of conspecifics in rodents (Petrulis and Eichenbaum 2003; Bannerman 
et al. 2002). In addition, increased Fos activation in the orbitofrontal cortex in selec-
tive mothers is consistent with electrophysiological studies showing cells respond-
ing to odors, in particular to biological meaning cues of conspecifics (Onoda 
et al. 1984).

A hypothetical pathway supporting lamb olfactory memory could be the follow-
ing: Olfactory inputs from the OB to both cortical and medial nuclei of the amyg-
dala may, in turn, be relayed to the entorhinal cortex and also to the orbitofrontal 
cortex since tract-tracing studies indicate such connections in sheep (Meurisse 
et al. 2009).

5  Environmental Factors Regulating the Onset of Maternal 
Behavior: Nutrition Levels

The previous sections have described the endocrine and neuroendocrine factors as 
well as the sensory cues that determine the onset of maternal responsiveness and 
selectivity. In addition to these internal factors, external factors such as changes in 
the environment affect the expression of maternal behavior. For example, the low 
availability of food in winter or in semiarid zones during pregnancy is not only 
associated with a reduction in colostrum and milk production, but it also impairs 
lamb survival by affecting maternal care and neonate behavior at birth (Dwyer et al. 
2003). Undernutrition during the last 6 weeks of pregnancy results in mothers of 
twins deserting the birth site in comparison with well-fed ones (Putu et al. 1988), 
and ewes on low-pasture allowance are less likely to stay with their litter (Everett- 
Hincks et  al. 2005). A simple reason could be that undernourished mothers are 
likely to be more attracted to food than to their lambs and move quickly from the 
birth site to graze (Nowak 1996). The poor maternal care can be also due to lamb 
weakness and inability to follow the mother. However, some studies indicate that 
maternal nutrition also affects the expression of maternal behavior. A moderate 
reduction in nutritional intake during pregnancy induces decreased grooming of the 
lamb at parturition, increased aggressiveness, and low scores of maternal attach-
ment in Scottish Blackface mothers (Dwyer et al. 2003). Similarly, feed-restricted 
Ghezel ewes during late pregnancy are slower to groom their lambs and reject more 

F. Lévy



101

frequently their lamb at suckling than ewes offered ad libitum intake (Ahmadzadeh 
et al. 2020). A plausible cause of the effects of undernutrition on maternal care may 
lay in steroid changes in late gestation induced by food restriction. Both studies 
report a higher progesterone plasmatic concentration in ewes offered a restricted 
regime. A reduced estradiol to progesterone ratio is also observed in Dwyer et al.’s 
study (Dwyer et al. 2003). Other factors such as a prolonged parturition and a higher 
incidence of incorrect lamb presentation at delivery could also affect the expression 
of maternal care (Dwyer et al. 2003). However, other studies report no effect of ewe 
nutrition on maternal behavior (Everett-Hincks et al. 2005; Corner et al. 2010), and 
some methodological differences can explain this discrepancy. Indeed, in Dwyer 
et  al. (2003) and Ahmadzadeh et  al.’s studies (2020), maternal behavior was 
observed without human intervention. In Everett-Hincks et al. (2005) and Corner 
et al.’s studies (2010) maternal behavior was quantified during tagging procedure, 
and the response of the mother to her lambs was assessed while the lambs were 
being restrained by a human. In addition, Everett-Hincks et al. (2005) and Corner 
et al. (2010) used mixed-age ewes, whereas Dwyer et al. (2003) used only primipa-
rous ewes, and it is possible that mothers without any previous experience are more 
sensitive to the effects of undernutrition.

In goats, the effect of undernutrition on maternal care is poorly documented. One 
study shows that 70% of the nutritional requirements for maintenance and fetal 
growth given during the last 3 months of gestation induce no impairment of licking, 
maternal bleating, and nursing at parturition but impair nonolfactory recognition of 
the own kid (Terrazas et al. 2009). Surprisingly, in goats maintained under extensive 
semiarid conditions, supplementation with concentrate during late gestation does 
not result in improvement of maternal behavior (Luna-Orozco et al. 2015) while 
feeding supplemental maize during the last days of pregnancy improves maternal 
care at birth and maternal selectivity (Ramírez-Vera et  al. 2012). Clearly, more 
investigations are required to determine whether a more severe restriction of nutri-
tion or a situation that requires the does to expend more energy to feed would impair 
maternal care. In addition, both in sheep and goats, deficiencies in trace elements 
and other nutrients resulting from undernutrition may affect maternal behavior, and 
this possibility has not been explored yet.

6  Personality Traits and Experiential Factors Regulating 
the Onset of Maternal Behavior

Although the expression of maternal behavior is quite similar in both sheep and 
goats, significant variations are observed in the quality and the quantity of the dif-
ferent items that constitute maternal care (Dwyer 2008a). These differences are 
found between females of different breeds and also within the same breed, accord-
ing to the temperament of the animal or to its maternal experience.
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 Breed Differences

There are over 200 breeds of domestic sheep created to serve multiple production 
purposes (i.e., meat, milk, wool), and these different breeds are adapted to different 
environments (mountains, hills, lowlands) and to different weather conditions. 
These multiple selections and adaptations to various habitats have resulted in varia-
tions in social behavior and particularly in the expression of maternal behavior 
(Dwyer and Lawrence 1999b). Indeed, many aspects of maternal behavior at partu-
rition vary between breeds. First, differences are reported in the shelter-seeking 
behavior (Pritchard et al. 2021; Whateley et al. 1974), pawing the ground, and walk-
ing in circles during labor (Arnold and Morgan 1975). Breed differences are also 
reported in behaviors expressed at parturition toward lambs. Licking behavior, 
emission of maternal bleats, acceptance at udder, rejection behaviors toward the 
lambs, and time spent at the birth site are the main behavioral items affected by 
breeds (Dwyer and Lawrence 1998, 2000a, Alexander et al. 1983b, 1990b; Dwyer 
et al. 1996; Poindron et al. 1984a; Simitzis et al. 2016). These differences are mainly 
detectable in primiparous ewes since mothers rapidly adopt the appropriate behav-
ior toward the lamb within the first hours after parturition, and minor differences 
between breeds are observed 3 h after parturition (Poindron et al. 1984b). Not only 
the expression of maternal behavior at parturition, but also preference for the own 
lamb, differs between breeds. For instance, Suffolk mothers have a longer latency to 
approach their own lambs and spend less time with it than Scottish Blackface moth-
ers when given a choice between their own and an alien lamb in a Y-maze 
(Dwyer 2008b).

Why do some breeds show inferior maternal behavior? The reasons are not 
understood. Dwyer and Lawrence (1998) reporting a poorer quality of maternal 
behavior in a lowland breed selected for growth (Suffolk) in comparison with a less- 
selected hill breed of sheep (Blackface) suggest that “an increase in selection for 
superior production characteristics had led to a decrease in the expression of behav-
iors associated with survivability under extensive conditions.” However, some of the 
maternal behaviors could directly be under genetic control. The maternal behavior 
score at lambing, based on the proximity of the mother to her lamb as it is tagged 
and assessed outdoors, shows some heritability albeit low (Lambe et al. 2001; Plush 
et al. 2011; Everett-Hincks and Cullen 2009). Scoring maternal behavior outdoors 
in extensive farming systems could introduce factors of variations such as the social 
and grazing environments. When an indoor behavior test assessing attraction and 
reactivity to separation from the litter at 24 h postpartum is performed, high esti-
mated heritabilities are found for call bleats and maternal bleats. Genetic correla-
tions are moderate for proximity to the litter in the presence of a human (Hazard 
et al. 2020). It is therefore conceivable to include some of the heritable behavioral 
traits in sheep breeding to improve maternal attachment.
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 Temperament

Temperament can be defined as a set of individual differences in behavior that occur 
in early life, and that is relatively stable across situations and over the course of 
time. Some evidence indicates that traits of temperament can influence the quality 
of maternal behavior. Merino mothers selected for their calm temperament spent 
more time grooming their lambs and bleat more frequently to their lambs than ewes 
selected for their nervous temperament (Bickell et al. 2010) (Murphy et al. cited in 
Dwyer 1998). Ewes selected for their superior mothering ability display less emo-
tive reactions in an open-field test than unselected ewes (Kilgour and Szantar- 
Coddington 1995). A positive correlation is reported between agitation score in 
social isolation and improved maternal score (Plush et al. 2011). Similarly, ewes 
showing the highest levels of social reactivity and plasma cortisol responses to iso-
lation and reunion with congeners spend more time licking their lambs, display less 
refusal at suckling, and vocalize more when separated from their lambs (Coulon 
et al. 2014). The temperament or emotional reactivity could in part determine mater-
nal styles defined as a consistent group of maternal behavior items expressed by an 
individual. In sheep, a majority of Suffolk mothers expresses a maternally rejecting 
style, whereas most Blackface mothers show a high level of maternal care and are 
infrequently rejecting mothers. In addition, both behavioral styles are consistent 
across parities (Dwyer and Lawrence 2000b). Thus, selection for these traits of 
temperament by improving mother ability could indirectly enhance lamb survival 
(Plush et al. 2011; Brown et al. 2016).

 Maternal Experience

Although the onset of maternal behavior is deeply driven by physiological factors 
that ensure a proper maternal care, previous maternal experience is a requisite for 
optimal expression of maternal behavior at parturition in most mammals, at least in 
ungulates, rabbits, and primates (Gonzalez-Mariscal and Poindron 2002; Fleming 
and Li 2002). In sheep, inexperienced mothers display various behavioral distur-
bances: decreased licking, emission of maternal bleats, udder acceptance, and 
increased withdrawal from the lamb and aggressive behavior at least within the first 
hours after parturition (O’Connor et  al. 1992; Poindron and Le Neindre 1980; 
Poindron et al. 1984b; Dwyer and Lawrence 2000b; Lv et al. 2016; Ekiz et al. 2007). 
These deficits in maternal care of inexperienced females differ according to the 
breed. Suffolk primiparous ewes show higher rejection of the lamb in comparison to 
Blackface ewes (Dwyer and Lawrence 2000b). In the Romanov breed, primiparous 
mothers display more licking behavior toward the lamb than Préalpes and Ile-de- 
France breeds (Poindron et al. 1984b). These deficits result in higher mortality of 
lambs from primiparous ewes (Putu et al. 1986). However, the behavioral distur-
bances observed in primiparous mothers rapidly disappear within the first hours 
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postpartum, indicating that maternal behavior is built up as the mother interacts with 
her young (Poindron et al. 1984b). In goats, behaviors of isolation seeking and intol-
erance to conspecifics before parturition are less observed in primiparous goats that 
are more likely to follow the flock (Das and Tomer 1997; Lickliter 1984b; Malfatti 
et al. 1991). Unfortunately, apart from studies describing maternal behavior of pri-
miparous ewes (Otal et al. 2010; Martinez et al. 2009), there is no comprehensive 
comparative study of maternal behavior at parturition between primiparous and 
multiparous goats to assess the importance of maternal experience in this species.

The disturbances of maternal responsiveness expressed by primiparous ewes 
could affect the establishment of olfactory recognition of the lamb. In Kendrick’s 
review (Kendrick 1994), unpublished observations indicate a slower latency to bond 
by 2 h postpartum in primiparous ewes. However, another study reports that when 
primiparous ewes showing a lack of maternal responsiveness are excluded, the 
remaining mothers are as efficient in their olfactory recognition at 2 h postpartum as 
are their multiparous counterparts (Keller et al. 2003). It seems, therefore, that once 
inexperienced mothers establish the contact with their lamb, the olfactory learning 
process is immediately functional, and maternal experience does not influence this 
process. The fact that in the latter study ewes were kept individually in close contact 
with their lamb supports this hypothesis. In contrast to olfactory recognition, previ-
ous maternal experience facilitates the development of visual and auditory recogni-
tion. Multiparous mothers are able to recognize their lamb using nonolfactory cues 
at 6 h, whereas primiparous mothers do so only after 24 h of mother-young contact 
(Keller et al. 2003). The facilitating effect of maternal experience on nonolfactory 
recognition was further confirmed in another breed of sheep (Gonzalez et al. 2015). 
Even a single maternal experience is sufficient since biparous mothers achieve this 
recognition at 8 h postpartum (Keller et al. 2003). The differential effect of maternal 
experience between olfactory and nonolfactory recognition of the lamb confirms the 
relative independence of the two systems of recognition (see section “Sensory fac-
tors controlling maternal responsiveness”; Ferreira et al. 2000). Visual and auditory 
cues could represent a multisensory process more complex than learning a single 
(olfactory) sensory cue, and that requires maternal experience.

Differences in the sensory, physiological, and neurobiological mechanisms 
involved in maternal responsiveness and maternal selectivity between primiparous 
and multiparous females have been identified that may be responsible for the behav-
ioral differences. For instance, the importance of sensory cues varies with experi-
ence. Depriving ewes of amniotic fluid by washing the neonate induces a reduction 
of licking in inexperienced mothers, and most of them fail to accept their lamb 
while experienced mothers establish an appropriate maternal behavior (Lévy and 
Poindron 1987). Amniotic fluids are necessary for primiparous females, while expe-
rienced mothers compensate for the absence of amniotic fluids.

The action of the physiological factors is greatly influenced by maternal experi-
ence. In inexperienced non-gestant ewes, neither steroid priming nor vaginocervical 
stimulation induces acceptance of the lamb (Le Neindre et al. 1979; Keverne and 
Kendrick 1991). In addition, estrogen-primed nulliparous ewes are unresponsive to 
other artificial means of inducing maternal responsiveness, either with OT or 
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opiates (Keverne and Kendrick 1991). It is possible that maternal experience 
enhances the brain’s sensitivity to hormonal factors involved in maternal respon-
siveness. For instance, multiparous mothers show a higher density of estrogen 
receptors-alpha in the PVN and the MPOA, key structures for the induction of 
maternal responsiveness (Meurisse et al. 2005). The increase in estrogen receptors 
could account for the higher capacity of experienced mothers to respond to estrogen 
administration. Furthermore, maternal experience also enhances expression of OT 
receptor mRNA in the PVN. Increased release of OT reported in the OB of multipa-
rous mothers following parturition could enhance the attractiveness of amniotic flu-
ids or facilitate the olfactory memory for lambs (Lévy et al. 1995b). The increased 
release of OT could be the consequence of a larger release of neurotransmitters 
reported in multiparous females. For instance, more noradrenaline and acetylcho-
line are measured in the OB of experienced than inexperienced mothers (Lévy et al. 
1993; Keverne et  al. 1993; Lévy et  al. 1995b), and infusion of OT induces an 
increase of noradrenaline concentrations in multiparous but not in primiparous 
mothers (Lévy et al. 1995b). These differences in transmitter release disappear 6 h 
after parturition, revealing a neural maturation of the OB as interactions with the 
lamb progresses.

The neural network involved in maternal responsiveness could undergo matura-
tion induced by maternal experience. For instance, whereas inactivation of the 
MPOA at parturition results in a loss of interest toward the lamb in primiparous 
mothers, it causes few impairments in multiparous mothers (Perrin et  al. 2007). 
Thus, maternal experience modifies the neural network involved in maternal behav-
ior so that other brain structures could compensate for MPOA inactivation.

7  Conclusion

Sheep and goats offer the unique possibility to investigate the mechanisms involved 
in maternal care associated with a selective attachment to the young, as rodent 
mothers do not show selective interaction with their litter. These two facets, which 
lead to maternal attachment, are synchronized with parturition by uterine stimula-
tion induced by the expulsion of the neonate. However, the mechanisms governing 
both processes differ, especially the two neural networks currently identified 
(Fig. 2). Whereas hypothalamic nuclei (the PVN, the MPOA, and the BNST) are 
involved in maternal responsiveness, olfactory processing regions (the OB, the cor-
tical and medial nuclei of the amygdala, and the frontal cortices) and the noradren-
ergic and cholinergic systems constitute the circuitry involved in selectivity. A 
hypothetical neural model can be proposed to explain how both neural networks 
come into play based on anatomical studies showing interconnections between the 
two (Meurisse et al. 2009; Lévy et al. 1999). At parturition, vaginocervical stimula-
tion induces activation of the parvocellular OT neurons in the PVN (Fig. 2). This 
activation coordinates release of OT in a number of brain regions and specifically in 
the MPOA/BNST and the OB. OT could act on the OB to promote attraction to 

The Onset of Maternal Behavior in Sheep and Goats: Endocrine, Sensory, Neural…



106

amniotic fluids and consequently licking the neonate. Brain regions involved in the 
performance of other acceptance behaviors (nursing, bleating) are currently 
unknown. Once nursing occurs, it activates the MPOA/BNST through the activation 
of the OT system in the PVN. Vaginocervical stimulation also induces activation of 
both the cholinergic system of the basal forebrain and the noradrenergic system of 
the locus coeruleus, both of which project to the OB. The noradrenergic activation 
induces neural changes within the OB, which results in an enhanced response to the 
familiar lamb odor favoring its discrimination. The changes in mitral cell activity 
induced by the familiar lamb odor activate both the cortical and medial nuclei of the 
amygdala. Thus, these nuclei would respond more strongly to odor from the famil-
iar lamb than from any alien lamb. In turn, this olfactory network stimulated by the 
familiar odor would activate the MPOA/BNST/PVN network to promote maternal 
acceptance. This would result in a tighter coupling between both networks such that 
after a few hours postpartum, familiar lamb odors systematically evoke maternal 
acceptance. On the other hand, stimulation of the OB by alien lamb odor would 
result in an inhibition or a lack of activation of the MPOA/BNST/PVN network. 
Concomitantly, unfamiliar lamb odor would activate brain regions that regulate 
rejection behavior, like the medial frontal cortex of which inactivation impairs the 
aggressive motor rejection response (Broad et al. 2002). Undoubtedly, other brain 
regions involved in both aspects of maternal behavior are required to complete 
this model.

To date, no study has identified the sensory cues relevant for recognition of the 
familiar lamb. The chemical nature of odors responsible for attractiveness of the 
neonate could be singular compounds, such as dodecyl propionate, reported to pro-
mote anogenital licking in the mother rat (Brouette-Lahlou et al. 1991). Cues cod-
ing for individuality could be more complex, constituted by a mixture of compounds 
probably localized in the wool and others produced by skin glands. Unveiling the 
identity of these odors would be of great help to sheep farmers as they could induce 
attraction to a newborn in non-maternal mothers or adoption of lambs by mothers 
with dead lambs. Similarly, features of the faces that support the visual recognition 
of the familiar lamb and acoustic parameters involved in the acoustic signature are 
currently unknown.

Beyond the identification of these sensory cues, the multisensory recognition of 
the young raises the issue of their interaction. In the rat mother, a synergistic effect 
has been evidenced between olfactory and acoustic cues. Orientation to ultrasonic 
calls of pups out of the nest is facilitated by pup odors (Farrell and Alberts 2002). 
Pup calls are responsible for the initiation of anogenital licking by the mother, 
which is initiated by pup preputial secretions (Brouette-Lahlou et al. 1999). In the 
sea lion, acoustic and olfactory cues act synergistically and with different function 
to achieve pup recognition (Wierucka et al. 2018). In sheep mothers, anosmic ewes 
unable to recognize the odor of their lamb still accept them at suckling, suggesting 
a compensatory mechanism by auditory and visual cues (see section “Individual 
recognition of the young: maternal selectivity”). At the brain level, interactions 
between different sensory cues have been evidenced. Exposure to pup odors changes 
responses of the auditory cortex to ultrasound calls in parturient mothers (Cohen 
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et al. 2011). In sheep mothers, bleats from the familiar lamb induce similar levels of 
activation as exposure to pictures of lambs’ faces in the temporal cortex (Kendrick 
et  al. 2001). Thus, ewes may form and use mental multisensory images of their 
lamb, thus strengthening their mutual bond. How and where in the brain this image 
is formed offers a wealth of possibilities for fascinating research.

Although the mechanisms governing maternal responsiveness and selectivity, 
especially the effects of vaginocervical stimulation, seem to be similar between 
sheep and goats, many questions remain answered concerning the neuroendocrine 
control of maternal behavior in goats (Poindron et al. 2007a). For instance, it appears 
that a treatment of estradiol and progesterone does not induce maternal behavior in 
nonpregnant goats (Rosenblatt and Siegel 1981). This result is surprising when con-
sidering the importance of steroids for the onset of maternal behavior in mammals 
(Gonzalez-Mariscal and Poindron 2002). In addition, our understanding of the neu-
ral mechanisms that control maternal behavior in goats remains poor. It appears that 
the vomeronasal organ and the associated olfactory brain regions could play a role, 
contrary to what occurs in sheep. Furthermore, since goats hide their kids during the 
first week of lactation, they could have developed spatial memory skills to join them 
for suckling. Consequently, it is possible that the hippocampus, a key brain structure 
involved in spatial memory, is activated. This behavioral characteristic could result 
in a neural network involved in maternal behavior different from the one existing 
in sheep.
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Parental Behaviour in Sows

Jinhyeon Yun  and Olli Peltoniemi 

Abstract Parental behaviour in sows begins with prepartum nest-building behav-
iour, which mainly consists of rooting, pawing, and foraging, to achieve a structure 
for farrowing and to nurse and protect the offspring. A hormonal background is 
linked to the onset and cessation of nest-building behaviour. The ambient farrowing 
environment that can adequately address the needs for nest-building behaviour thus 
plays an important role in good parental behaviour of the sows during and after far-
rowing. In addition to these environmental factors, here we also discuss other well- 
known intrinsic factors, such as heredity, parental experience, and litter size, 
affecting parental behaviour of the sows for successful farrowing and lactating 
performance.

Keywords Nest-building · Parturition process · Nursing · Maternal instinct · 
Savaging behaviour · Farrowing environment

1  Nest-Building Behaviour

 Background

In the wild, the pig builds a nest for its litter prior to parturition. This behaviour is 
intrinsic and present in both wild breeds (European wild boar) and domestic breeds 
(Jensen 1986). This suggests that this behavioural need has maintained over the 
10,000 years of domestication.

In nature, a pregnant sow tends to spend her time in a small group of four to six 
sows. At the end of pregnancy, the sow typically seeks an isolated site to build a 
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nest. During the 24  h preceding parturition, the sow isolates herself and begins 
expressing nest-building behaviour, which is maximally expressed between 4 and 
12  h prior to the birth of the first piglet (Algers and Uvnäs-Moberg 2007; 
Jensen 1986).

 Hormonal Control of Nest-Building Behaviour

The hormonal factors that trigger nest-building behaviour include a rise in prolactin 
levels (Castrén et al. 1994; Fig. 1) induced by a decrease in progesterone and an 
increase in prostaglandin F2α (reviewed by Algers and Uvnäs-Moberg, 2007). 
Additionally, a steep increase of oxytocin secretion in an episodic manner (Oliviero 
et al. 2008a), together with the sensation of a ready-built nest underneath the udder, 
appears to stop nest-building behaviour prior to the birth of the first piglet (Algers 
and Uvnäs-Moberg 2007). Prolonged nest-building behaviour, maintained during 
parturition, may be considered abnormal, and it appears as indicative of problems in 
the hormonal process of parturition (Algers and Uvnäs-Moberg 2007).

 Environmental Requirements

Under natural or semi-natural conditions, the sow digs the ground with its forelegs 
and snout and builds the nest with nesting materials, such as branches, straw, and 
leaves, collected from the nearby environment (Jensen 1986; Mayer et al. 2002). In 

Fig. 1 Hormonal triggers of nest-building behaviour in a sow include a decrease in progesterone 
(bold blue bar) and an increase in prolactin and prostaglandin F2α (bold green and brown bars). 
Cessation of nest building is brought about by increased oxytocin activity and the sensation of a 
ready-built nest against the udder. (Reviewed by Algers and Uvnäs-Moberg 2007)
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agreement, nest-building behaviour in domestic sows can be stimulated by exoge-
nous environmental factors (Jensen 1993; Algers and Uvnäs-Moberg 2007; Yun 
et  al. 2014a). The size or radius of the nest varies depending on an individual’s 
experience (Jensen 1986; Mayer et al. 2002) and on the surrounding environment 
(Mayer et al. 2002).

In the modern pig industry, keeping sows in small groups of four to six individu-
als towards the end of pregnancy may not be practically feasible. However, an 
increasing group size is likely to cause stress, which may accumulate so that adverse 
effects on health and pregnancy are encountered (Peltoniemi et al. 2016; Yun et al. 
2019). Therefore, optimizing sow management to prevent stress appears advanta-
geous to the pig industry (Peltoniemi et al. 2016, 2021). Feeding management prac-
tices, such as electric feeding systems that provide an undisturbed, individual 
method for feeding sows, appear to be useful in reducing stress responses com-
monly seen in conjunction with the feeding time of group-housed sows prior to their 
isolation into individual farrowing pens.

Isolation, once parturition is approaching, may not be possible in a commercial 
piggery, yet considering the need for isolation is imperative (Yun et  al. 2019). 
Similar opportunities to build a nest with plentiful and varied nesting materials, as 
in nature, may not be feasible in most piggeries. Yet providing domestic sows with 
abundant nesting material and an adequately sized pen of more than six square 
metres, with an appealing piglet nest, are among the fundamental criteria that a 
hyperprolific sow requires for successful farrowing (Yun et al. 2015, 2019; Fig. 2). 
Nevertheless, the ongoing increase in litter size presents the industry with a chal-
lenge regarding farrowing duration.

Fig. 2 A hybrid sow (Finnish Yorkshire × Finnish Landrace) builds a nest prior to parturition in a 
modern loose housing system with a provision of nesting materials
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 Effects of Modern Housing in Confinement 
on Nest-Building Behaviour

Confining sows in crates during farrowing is a common practice worldwide. In a 
typical farrowing unit, the sow is only allowed limited space for movement, and a 
nest-building substrate is also often absent or very limited (Vestergaard and Hansen 
1984; Cronin et al. 1996; Edwards and Fraser 1997; Jensen et al. 1997; Thodberg 
et al. 1999; Gu et al. 2011; Yun et al. 2019). Restricting sow movement using a cage 
has been argued to reduce neonatal piglet mortality (Hansen and Curtis 1980; Hales 
et  al. 2014). However, nest-building behaviour as triggered by endogenous hor-
monal activity during the prepartum period cannot be properly expressed by caged 
sows (Yun et al. 2014a; Fig. 3). If no nest-building substrate is available in the pen, 
confined sows typically express prolonged and unsuccessful nest-building behav-
iour (Damm et al. 2000, 2003; Yun et al. 2014a, 2015, 2019). This cannot be allevi-
ated even by providing nesting materials if the crate inhibits the sow’s movement 
(Jarvis et  al. 2002; Yun and Valros 2015). The induced stress reportedly reduces 
oxytocin concentrations in the sow during the parturition process. Furthermore, 
behavioural abnormalities and cortisol concentrations remain at high levels after 
parturition under such conditions (Lawrence et al. 1994; Jarvis et al. 2002; Oliviero 
et al. 2008a). In fact, a prolonged farrowing process was reportedly one of the com-
plications caused by confinement stress (Oliviero et al. 2010).

Fig. 3 Duration of nest-building behaviour of prepartum sows across 20-min periods per hour, 
from 18 h prior until birth of the first piglet (Modified from Yun et al. 2014a). The sows were 
housed in farrowing crates (0.80 × 2.10 M) (red colour in the graph) or loosely housed within a 
trapezoid shape (0.80 × 2.10 × 1.70 M), with a bucketful of sawdust on the ground (blue colour in 
the graph) or with two sawdust buckets, a shredded newspaper, three chopped straw buckets, seven 
tree branches, and three natural sisal ropes 50 cm in length on the ground (green colour in the graph)
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 Consequences of Lacking Nest-Building Behaviour

Lacking nest-building behaviour may lead to increases in circulating cortisol and 
ACTH concentrations (Jarvis et  al. 1997), which indicate a physiological stress 
response. Addressing whether the need for nest-building is intrinsic, Gustafsson 
et al. (1999) found that domestic sows were able to build nests that were identical to 
wild boar nests. This was the case even after several previous farrowing experiences 
in confined crates without bedding. This innate behaviour is therefore a clear indica-
tion of impending parturition, and the need for its expression becomes manifest 
regardless of housing conditions or the availability of bedding material.

A prolonged farrowing process will subject piglets to asphyxia during parturi-
tion, and the litter will therefore be less vital at birth (Herpin et al. 2001). In con-
trast, Yun et al. (2013) found that providing larger space and abundant nest-building 
materials before parturition tended to increase sow plasma oxytocin concentrations 
(25 vs. 18  pg/ml in sows with abundant nesting materials vs. sows with crates, 
respectively). Abundant nesting materials also increased piglet serum IgG and IgM 
concentrations during early lactation (15 vs. 10 mg/ml (IgG) and 0.9 vs. 0.7 mg/ml 
(IgM) in sows with abundant nesting materials vs. with sows in crates, respectively; 
Yun et al. 2014b). Allowing for expression of nesting behaviour to take place may 
reduce farrowing duration and thereby allow for more vital piglets (Jensen 1986; 
Islas-Fabila et al. 2018). Colostrum intake will also be improved due to a shorter 
time interval from the start of farrowing to first suckling (Manjarin et al. 2018). A 
faster and uncomplicated farrowing also reduces pain and inflammation in the sow 
(Björkman et  al. 2017; Kaiser et  al. 2018). Allowing the sow to farrow free and 
providing a substrate (straw, sawdust, paper) 1–2 days before farrowing supports 
nest-building behaviour of the sow which, in turn, may significantly reduce farrow-
ing duration and stillbirth rate (Oliviero et al. 2008b; Gu et al. 2011).

2  Farrowing

At the end of nest-building behaviour, approximately 2–4 h prior to the birth of the 
first piglet, the sow is usually laying down in lateral recumbence (Algers and Uvnäs- 
Moberg 2007). The abdominal muscles show more regular straining, and this period 
coincides with increased oxytocin activity, known to trigger uterine contractions. 
For educational purposes, parturition in the pig is divided into three phases, while 
farrowing duration in the scientific literature commonly refers to the second phase 
only (lasting from the birth of the first piglet to the birth of the last piglet; Fig. 4, 
data based on Peltoniemi et al. 2019).

The first stage of farrowing is characterized by cervical dilation. This is a com-
plex biochemical process, which involves cytokines, prostaglandins, peptide 
(relaxin) and steroid hormones (Taverne and Noakes 2009). This process is well 
coordinated with myometrial contractions, which are an outcome of the increased 
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Fig. 4 Phases of farrowing in the pig. (Data refers to Peltoniemi et al. 2016, 2019)

oxytocin activity resulting from changes in the steroid environment described above 
(decreased progesterone and increased oestrogen). The second stage involves fur-
ther straining of the abdominal muscles, rupture of the allantochorionic sac, and 
expulsion of the foetuses. In the contemporary sow, the average duration of this 
stage appears to be around 4–8 h with a 20-min interval between the foetuses being 
born (van Dijk et al. 2005; Oliviero et al. 2008b; Gu et al. 2011; Peltoniemi et al. 
2019). The birth intervals are primarily influenced by oxytocin secretion, which is 
significantly increased during this stage, peaking after the birth of each individual 
foetus (Castrén et al. 1993; Oliviero et al. 2008a). During the third stage of farrow-
ing, characterized by expulsion of foetal membranes, uterine contractions persist in 
a peristaltic manner, high in frequency but lower in amplitude compared with the 
second stage. This stage usually takes no longer than 4  h (Taverne and Noakes 
2009). In the pig, foetal membranes are usually expelled in three to four parts, with 
an overlap of foetuses and membranes indicating some delay in the parturition pro-
cess (Björkman et al. 2017).

3  Lactation

 Nursing Behaviour

During parturition, colostrum secretions are continuously available for the litter. 
Across lactation, however, nursing events become coordinated by the sow (Rushen 
and Fraser 1989). She begins nursing by exposing her udder towards the piglets, 
adopting a side-lying posture and making a grunting sound to encourage piglet 
gathering. Nursing typically consists of three phases, including the pre-massage, 
milk let-down, and the post-massage periods, while milk let-down is not always 
included. At the end of the pre-massage period, sows use an increased grunting rate 
to signal the time for nutritive sucking to the piglets after a time lapse of 
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approximately 20–25 s (Rushen and Fraser 1989). Piglets can only obtain milk from 
the sows at the milk let-down period. Thereafter, the piglets continue to proceed 
with the udder massage, which is performed during the post-massage period. This 
post- udder massage has been suggested as a means to acquire sufficient milk ejec-
tion from the sow at the subsequent nursing (Algers and Jensen 1985; Yun 
et al. 2013).

 Aggressive Behaviour

Young sows, more typically than old sows, may show aggressive behaviour instead 
of maternal care, which is usually expressed towards piglets in the postpartum 
period. Sometimes, sows may even intentionally abuse their piglets to the point of 
injuring or killing them. Such “savaging” behaviour has been described as an impor-
tant cause of neonatal piglet mortality, contributing to approximately 25% of total 
piglet mortality (Ahlström et  al. 2002). The incidence of savaging behaviour is 
reportedly in the order of 7–12% (van der Steen et al. 1988). Savaging is more com-
mon in sows (gilts) during their first parity as they are more likely to be nervous 
following piglet birth and due to piglet movements (Johnson and McGlone 2011). 
However, sows that show aggressive savaging behaviour towards their piglets at 
their first farrowing are much more likely to be aggressive again at consecutive far-
rowings (Harris et al. 2003). Farrowing crates that prevent interactions between the 
sows and their offspring can also reportedly worsen this cannibalistic condition 
compared with loose housing systems (Jarvis et al. 2004). Furthermore, crate sows 
that are restless during the peripartum period may be more likely to become canni-
balistic sows. Savaging behaviour is considered so harmful that sedatives have been 
prescribed in the pig industry to calm down sows showing such behaviour.

 Is Maternal Behaviour Inherited?

Maternal care and behaviour have often been measured in terms of maternal respon-
siveness of the dam to stress signals, such as screaming by the neonatal offspring, 
which in the pig can be brought about, e.g., by separating piglets from their sows. 
Hellbrügge et al. (2008) observed, across lactation days 1–21, that the heritability of 
aggressive behaviour was much higher (0.32) compared to other behavioural traits 
such as a response to a playback of a piglet’s stress call or a response to an unknown 
voice stimulus. In an earlier study, van der Steen et al. (1988) found that in addition 
to a considerable component of heritability, low birth weight predisposed sows to 
aggressive behaviour. Gene mapping exercises to investigate a more exact pattern of 
heritability linked to savaging or infanticide indicate certain candidate genes for this 
behaviour in chromosomes SSC2, SSC10, and SSCX (Quilter et al. 2007).
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In an interesting study comparing sow lines from the 1970s to modern, highly 
prolific sow lines, Canario et al. (2014) found that the maternal behaviour of sows, 
along with the activity of neonatal piglets, has changed considerably over past gen-
erations as breeding has advanced. They found that reactivity in modern sows was 
associated with a higher risk of piglet death and that piglets from modern sow lines 
were less active after birth and also suffered from more complications such as respi-
ratory distress (Canario et al. 2014).

 Cross-Fostering in the Pig

Interestingly, sows may accept piglets from other litters to nurse and care for after 
parturition is complete. We successfully transferred 1-day-old European wild boar 
piglets to a first parity Yorkshire × Landrace hybrid sow after which the sow cared 
well for the piglets for weeks to come, and they were weaned successfully at the end 
of a lengthy lactation of 8 weeks (Peltoniemi et  al. unpublished). In fact, cross- 
fostering in nature may appear within a nucleus group of a few sows. However, 
cross-fostering needs to occur within a day or so after birth to be successful. Price 
et al. (1994) cross-fostered piglets aged 1, 2, 4, or 7 days, with considerably lower 
rates of successful suckling events registered for piglets 2 days of age or older com-
pared to those that were cross-fostered during their first day of life. Neonatal piglets 
1 day of age quickly integrated into their new sow litter environment, containing a 
sow’s original, own piglets in addition to the newcomers (Price et al. 1994). In a 
commercial setting of piglet production, cross-fostering is actually commonly prac-
tised to cope with the surplus of piglets in large litters, which would otherwise be 
left without a teat if left in the original litter they were born into (Peltoniemi 
et al. 2019).

4  Conclusions

Parental behaviour in sows mainly consists of prepartum nest-building behaviour, 
farrowing process, and lactational nurturing behaviour. Benefits of prepartum nest- 
building behaviour associated with hormonal support for the farrowing process and 
mammary development have been well documented. The ambient farrowing envi-
ronment that can adequately address the needs for nest-building behaviour thus 
appears to play an important role in good parental behaviour of the sows during the 
parturition and lactation periods. In the meantime, since parental behaviour of the 
sows including nest-building is most significantly affected by litter size, it appears 
to need additional approaches with regard to degrees of adequate expression as well 
as environmental provision of sow behavioural needs in large litters. With respect to 
prepartum nest-building behaviour of the hyperprolific sow, future research should 
focus on its causal relationships with increased litter size, extended gestation 
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periods, and enlarged body shape, and also their potential impacts on parturition and 
lactation performance.
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Abstract Rabbit maternal behavior (MB) impacts meat and fur production on the 
farm, survival of the species in the wild, and pet welfare. Specific characteristics of 
rabbit MB (i.e., three-step nest building process; single, brief, daily nursing bout) 
have been used as models for exploring particular themes in neuroscience, like 
obsessive-compulsive actions, circadian rhythms, and cognition. Particular hor-
monal combinations regulate nest building by acting on brain regions controlling 
MB in other mammals. Nonhormonal factors like type of lodging and the doe’s 
social rank influence nursing and milk production. The concurrency of pregnancy 
and lactation, the display of nonselective nursing, and the rapid growth of altricial 
young – despite a minimal effort of maternal care – have prompted the study of 
mother-young affiliation, neurodevelopment, and weaning. Neurohormonal mecha-
nisms, common to other mammals, plus additional strategies (perhaps unique to 
rabbits) allow the efficient, adaptive display of MB in multiple settings.
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1  Introduction

Doe rabbits have been the object of study in reproductive neuroendocrinology 
since the early studies that explored the ways by which copulation induces reflex 
ovulation (for review, see Ramírez and Beyer 1988). Rabbits have also been inves-
tigated in relation to lactation, due largely to their peculiar nursing pattern (circa 
one short- lasting bout per day; Findlay and Roth 1970; Findlay and Tallal 1971; 
Mena et al. 1990a, b). The behavioral aspects of maternal behavior – which include 
nest building, in addition to nursing – were initially studied by the group of Zarrow 
and Denenberg in a series of works exploring the endocrine basis of such activities 
under laboratory conditions (Zarrow et al. 1961, 1963, 1965). Other investigators 
have observed the behavior of wild doe rabbits in the field or kept within outdoor 
enclosures (Hoy and Selzer 2002). A different perspective comes from the field of 
animal science, where investigators have sought to optimize the production of rab-
bit meat, while considering issues of animal welfare, cost of supplies, environmen-
tal factors, etc. Global rabbit meat consumption peaked in 2017 (Anonymous 
2021), and it is expected to retain its growth in the short term, largely because of 
its recognized nutritional value (Hernández and Gondret 2006). Rabbits have also 
been kept as pet animals worldwide, from the dwarf breeds to the giants. Rabbit 
owners can be very committed to their pets, but there is little knowledge about the 
behavior of the different rabbit varieties, particularly in the home environment 
where they are kept. Recently, the field of psychobiology has incorporated the 
behavior of mother rabbits as a model to study motivated, hormone-dependent 
behaviors that are innate and adaptive to a changing environment (Hoffman and 
Rueda Morales 2009).

This background shows that rabbit maternal behavior constitutes a rich topic of 
study that has been addressed from diverse perspectives. Sadly, such information is 
scattered across a scientific literature that encompasses the fields of neuroendocri-
nology, animal science, comparative ethology, psychobiology, and behavioral endo-
crinology, among others. Consequently, researchers working on rabbits are often 
unaware of the findings of studies that were published outside their usual “niche.” 
In this chapter, we have attempted to overcome this problem by presenting a broad 
view of rabbit maternal behavior with the following objectives: (i) to acquaint neu-
roscientists with specific aspects of the doe’s behavior that can be used to explore 
particular functions of the nervous system, such as circadian rhythms, cognition, 
and innate motor patterns; (ii) to show that results coming from the laboratory can 
be translated into useful information for raising rabbits on the farm; (iii) to engage 
biologists into the investigation of the underpinnings of the mechanisms governing 
the behavior of wild animals; and (iv) to prompt the interpretation of laboratory 
findings within an ecological-evolutionary perspective.
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2  The Doe’s Behavior Throughout Pregnancy 
and Parturition: Mother-Offspring Activities 
During Lactation

 Nest Building in the Laboratory, on the Farm, and in the Wild

 Hormones and Brain Targets Regulating Specific Aspects of Nest Building

Rabbit does build a nest across pregnancy, where they will deliver the litter and 
nurse the kits. Nest building has been described in several domestic rabbit breeds, 
under a variety of housing conditions, in the laboratory and on the farm (Denenberg 
et al. 1963; González-Mariscal et al. 1994; Ross et al. 1956, 1963). Wild rabbits, 
and domestic breeds kept within outdoor enclosures, also engage in nest building 
during pregnancy (Deutsch 1957; Lloyd and McCowan 1968). This process begins 
by digging a burrow that, in nature, is located away from the rabbit colony and – ide-
ally – in soft soil grounds not prone to flooding. Little is known about the complex 
cognitive processes that determine the selection of the maternal burrow site. Yet, it 
has been observed that high-ranking does have the best nest sites, a factor that 
greatly increases their fecundity and lifetime fitness (von Holst et al. 2002).

Nest building has been described and quantified under laboratory conditions in 
several domestic breeds, kept in cages within vivariums. The earliest studies were 
performed by the group of Zarrow and Denenberg, who compared the nest building 
process among different rabbit strains, determined the effect of maternal experi-
ence, and laid the ground work for the detailed exploration of the endocrine regula-
tion of this behavior (Denenberg et al. 1958; Ross et al. 1956; Zarrow et al. 1961, 
1963, 1965). Later studies (from the group of González-Mariscal, Rosenblatt, and 
Beyer) developed the simple (but reliable) methods that have allowed the investiga-
tion of the hormones and brain sites where these agents act to regulate the sequential 
expression of digging, straw-carrying, and hair-plucking, which are the three activi-
ties that make up the nest building process.

Figure 1 compares nest building across gestation (González-Mariscal et al. 1994) 
with the one induced in ovariectomized (ovx) females by subcutaneous (s.c.) injec-
tions of estradiol benzoate (EB) and progesterone (P; González-Mariscal et  al. 
1996). In both models, the onset of digging occurs, while both hormones (either 
endogenous or given exogenously) are present. The decline in (or removal of) P 
provokes a reduction (and eventual cessation) of this activity and an onset of straw- 
carrying. Hair-plucking emerges as straw-carrying declines (González-Mariscal 
et  al. 1994, 2000), associated with a sudden rise in endogenous prolactin (PRL; 
McNeilly and Friesen 1978). Further support for a participation of PRL in straw- 
carrying and hair-plucking comes from the observation that antagonizing pituitary 
PRL release (by injecting bromocriptine) abolishes these activities (without modi-
fying digging; González-Mariscal et al. 2004b). Testosterone (T), present in blood 
across pregnancy, promotes a specific aspect of nest building: hair-plucking (which 
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Fig. 1 Nest building observed in (a) pregnant does and (b) ovariectomized does given estradiol 
benzoate + progesterone. (Reproduced from (a) González- Mariscal et al. 1994. Physiol Behav. 
55:1081–9; (b) González-Mariscal and Rosenblatt 1996)

occurs following hair-loosening). Its metabolite, 5-alpha-dihydrotestosterone, is 
even more potent in this regard (González-Mariscal et al. 2003).

The concurrence of pregnancy and lactation is common in the wild and on rabbit 
farms, as a consequence of mating at postpartum estrus or following the suppression 
of a nursing episode in early lactation (see following section). Under this condition, 
pregnant-lactating (PL) does have higher concentrations of estradiol in blood in 
early and midpregnancy than do pregnant-only rabbits. P levels, in contrast, are 
lower in pregnant-lactating does on pregnancy days 7 and 14 than in pregnant-only 
animals. These differences in the concentration of estradiol and P have a quantita-
tive and a qualitative impact on the expression of nest building: while the total 
amount of digging is similar between PL and pregnant-only does, the former con-
centrate this activity at the end of pregnancy and dig little at the beginning. In con-
trast, PL does carry less total straw than do pregnant-only rabbits (González- Mariscal 
et al. 2009a).

Investigations into the brain sites where estradiol and P act to regulate nest build-
ing began by implanting these hormones in the anterior hypothalamus-preoptic area 
(González-Mariscal et  al. 2005), a region that is rich in estradiol receptor alpha 
(ERα; Caba et al. 2003a) and P receptor (PR; Caba et al. 2003b). Figure 2 shows 
that digging is induced in ovx does by implanting EB (but not cholesterol) into the 
medial preoptic area (MPOA) and injecting P s.c. Digging declines when P injec-
tions are interrupted, but this, in turn, allows the onset of straw-carrying. These 
results indicate that the action of estradiol on the MPOA is necessary and sufficient 
to induce digging and straw-carrying so long as P is present systemically and then 
removed. In contrast, the location of the brain site(s) where P acts to regulate nest 
building has remained elusive: P implants into the MPOA of ovx does treated sys-
temically with EB did not induce digging. Perhaps P has to act simultaneously at 
several brain sites to promote this activity.
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Fig. 2 Implants of estradiol benzoate (EB) into the medial preoptic area (MPOA) induce digging 
in ovx does injected s.c. with P. Removal of this hormone leads to a reduction in digging and onset 
of straw-carrying. (Modified from González-Mariscal et al. 2005. Horm Behav. 47:272–9)

The MPOA is pivotal for the expression of maternal behavior in several mam-
mals (for review, see Numan et al. 2006). In rabbits, electrolytic lesions to the ante-
rior hypothalamus-MPOA reduced digging, straw-carrying, and hair-plucking in 
intact nonpregnant does (exposed to their own ovarian estrogens) injected s.c. with 
P (Fig. 3a). In ovx rabbits given EB + P s.c., similar electrolytic lesions nearly abol-
ished straw-carrying and hair-plucking, though digging was unaffected (Fig.  3b; 
Basurto et al. 2018). Taken together, these studies (González-Mariscal et al. 2005; 
Basurto et al. 2018) indicate that the straw-carrying and hair-plucking components 
of nest building require estradiol signaling within the MPOA and a rise and fall of 
circulating P, while P-responsive regions that promote digging behavior lie outside 
of the MPOA.

 Effect of Environmental Factors (Housing, Available Materials, 
Seminatural Enclosures)

In 75% of all cases, nest building in wild rabbits starts one day or one night before 
kindling. In a third of all litters, nest building does not begin until 4–5 h before 
birth. Occasionally, collecting of nest material begins 5 days before parturition 
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Fig. 3 (a) Electrolytic lesions to the anterior hypothalamus-POA of intact does injected s.c. with 
P significantly reduce digging, straw-carrying, and hair-plucking. (b) In ovx does given EB+P s.c. 
similar lesions nearly abolished straw-carrying and hair-plucking, but digging was unaffected. 
(Reproduced from Basurto et al. 2018. Horm Behav. 102:48–54)

(Selzer 2000). In preparation of kindling, wild rabbits use underground burrows 
with tunnels. These rabbit warrens can consist of a large number of tunnels (up to 
150) and chambers (up to 111), and they are used over several generations (Parer 
et al. 1987). Rabbits carry hay, grass, straw, or other organic matter as nest material 
into the previously dug underground site – depending on what is available. In addi-
tion, the nest is padded with hair, which is plucked out in tufts from the ventrum, 
abdomen, and flanks. Wild rabbit does select among available nest materials, pre-
ferring dry grass over green, long grass rather than short, soft rather than hard 
(Hudson et al. 1996). Straw and hay resemble most the materials rabbits use in the 
wild (Hudson et al. 2000). In commercial rabbit farms, the most commonly used 
nest materials are wood shavings, hay, straw, wool or cotton waste, or even saw-
dust. In choice tests, most rabbit does preferred a commercial long thin wooden 
fiber nest material (Lignocel®), either alone or mixed with other nest materials 
(straw, hay). Straw and hay were less preferred than fiber nest material, respec-
tively. The frequency of nest material carrying was highest on the day of parturition 
(Farkas et al. 2016a). The type of nest material used is important because the suck-
ling kits can ingest it, in addition to the fecal pellets left by does at each nursing 
bout. The former can influence the kits’ food choices after weaning, while the latter 
promotes the development of their gut flora (Hudson et  al. 2000). Although the 
poorest quality nests were made using wood shavings, the type of nest material and 
the quality of the nest did not influence the productive performance of does (Farkas 
et al. 2016b). Yet, the quality of the nest can influence the survival of kits, and, 
indeed, the nest quality is improved with increasing experience of the doe (Ross 
et al. 1956; Verga and Luzi 2006). The season of the year, the breed, and the rabbit 
doe’s diet do not seem to have any influence on nest building behavior and nest 
quality under farm conditions (literature in Schulte 1998).

Shortly before kindling, with the help of their snout and forelegs, the rabbit does 
create a hollow in the nest material. The nest building behavior of domestic rabbits 
is very similar to that of wild rabbits. While some wild rabbit does accept burrow 
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tubes and nest boxes, offered in an outdoor enclosure, domestic rabbit does accept 
artificial nest boxes in 100% of cases. The time course of the nest building behavior 
of domestic rabbit does kept individually in concrete hutches or in get-away cages 
(i.e., enriched cages with an elevated platform) largely matches that of domestic 
rabbits in open-air enclosures (Selzer 2000). The lack of nest building behavior 
before parturition, or poor quality nest building, reflects a disordered maternal 
behavior. In such situations, the young are often born scattered outside the nest box 
and soon die of hypothermia (Denenberg et al. 1959).

 Effect of Social Rank

Wild rabbits (and domestic breeds too) live in social groups that consist of at least 
one buck, one doe, and their offspring. In most cases, however, adult animals of 
both sexes live together in such associations (Gibb 1993). Within the group, there is 
a gender-separated hierarchy (von Holst 2001). To establish it, rabbits engage in 
agonistic interactions: they chase each other and the pursued animal may be bitten 
in the back. In most cases, the ranking fights in the wild go on without serious 
injury, as the inferior animals can retreat and evade from attacks and chases. In out-
door enclosures, on the other hand, due to the spatial restrictions and insufficient 
minimum distances, injuries and, in extreme cases, deaths as a result of aggressive 
confrontations can occur (Kraft 1976). In bucks, the rank order determines access to 
females ready to mate, and this is maintained over the entire reproductive period 
through fights. In the case of females, rank determines access to particularly good 
burrows. Dominant wild rabbit does choose the main burrow to build their nests; 
sometimes they allow the second highest doe to do so too (Selzer 2000). All other 
subdominant rabbit does are only allowed to place their nest burrows at some dis-
tance from the main burrow accommodating the colony (Gibb 1993). Fighting 
among females in wild rabbits is less common and is limited to the beginning of the 
breeding season (von Holst 2001). In wild and domestic rabbits kept in open-air 
enclosures, the relationships among adult females follow a linear hierarchy, and the 
buck is not involved in the interactions among the does (Hoy and Schuh 2004). The 
largest proportion of aggressive behaviors comes from the highest-ranking doe, 
while most defensive responses are shown by the lowest-ranking doe.

Investigations in a large outdoor enclosure showed that the social rank of rabbits 
had an impact on the success of reproduction: in years with a low population den-
sity, around 90% of all kits came from dominant males, while in years with a high 
population density (21–29 males, 24–34 females kept on 22,000 m2), the progeny of 
dominant bucks represented only 60% of the total born. Dominant females had 
more litters – and thus also more kits – than subdominant individuals (von Holst 
2001). This was due to two factors: an earlier start of annual reproduction and lower 
intrauterine losses compared to the inferior females. The social rank of individuals 
had a dramatic impact on life expectancy in wild rabbits: the higher the rank of 
males and females, the longer they lived.
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 Delivery, Placentophagia, Postpartum Estrus, and Their 
Management on the Farm

 Duration of Kindling and Kit Survival in Relation to Maternal Social Rank

Kindling is announced by an increased restlessness of the doe – she often changes 
her whereabouts. During parturition, the doe sits in front of or in the nest and licks 
her genital region. Wild rabbits (Hoy 2009) and domestic breeds (González-Mariscal 
et al. 2013a) can give birth at any time during the day or night. The interval between 
the birth of the first and the last young of a litter (duration of kindling) is on average 
12 min for wild rabbits (Hoy 2009) and up to 20 min for domestic ones (Hudson 
et al. 1999). At parturition, doe rabbits consume the fetal placentas and, as each kit 
emerges from the birth canal, they lick it (Melo and González-Mariscal 2003). 
Placentophagia represents a major – though transitory – change in the mother’s eat-
ing habits as rabbits are strict herbivores (for review, see Lukefahr et  al. 2021). 
When experimentally given the option to eat placenta or raw chicken liver, all does 
ate placentas and liver at the moment of parturition; this behavior continued until 
postpartum day 5 in approximately 50% of females. By contrast, at all other repro-
ductive stages, the does would not eat either placenta or liver. After birth, the new-
borns dig into the nest material. Kits born outside the nest quickly try to join the 
huddle of their newly born siblings inside the nest. Immediately after giving birth, 
the doe leaves the litter. The does do not retrieve kits that stray away from the nest 
(Ross et al. 1959). In contrast to literature information (e.g., Seitz 1997; Schulte 
1998), Selzer (2000) could not in any case determine that the nest or the tunnel was 
closed by the doe after giving birth, under natural conditions.

The mortality of nestlings from dominant does in wild rabbits is significantly 
lower than that of subdominant mothers. Dominant does have more and heavier kits 
at weaning, which can be explained by differences in lactation performance. Even 
after leaving the nest, the survival probability of the young of dominant females is 
better than that of subdominant mothers (von Holst 2001). The growth of the kits of 
dominant females is also significantly better than that of the offspring of inferior 
rabbits.

 Mating Postpartum in the Lab, on the Farm, and in the Wild: Behavioral 
and Neuroendocrine Consequences for the Doe

If the buck has access to the nest or nest box, he is present at parturition, as has been 
observed in 24 h video recordings of wild rabbits kept in outdoor enclosures (Selzer 
2000). Even immediately before kindling, an increasing interest of the buck in the 
doe can be observed. During kindling, he makes copulation attempts, which are 
hardly repelled by the doe. Immediately after the birth of the last kit, copulation is 
already successful. This behavior can be observed in both wild and domestic rab-
bits. In the former, the buck often waits for the doe, which has just finished kindling, 
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at the entrance of the nest burrow. These observations indicate that, following deliv-
ery, doe rabbits enter a state of postpartum estrus, during which they can mate, 
ovulate, and become pregnant again. This has been documented in the wild, in the 
laboratory, and on the farm (Beyer and Rivaud 1969; Hammond 1925). Although 
the average duration of pregnancy is 31 days, the next litter (born from a lactating 
doe) lasts between 29 and 34 days (Selzer 2000). The concurrency of pregnancy and 
lactation accelerates and maximizes reproduction, strategies that favor the survival 
of a species that cannot fight predators but, rather, hides from them. Indeed, in wild 
rabbits, most adult females are concurrently pregnant-lactating during the breeding 
season (Brambell 1944). Rabbit breeders have tried to use postpartum estrus as a 
tool to accelerate their production of meat. However, the concurrency of pregnancy 
and lactation has a drawback: it provokes an early, abrupt decline in milk output 
from day 20 onward (González-Mariscal et al. 2009a; Lebas et al. 1972; Partridge 
et al. 1986). This, of course, provokes a lower body weight gain in the kits of the 
“first” litter, which is a serious inconvenience for rabbit breeders. To overcome this 
problem, does could, theoretically, be mated at around lactation day 10. Postponing 
postpartum mating by 10 days would “push” the decline in milk output to lactation 
day 30, when weaning (of the first litter) normally occurs. Yet, lactating females are 
in a state of lactational anestrus, during which they are not sexually receptive, they 
do not ovulate in response to the male mount, and they do not express chinning, a 
form of scent-marking displayed by estrous does (Beyer and Rivaud 1969; García- 
Dalmán and González-Mariscal 2012). To overcome this problem, rabbit farms 
have used the so-called “biostimulation” strategy to restore estrus and achieve ovu-
lation in lactating rabbits. At some point between lactation days 9 and 12, does are 
separated from their litter for 48 h, after which suckling is allowed again. This is 
followed by natural mating or artificial insemination, which leads to a second preg-
nancy concurrent – but not aligned – with the first lactation (Castellini 2007; Fortun- 
Lamothe and Lebas 1996; Martínez-Gómez et al. 2004).

Despite the relative brevity of the mother-litter separation, “biostimulation” has 
specific neuroendocrine consequences on the lactating doe, which may underlie the 
restoration of estrus, specifically higher concentrations of prolactin and estradiol in 
blood compared with does in which lactation was not interrupted (Ubilla et  al. 
2000). Moreover, the reactivity of the doe to the stimuli received at mating is differ-
ent among virgin, biostimulated, and lactating rabbits. This was determined by 
quantifying the number of cells immunoreactive (IR) to the c-FOS protein, com-
monly used as a proxy for visualizing regional brain activity, i.e., more c-FOS-IR 
cells indicate more neuronal activity. In the POA, copulation markedly increased 
(relative to unmated females) the number of c-FOS-IR cells in virgins but provoked 
no changes in biostimulated or lactating animals (Fig. 4a). By contrast, in the para-
ventricular nucleus (PVN), an increased number of c-FOS-IR cells was seen in 
virgins following mating, while a clear reduction occurred in biostimulated and 
lactating does (Fig. 4b; González-Mariscal et al. 2015).

The relevance of these findings for the expression of sexual receptivity and the 
doe’s fertility warrants future investigation, as highlighted by Theau-Clèment 
et al. (2006).
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Fig. 4 Changes in the number of c-FOS immunoreactive (IR) cells observed after mating, relative 
to the doe’s physiological state, in (a) preoptic area and (b) paraventricular nucleus. (Reproduced 
from González-Mariscal et al. 2015. Brain Res. 1608:66–74)

 Fostering Kits

The brief contact between mother and kits, combined with a short nursing time 
(Hudson et  al. 1996; Lincoln 1974; González-Mariscal et  al. 2013b), provides 
potentially good conditions for fostering the kits in the case of domestic animals. 
Young rabbits can distinguish between their own mother and an alien one, largely 
via olfactory perception (Schaal et al. 2006; Val-Laillet and Nowak 2008). Yet, they 
can easily be raised by almost any lactating doe. The necessity of fostering and rear-
ing by an unfamiliar doe, in the laboratory or on the farm, can ensue from (a) the 
death of the mother or (b) a litter with too many kits for the mother to raise. It is also 
ethically desirable to allow the newborn to be raised by another lactating doe, rather 
than letting them starve. Mothers readily adopt alien kits and nurse them in the same 
way as their own, in terms of latency to enter the nest box, milk output, and duration 
of nursing bouts. Moreover, this nonselective nursing is still observed regardless of 
the type of nest the litter is put into, namely, the mother’s own nest, another doe’s 
nest, or a “human-made” one, constructed with straw and artificial hair (González- 
Mariscal and Gallegos 2007).

 Lactation: Behavioral Aspects

 Periodicity of Nursing, Suckling Bout Duration, and Impact of Litter Size

The initiation and maintenance of lactation depends on the display of three behav-
iors: (i) the mother’s willingness to enter the maternal nest holding the kits; (ii) her 
adoption of a crouching posture over them, which facilitates the kits’ access to the 
maternal nipples; and (iii) the suckling stimulation provided by the young. Each of 
these behaviors is regulated by a complex array of sensory stimuli, hormones, and 
brain regions in both mother and kits. Specific evidence has shown that the 
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hormones of pregnancy prime the maternal brain to respond “appropriately” to the 
new stimulus “encountered” at delivery, i.e., the kits. As described earlier, the 
changing levels of estradiol, P, and testosterone across pregnancy regulate the con-
struction of the maternal nest. Close to parturition, as P levels decline, estradiol 
rises, and this – in turn – provokes a rise of PRL in blood (McNeilly and Friesen 
1978), before the doe has received any suckling stimulation (Fig. 1a). This prepar-
tum secretion of PRL is essential for initiating maternal responsiveness: injections 
of bromocriptine (a dopaminergic agonist that blocks PRL secretion) from prepar-
tum day 26 to delivery prevent the onset of nursing behavior in 70% of primiparous 
does. By contrast, bromocriptine injections only across postpartum days 1–5 antag-
onize maternal behavior only in 20% of primiparous rabbits, although they do pre-
vent milk production (Fig. 5; González-Mariscal et al. 2000).

Despite a major role of the hormones of pregnancy for initiating maternal behav-
ior, are they sufficient to consolidate and maintain it from delivery onward? The 
intense contact of the doe with her kits occurring in the immediate postpartum 
period involves licking them, ingesting amniotic fluid, consuming placentas, and – 
consequently – receiving a plethora of tactile, olfactory, and gustatory stimuli that 
play a major role in consolidating her maternal responsiveness. If kits are removed 
as they emerge from the birth canal and given back to the mother on the following 
day, 70% of does will not behave maternally toward them (Fig. 6a). This is true of 
primiparous mothers, but experienced ones are not affected by such experimental 
procedure, a finding indicating that maternal experience somehow renders does less 
susceptible to disruptive factors. Contact with the litter in early lactation is also 
essential to maintain maternal responsiveness: anesthetizing mothers only during 

Fig. 5 Effect of injecting bromocriptine from prepartum day 26 to delivery, across postpartum 
days 1–5, or during both periods on the expression of maternal behavior in primiparous does, rela-
tive to females receiving vehicle. (Modified from González-Mariscal et al. 2000. J Neuroendocrinol 
12:983–92)
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Fig. 6 (a) Effect of removing kits at parturition on the display of maternal responsiveness toward 
them on the following day: note differences between primiparous and multiparous rabbits. (b) 
Effect of injecting an anesthetic, to prevent the conscious perception of stimuli from the kits, 
across early or mid-lactation on maternal responsiveness 1–3 days following cessation of anes-
thetic. (Reproduced from González-Mariscal et al. 1998. Dev Psychobiol. 32:101–11)

the suckling bout across lactation days 2–7 reduces the proportion of does behaving 
maternally on the following days. This procedure is ineffective when performed in 
mid-lactation (Fig.  6b; González-Mariscal et  al. 1998). Together, the above evi-
dence supports the idea that a “maternal brain” is gradually “built” from late preg-
nancy into early lactation by a combination of hormones and somatosensory stimuli 
that allow does to recognize kits as a “meaningful” stimulus and to display the 
“adequate” set of behaviors toward them.

What does an “adequate” maternal behavior entail? Several studies have docu-
mented that in various domestic breeds, kept under a controlled photoperiod and a 
constant food supply, nursing occurs with a frequency approximating once/day in 
most does (Drewett et  al. 1982; González-Mariscal 2007; Lincoln 1974; Matics 
et al. 2004). If kept in outdoor enclosures, domestic strains and wild rabbit does also 
nurse at a frequency of approximately once/24 h, with most nursing episodes occur-
ring during darkness (Hoy and Selzer 2002; Rödel et  al. 2012). Such a reliable, 
predictable nursing periodicity relies on numerous factors of control that are only 
beginning to be unveiled. However, it is already clear that a major contributing fac-
tor is the stimulation the doe receives during suckling. In New Zealand White does, 
nursing frequency is close to once every ca. 24 h if the suckling litter includes at 
least six kits. Nursing typically occurs during the dark phase, approximately 5 h 
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Fig. 7 A Rayleigh 
analysis performed on the 
nursing behavior of 15 
does across lactation days 
1–15 revealed a vector 
indicating the most likely 
time of nursing. The 
characteristics of this 
vector were phase 
angle =58°, rho = 0.78, 
p < 0.001. (Reproduced 
from González-Mariscal 
et al. 2013a. Chronobiol 
Int. 30:711–8)

before lights-on (Fig. 7). Smaller litters (i.e., 4 kits or less) lead to several entrances 
of the doe into the nest box across the day and, eventually, to a loss of maternal 
behavior (González-Mariscal et  al. 2013a). Interestingly, wild rabbit does kept 
within an enclosure also show several entrances into the nursing burrow if they 
nurse small litters (Rödel et al. 2012).

Milk output is not essential for the display of nursing behavior: non-lactating 
virgin rabbits induced to behave maternally toward a foster litter by lesions to the 
accessory (González-Mariscal et al. 2004a) or the main (Chirino et al. 2007) olfac-
tory systems enter the nest box, adopt a crouching posture over the kits, and allow 
suckling (Fig. 8a, b). These findings agree with the early report (Findlay and Roth 
1970) that removing milk under anesthesia before does are exposed to their litter 
does not prevent them from entering the nest box, crouching over the kits, and 
allowing suckling. Thus, although normally concurrent, nursing behavior and milk 
output can be experimentally dissociated to reveal different mechanisms of control 
(see next section).

The above findings indicate that removing a tonic inhibitory influence (exerted 
by the olfactory systems) is sufficient to promote nursing behavior in a variable 
proportion of virgin rabbits that are – obviously – unable to produce milk. Yet, the 
conditions used in those studies involved introducing the kits into the nest box only 
at the time of testing. This precluded the expression of “spontaneous” nursing. 
However, a later study in which anosmic virgins were exposed to (foster) kits 
throughout the day and observed uninterruptedly for 2 weeks determined that nurs-
ing behavior occurred with circadian periodicity in 55% of cases (González- 
Mariscal et al. 2015). Together, the above findings indicate that the “fine tuning” of 
nursing behavior involves the hormones of pregnancy and the suckling stimulation 
from the kits.

The single daily nursing bouts displayed throughout lactation are short, lasting 
around 3–5 min in all studied breeds (Drewett et al. 1982; González-Mariscal et al. 
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Fig. 8 Cumulative percentage of virgin rabbits that show nursing behavior toward a foster litter 
following lesions to the accessory olfactory bulbs (a) or the olfactory epithelium (b). (Reproduced 
from (a) González-Mariscal et al. 2004a. Behav Brain Res. 152:89–95; (b) Chirino et al. 2007. 
Behav Brain Res. 180:127–32)

Fig. 9 Effect of providing (a) a single newborn on specific days of lactation; (b) 1, 2, or 6 continu-
ously growing kits, on the time the mother spends inside the nest box. (Reproduced from González- 
Mariscal et al. 2013b. Dev Psychobiol. 55:809–17)

1994, 2013b; Lincoln 1974), so long as a threshold amount of suckling stimulation 
is received. The amount of time the mother spends inside the nest box on a given 
day critically depends on the number and age of the kits suckled on that day. Thus, 
does given newborn kits for suckling spend a longer time inside the nest box, regard-
less of the day of lactation when this manipulation is made (Fig. 9a). Moreover, 
does spend a longer time inside the nest box if they suckle one or two kits (Findlay 
and Tallal 1971) than if they suckle more, even if the kits are growing as lactation 
progresses (Fig. 9b; González-Mariscal et al. 2013b).

Despite its short duration, each suckling bout induces a massive secretion of 
oxytocin (OT); the magnitude of this secretion is directly related to the number of 
suckling kits (Fuchs and Wagner 1963). Accordingly, the number of 
OT-immunoreactive (IR) neurons, located in the PVN and supraoptic nucleus 
(SON), increases across pregnancy and is greatest in lactating does (Caba et  al., 
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Fig. 10 Actograms of four lactating rabbits that showed either a loss of nursing behavior (H5G5 
and H3G5) or a disruption of nursing periodicity (H3G4 and H4G4) following bilateral lesions to 
the PVN. The dots represent entrances into the nest box; the black bars on top indicate darkness. 
Note that, before the lesions, mothers entered the nest box only once/day. After lesions (indicated 
by the horizontal lines), the pattern of nest box entrances/day was disrupted or lost. (Reproduced 
from Domínguez et al. 2017. Eur J Neurosci 46:2133–40)

1996). Yet, the relevance of OT for the expression of rabbit maternal behavior is still 
uncertain, even though OT binding sites have been detected in the prefrontal cortex, 
preoptic area (POA), and lateral septum of does across several stages of the repro-
ductive cycle (Jiménez et al. 2015). Moreover, bilateral lesions of the PVN disrupt 
nursing or alter its circadian periodicity (Fig. 10; Domínguez et al. 2017).

However, since the PVN contains a plethora of peptides and neurotransmitters in 
addition to OT (Sofroniew 1985) and the chemical identity of the cells lesioned in 
the above study was not established, it remains to be determined whether the effects 
observed can be attributed to damage to OT neurons.

 Photoperiod and “Clock Genes”

Rabbits are crepuscular mammals, as supported by the daily fluctuations reported 
for a variety of behavioral, neuroendocrine, and physiological parameters measured 
in this species (for review, see Aguilar-Roblero and González-Mariscal 2020). The 
nursing behavior of both wild and domestic rabbits has been investigated in does 
kept in outdoor enclosures. The observations of Seitz (1997) and Selzer (2000) – 
reported in two PhD theses – indicate that most of the nursing events (84.0% in wild 
rabbits and 85.8% in domestic rabbits) take place after the onset of dusk: 3–6 h in 
wild rabbits and 2 h in domestic rabbits. Only a small rise in nursing activity was 
seen in the early morning. Wild rabbits spend the time between dawn and dusk 
mainly in the warren, without food and water and probably without the possibility 
of urination or defecation. They leave the burrows at the onset of dusk, when they 
start eating and elimination. After these activities, they nurse their kits (Selzer 2000).
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When kept under artificial lighting conditions, more than 25% of the nursing 
events displayed by domestic does occur within the first 2 h of darkness. If the light 
(L)-dark (D) rhythm (12 L:12 D) is shifted by 1 h (from 05:00–17:00 to 06:00–18:00), 
the peak in nursing activity is delayed by 1 h (Hoy 2006). These findings agree with 
the observations that (i) under 12 L:12 D conditions, does housed in a noise-free 
environment nurse the litter during the dark phase and the time at which this occurs 
advances across lactation days 1–10 (by an average of 42 ± 16 min/day; Jilge 1993) 
and (ii) under 14 L:10 D laboratory conditions, with environmental noise, the most 
likely time of nursing occurs between 5 and 6 h before lights-on (González-Mariscal 
et al. 2013a; see section “Periodicity of nursing, suckling bout duration, and impact 
of litter size”). Yet, when kept under continuous light, the time of nursing is advanced 
across lactation days 7–8 and free-runs parallel to locomotion from then onward 
(Jilge 1995).

In addition to photoperiod duration, the intensity and color of light can also 
impact the proportion of sexually receptive does, the kindling rate, and the growth 
of the litter (Szendrö et  al. 2016; Wu et  al. 2021). Future studies are needed to 
explore the ways by which the characteristics of light impact these aspects of the 
doe’s reproduction.

As suckling induces PRL secretion (Fuchs et al. 1984; see section “Kits’ behav-
ior”) largely through the inhibition of tuberoinfundibular dopamine (TIDA) neurons 
(Gregerson 2006), the possibility that circadian nursing modifies the expression of 
the per1 “clock gene” in those cells was investigated by Meza et al. (2011). Maximal 
levels of the PER1 protein were, indeed, found in TIDA neurons at 4 and 8 h post- 
nursing. Later studies (Aguirre et al. 2017) investigated whether dopaminergic cells 
of the A10 group and neurons of the mesolimbic system become activated in antici-
pation of “the next” nursing episode, concomitant with the mother’s increased loco-
motor activity at such time (Jilge 1995). c-FOS protein expression on lactation day 
7 was unmodified 12  h before nursing, but it increased immediately before the 
“usual” nursing time and was still elevated 90 min later in the ventral tegmental area 
(VTA), nucleus accumbens (core and shell), prelimbic and cingulate cortex, lateral 
septum (pars ventralis), and the A10 dopaminergic cells. These findings agree with 
the idea that efferents from the MPOA to the VTA play a major role in regulating 
maternal motivation in mammals (Numan and Stolzenberg 2009; Olazábal et  al. 
2013). Indeed, PER1 protein expression shifts across the day in the MPOA in rela-
tion to the time of scheduled nursing (Meza et al. 2015). Moreover, changing the 
time of nursing provokes a concomitant change in the time of maximal PER1 
expression in the PVN, though not in the suprachiasmatic nucleus (SCN; Meza 
et al. 2008). These findings coincide with the observations that suckling (i) activates 
the PVN (but not the SCN), as per c-FOS protein expression (González-Mariscal 
et al. 2009b), and (ii) induces PER1 protein in OT cells from the PVN (Meza et al. 
2008). Furthermore, does given kits at 18 or 24 h after the previous nursing showed 
more c-FOS-IR cells in the MPOA and lateral septum than rabbits not provided with 
a litter on the same day; these effects were not observed in the SCN (Jiménez and 
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González-Mariscal 2019). Interestingly, does given kits at 6 h after the previous 
suckling (but not mothers given a litter at 3 h) displayed nursing behavior, but the 
number of c-FOS-IR cells remained unchanged in all brain regions explored. 
Together, these pieces of evidence open the possibility that a suckling-entrained 
oscillator – not involving the SCN – may operate to regulate the periodicity of nurs-
ing. They also indicate that the responsiveness of the neural circuits regulating 
maternal motivation increases relative to the time elapsed since the previous suck-
ling stimulation, being maximal 24 h later.

 Domestic Breeds vs. Wild Animals

By using infrared video and time lapse recordings of wild (n = 6) and domestic 
(n = 8) does (kept in outdoor enclosures or in cages), a mean frequency of 1.2 and 
1.1 nursing events/24  h, respectively, was found (summarized in Hoy 2006  – 
Table 1). The mean litter size in wild rabbits was 6.8 and in domestic rabbits 8.3 kits.

The highest nursing frequency combined with the lowest mean duration of a 
nursing event took place in the second week of lactation (Seitz 1997; Schulte and 
Hoy 1996; Selzer 2000; Table 2).

Pet breeders have reported differences in the frequency and duration of nursing 
events across rabbit varieties. The heaviest ones, e.g., German Widder Blue (mean 
weight of does: 5.5 kg, 1.67 nursings/24 h) and Light Large Silver (5.0 kg, 1.76 
nursings/24 h), showed a higher frequency of nursing than New Zealand White or 
Red (4.5 kg, 1.26, 1.30 nursings/24 h, respectively), Rhoen rabbits (3.0 kg, 1.0 nurs-
ing/24 h), and Widder Dwarf (1.7 kg, 1.59 nursings/24 h). The mean duration of 
nursing bouts was longest in does of the German Widder Blue and Light Large 
Silver breeds (226 and 223 s, respectively) and shortest (193 s) in Widder Dwarfs 
(Selzer 2000). New Zealand White does showed a longer mean nursing bout dura-
tion (205 s) compared with ZIKA hybrids (193 s).

Table 1 Frequency of nursing events recorded across intervals of 24  h in wild and domestic 
rabbits kept in two free-range areas (modified from Selzer 2000)

Number of 24 h 
intervalsa

Frequency of nursing 
events in 24 ha Number of 

doesb

Frequency of nursing 
events in 24 hb

mean ± s.d. mean ± s.d.

Wild rabbitsc 104 1.28 ± 0.54 6 1.26 ± 0.20
Domestic 
rabbitsc

257 1.12 ± 0.49 8 1.16 ± 0.12

P < 0.05 P > 0.05
aDerived from all 24 h intervals recorded: n = 104 in wild rabbits; n = 257 in domestic rabbits
bDerived from the average nursing frequency of all does studied in each group: n =  6 in wild rab-
bits; n = 8 in domestic rabbits
cAverage litter size was 6.8 in wild rabbits and 8.3 in domestic rabbits
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Table 2 Duration and frequency of nursing events in wild and domestic rabbits depending on 
week of lactation (Selzer 2000; Selzer et al. 2001)

Week of 
lactation

Wild rabbits (n = 6) Domestic rabbits (n = 8)

Duration of 
nursing event 
(s)

Percentage 
of days 
with ≥2 
nursing 
events (%)

Frequency 
of nursing 
events/24 h

Duration of 
nursing event 
(s)

Percentage 
of days 
with ≥2 
nursing 
events (%)

Frequency 
of nursing 
events/24 h

1 184.4 ± 30.3d 21.2 1.24 229.9 ± 56.9c 9.2 1.09
2 169.2 ± 35.2d 44.8 1.48 200.5 ± 32.0c 22.2 1.27
3 185.0 ± 42.0 34.8 1.35 205.8 ± 36.3 15.1 1.15
4 186.3 ± 21.2 10.5 0.95 211.9 ± 30.4 2.8 0.99
Means ± s.d. 178.5 ± 34.4b 1.28a ± 0.54 211.8 ± 41.6b 1.12a ± 0.49

Means with the same letters (a, b, c, d) are significantly different from each other (P < 0.05)

Table 3 Mean frequency of nursing events/24  h depending on size and structure of cages, 
considering all 24 h observation periods (n = 400) (Selzer 2000)

Relative 
cage size

Unstructured cagesa (20 does) Structured cagesb(19 does)

Number of 24 h 
periods studied

Frequency of nursing 
events in 24 h
means + s.d.

Number of 24 h 
periods studied

Frequency of nursing 
events in 24 h
means + s.d.

Onefold 43 1.37 + 0.65 61 1.32 + 0.53d

Twofold 92 1.26 + 0.48 91 1.25 + 0.46
Threefold 85 1.25 + 0.52 97 1.11 + 0.31d

Total 220 1.29 + 0.53c 249 1.21 + 0.44c

aOnefold cage dimensions: width = 50 cm, depth = 70 cm, height = 70 cm
bSame dimensions, elevated platform made of plastic slats, tube at the entrance to the nest box
cNo significant differences between the means of unstructured and structured cages
dSignificantly different from each other (P < 0.01)

 Effect of Different Housing Systems

Table 3 shows the effect of cage size and type (i.e., with or without an elevated plat-
form within the cage) on the number of nursing events observed in 24 h. Significant 
differences were noted in relation to cage size, i.e., onefold vs. threefold, though 
only in structured cages, i.e., those provided with an elevated platform: the does 
climb onto it more frequently after the kits have left the nest boxes. As the kits 
become older (21 days of age) and start hopping onto the platform, the does’ prefer-
ence for it decreases (Selzer et al. 2001).
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 Milk Production Across Early, Middle, and Late Lactation (with 
and Without Concurrent Pregnancy)

 Impact of Breed, Litter Size, and Environmental Factors

The daily milk yield is usually determined after the mother has been separated from 
the young overnight and, on the following morning, the kits or the doe are weighed 
individually before suckling. Immediately after the end of the nursing event, the kits 
(or the doe) are weighed again individually. The difference in weight (i.e., an 
increase in litter weight or a decrease in doe’s) indicates the total milk yield in a day. 
The first nursing bout takes place, on average, 12–24 h postpartum. The milk yield 
of rabbit does depends on several factors. The most important ones are rabbit breed 
and week of lactation (Iraqi et al. 2007; Savietto et al. 2013, 2014; El Nagar et al. 
2014; Pałka et al. 2017), age and size of the litter (Schlolaut 1998, Ludwiczak et al. 
2020), doe’s body weight (Schlolaut 1998), number of teats (Mohamed and Szendrö 
1992), nutrition of the doe (Pascual et al. 1996, 2003; Xiccato et al. 1995), climatic 
conditions (Rafai and Papp 1984; Askar and Ismail 2012), and the concurrency of 
pregnancy and lactation (González-Mariscal et al. 2009a; Hudson et al. 1996; Lebas 
et al. 1972; Partridge et al. 1986). Table 4 reviews the impact of rabbit breed, week 
of lactation, age/parity/litter number, litter size, number of teats, and ambient tem-
perature on milk production.

 Main Hormones Involved

As in all mammals, OT is the main hormone that allows milk output, by promoting 
the contraction of the myoepithelium surrounding the milk ducts (Wakerley 2006). 
Table 5 shows that the concentration of OT in plasma increases by around threefold 
(relative to baseline levels) already at 1 min after the beginning of suckling, reaches 
maximal levels at 30 min, and declines to baseline by 60 min. PRL (the main hor-
mone that promotes milk synthesis; Neville 2006) also increases above baseline 
already at 1 min after suckling initiation, reaches maximal concentrations at 10 min, 
and remains at practically the same levels at 60 min. The magnitude of the secretion 
of both OT and PRL also depends on the size of the litter and the stage of lactation 
(Fuchs et al. 1984).

 Weaning

The ways by which maternal behavior ends have been far less studied than the 
mechanisms that mediate its onset. Most mammals display an intense interaction 
with their young and several nursing episodes/day during early lactation. Later on, 
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Table 4 Factors influencing milk yield in rabbit does

Factor, author(s) Effect

Genotype
McNitt and 
Lukefahr (1990)

Genotype of doe tended (P > 0.07) to be important for milk yield; 
Californian does had higher production than does of other breeds

Schlolaut (1998) In Angora rabbits, the longer the hair grows, the less feed they ingest and 
the milk yield is lowered

El Nagar et al. 
(2014)

Differences among three Spanish maternal lines (A, V, LP)

Ludwiczak et al. 
(2020)

Does of large and heavy breeds produce more milk than those of small, 
light breeds

Week of lactation
Schley (1985) Milk yield of the doe increases to around 100–150 g per day in the first 2 

weeks of life of the kits. It doubles by the third week, reaching its peak (up 
to 300 g) between the 18th and 23rd day after the birth of the kits

Maertens et al. 
(2006)

In multiparous does subjected to intensive reproduction rhythms (mating 
within 3 days after parturition), the milk output peaks 2–3 days earlier

Lebas et al. (1972) From the 22nd day postpartum, and especially after the 28th day of 
lactation, the milk yield of pregnant does decreased very rapidly

Lebas et al. 
(1972), Xiccato 
et al. (1995)

The intensive reproduction rhythm (mating the does within 3 days 
postpartum) decreases the production of milk even after 17–19 days of 
lactation. A semi-intensive reproduction rhythm (mating on postpartum 
day 11) allows them to maintain high production of milk even after 25 
days

Seitz (1997) Individual milk intake of kits per suckling event increases up to the 2nd 
week of lactation and decreases until the 4th week

El Nagar et al. 
(2014)

Milk output: grams/week
Line Week 1 Week 2 Week 3
A 872 1.503 1.865 Three 

Spanish
V 919 1.633 2.004 Maternal
LP 1.043 1.819 2.254 Lines

Age/parity/litter number
Schlolaut (1998) In does inseminated 1–2 days after kindling and with free intake of 

concentrated feed, the milk yield increased up to an age of 16 months (i.e., 
up to the 8th litter) and remained at about the same level up to an age of 25 
months

Zimmermann 
(1990)

Does in their first litter have a lower milk production than in later litters

Schulte (1998) Significant relationship between litter number and mean milk intake per 
young and suckling bout. Milk intake increases by 30–50% from 1st to 3rd 
litter; from 4th litter onward, milk intake of the kits decreases

El Nagar et al. 
(2014)

No effect of parity on milk production traits

Litter size
Schlolaut (1998) With increasing litter size (until 8–9 kits), the milk yield increases

(continued)
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Table 4 (continued)

Factor, author(s) Effect

Seitz (1997) With increasing litter size, the suckling frequency increases and the 
individual milk intake per suckling event decreases

Ludwiczak et al. 
(2020)

Daily milk production is higher for does nursing 10 kits per litter 
compared to those nursing 8 kits per litter

Number of teats
Mohamed and 
Szendrö (1992)

Milk yield seems to increase with a larger number of teats

High temperature
Rafai and Papp 
(1984), Askar and 
Ismail (2012)

High temperature impairs milk yield in rabbit does

Szendrö et al. 
(1998), Fernández- 
Carmona et al. 
(2003)

The influence of high temperature on milk production was studied under 
constant (high) ambient temperature in climatic chambers

Szendrö et al. 
(1998), Fernández- 
Carmona et al. 
(2003)

Under natural conditions, the impact of heat stress on doe milk yield is 
reduced because there is varying temperature between day and night, with 
relatively low temperatures early in the morning and at night, when rabbits 
consume most of the daily feed intake

Maertens and De 
Groote (1990), 
Pascual et al. 
(1996)

Effect of heat stress on milk yield under natural conditions: the higher the 
outside temperature, the more intense are the decline in feed intake and, 
thus, milk yield

Bakr et al. (2015) Rabbit does kept either in a comfort room with the temperature kept 
constantly between 18 °C and 22 °C or in a heat room, where the 
environmental temperature pattern mimicked the daily temperature cycles 
characteristic of summer in Mediterranean countries: no significant 
difference for daily milk yield between rooms

Mahmoud (2013) Under Egyptian conditions: milk yield was significantly increased during 
winter compared with summer season and was significantly higher with 
increasing doe’s body weight

Szendrö et al. 
(2018)

Four climatic conditions were compared: temperatures of 5, 15, 23, or 
30 °C. Heat stress, provoked by a constant temperature of 30 °C, reduced 
milk yield (148, 152, 150, and 106 g/day, resp.)

Table 5 Plasma concentrations of oxytocin (OT; pg/ml) and prolactin (PRL; ng/ml) at different 
times post-sucklinga, b, c

Baseline

Time after suckling began (min)

1 3 10 30 60

OT PRL OT PRL OT PRL OT PRL OT PRL OT PRL

19 ± 11 4 ± 2 57 ± 20 37 ± 19 112 ± 38 49 ± 15 44 ± 19 73± 15 59 ± 26 61 ± 20 26 ± 11 70 ± 22

aLactation day 9
bLitter size = 5–7 kits
cData show means ± SE; derived from Fuchs et al. (1984)
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the mother-young interactions become more sparse, and the number of daily suck-
ling bouts gradually decreases (for reviews, see González-Mariscal and Poindron 
2002; Numan et  al. 2006). Are milk output and maternal behavior linked? As 
described earlier, milk production in rabbits increases steadily across lactation days 
1–20 in does that are lactating but not concurrently pregnant (i.e., not mated at post-
partum estrus) and decreases thereafter, accompanied by concomitant reductions in 
PRL secretion (Fuchs et al. 1984). Yet, the frequency of circa one nursing bout/day 
remains unchanged. This observation would indicate that, in rabbits, the physiologi-
cal component (i.e., milk production) and the behavioral component (nursing 
behavior) of maternal behavior are not linked. Indeed, young kits promote milk 
production, while “old” ones inhibit it, through the stimulation of a beta-adrenergic 
tone (Mena et al. 1990a, b). Yet, maternal behavior continues despite a clear decline 
in milk output: under laboratory conditions, lactating-only does continue to enter 
the nest box for approximately 40 days. An important contribution of suckling to the 
maintenance of maternal behavior is supported by the finding that thelectomized 
(i.e., nipple removed; thelx) does enter the nest box and adopt a crouching posture 
over the (foster) litter, despite their incapacity to provide milk. In contrast, does 
mated at postpartum estrus (thereby becoming concurrently pregnant-lactating) do 
stop entering the nest box a few days before the second litter is born (Fig.  11; 
González-Mariscal and Gallegos 2014; Hudson et  al. 1996; Martínez-Gómez 
et al. 2004).

Together, the above findings indicate that the two components of weaning in rab-
bits, i.e., a decline in milk production and a cessation of nursing behavior, are regu-
lated by different factors. The former process seems to involve suckling-induced 
changes in specific hormones (e.g., PRL) and neurotransmitter control at the spinal 
cord level (inhibitory noradrenergic tone). Conversely, little is known about the fac-
tors that determine the abrupt cessation of nursing behavior. We know that this 
occurs only in does that are concurrently pregnant-lactating, but the factors partici-
pating in this process remain unknown. Progesterone seems not to play a role 
because injections of this steroid to lactating-only rabbits do not modify the expres-
sion of nursing behavior, although they do reduce milk output (González- Mariscal 
and Gallegos 2014).

 Kits’ Behavior

 In Anticipation of Nursing, During Suckling (Change in Teat Position), 
and After Milk Intake

Newborn kits can neither see nor hear and have no fur. Thus, they are tied to the nest 
(as nestlings). By lying close together, they can maintain a constant nest tempera-
ture and obtain somatosensory stimulation necessary for a normal neural, motor, 
and social development (see overview in González-Mariscal et al. 2016). Wild rab-
bit kits are nursed by their mother inside the nest until they are 9–10 days old. Does 
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kept within seminatural enclosures open the tunnel to the nest immediately before 
nursing and crawl into it. The doe stays inside the nest for 2–5 min for nursing and 
closes the entrance to the nest burrow after leaving. Like wild rabbits, domestic 
breeds occasionally (but not always) try to close the nest after nursing so that the 
young are protected from predators. The doe often defecates and urinates at the 
entrance to the warren to mask the smell of the nest (Myers and Poole 1961; Kraft 
1976). Such behavior can occur up to 100 times in 24 h. Frequent attempts to close 
the nest are sometimes interpreted as a behavioral disorder (literature in Seitz 1997).

At the age of 7 days, the sense of hearing is largely developed, and the kits can 
perceive a light-dark alternation. Between days 7 and 11, they open their eyes and 
can orient themselves in their surroundings (Verga and Luzi 2006). After the kits 
have grown fur and have developed sight and hearing (10–11 days old), they begin 
to crawl around inside the nest and are nursed at its entrance. They begin to leave 
the nest at 3 weeks of age (in extreme cases with 12–16 days – Schulte 1998). One- 
week- old wild rabbit kits react with intensive vocalizations approximately 15 s 
before the mother enters the nest, i.e., when they feel the vibration inside the tunnel 
as the doe approaches. The mean number of vocalizations detected in litters having 
an average of 6.6 kits was 165 in 24 h, within a frequency range of 374–667 Hz, and 
a mean duration of 67 ms. The distribution of vocalizations across the day showed 
maximum values at night, especially at the time when nursing occurred or within 
1 h prior to it (Hofmann and Hoy 2007).

In domestic rabbits, kept under laboratory conditions, an increased restlessness 
can be observed in the kits shortly before nursing (Caba et al. 2008; Hudson and 
Distel 1982; Jilge 1993). They start pushing the nest material aside and gradually 
uncover themselves from it. At this time, they are particularly sensitive to tactile 
stimuli and vibrations, and they react to even slight disturbances with increased 
activity, rearing movements, and vocalization. They respond to the doe entering the 
nest by rearing their heads up and pushing their muzzles deep into her belly fur to 
start the search for nipples (Hudson and Distel 1983). Competition for access to a 
teat is particularly strong, given that kits only obtain significant amounts of milk 
during the second minute of nursing. By viewing the behavior of the young during 
nursing in a glass-bottom nest box, Bautista et al. (2005) found that they compete 
for nipples in a vigorous scramble and without obvious signs of overt aggression. 
Despite the heat loss presumably ensuing from exposure of their skin following 
removal of the nest material, the anticipatory uncovering appears important as it 
enables kits to reach the doe’s belly unhindered (Hudson et al. 1996). The timing of 
nursing also impacts the kits’ circadian rhythm of corticosterone secretion as well 
as several metabolic parameters (reviewed in Caba and González-Mariscal 2009).

Kits show nipple-search behavior toward any lactating doe: immediately after 
she enters the nest box and adopts a crouching posture over the litter, the kits imme-
diately start searching for her nipples. This behavior is guided by an olfactory cue, 
the so-called “mammary pheromone” (Hudson and Distel 1983), recently identified 
as 2-methyl-but-2-enal (Schaal et al. 2003). Kits do not have a fixed position for 
suckling but, rather, change teats quickly (about three times/min) during a nursing 
bout; this frequency changes with the age of kits (Hudson and Distel 1985; Karpati 
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et al. 2000). Despite the short duration of nursing bouts, kits can consume between 
25% and 35% of their body weight in milk through suckling (Hudson and Distel 
1989; González-Mariscal et al. 1994; Lebas et al. 1972; Schulte 1998). The high 
energy and protein content of rabbit milk (Schlolaut 1998) is what enables kits to 
gain weight quickly.

When the doe jumps out of the nest at the end of nursing, the kits drop immedi-
ately from the nipples, which prevents being dragged away from the nest. They then 
urinate simultaneously, become very wet, and vigorously burrow back under the 
nest material and disperse throughout the nest. This activity lasts about 10–15 min, 
during which time the kits become dry and the nest material fluffed up again. The 
kits then gradually reassemble in the warmest part of the nest where they remain 
covered until the next nursing visit. This behavior clearly serves the thermoregula-
tory needs of these altricial young, which are neither groomed nor brooded by their 
mother (Hudson et al. 1996). Between suckling episodes, the young also compete 
for well-insulated, central positions within the litter huddle and expend consider-
able energy climbing over and burrowing under each other in a continuous effort to 
achieve and maintain such positions (Bautista et al. 2008).

 Critical Assessment of Biostimulation on Kit Development

As described earlier, the so-called “biostimulation” strategy has been adopted 
worldwide to accelerate reproduction (and, thus, reduce production costs) in rabbit 
farms. A 48  h mother-litter separation, performed around lactation days 9–11, 
allows the survival of the young and does not significantly modify their weight at 
weaning (Alvariño et al. 1998; Castellini et al. 1998; Theau-Clément and Mercier 
1999). Yet, the possibility that such procedure may impact the kits’ developing brain 
has been investigated based on findings – obtained mainly in rodents – showing that 
maternal stimulation during the early postnatal period is critical for a normal neuro-
development. Thus, processes like reproductive behavior, neuroendocrine reactivity 
to stress, learning, and memory are negatively affected by various forms of mother- 
young separation in early lactation (for reviews, see Curley and Champagne 2016; 
González-Mariscal and Melo 2017). The possibility that something similar might 
occur in rabbits was initially explored by Brecchia et al. (2009). These authors com-
pared corticosterone (CORT) secretion following mildly aversive stimulation in 
rabbits that had been separated from their mothers for 48 h (i.e., subjected to “bios-
timulation”) vs. control animals (i.e., separated from the mother for the usual 24 h 
between nursing bouts). CORT secretion at 48  h following maternal separation 
more than doubled in the “deprived” litters, relative to controls. Moreover, this 
increased CORT secretion in the early neonatal period had a strong impact on the 
rabbits’ response to mildly aversive stimulation in adulthood: “deprived” animals 
showed a blunted CORT response, relative to the control group, but both groups 
responded equally well to the injection of ACTH. These results suggest that, even 
though doe rabbits have reduced their maternal care to a minimum, such brief con-
tact with the young is, nonetheless, essential to allow a normal development of some 
components of the stress-reactivity system in the kits. This possibility was further 
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Fig. 12 Corticosterone secretion determined in the serum of control and deprived adult females 
(a) and males (b), sampled in the afternoon, before and at several time points after an i.m. injection 
of saline. (Reproduced from García-Fernández et al. 2019. Dev Psychobiol. 61:988–98)

Table 6 Behavioral tests measuring stress/anxiety in rabbits revealed no significant differences in 
the responses between control and mother-deprived adult animals nor between the sexesa

Test

Females Males
Control 
(n = 10)

Deprived 
(n = 9)

Control 
(n = 9)

Deprived 
(n = 9)

Latency to righting reflex 
(sec)

42 ± (55, 22) 30 ± (57, 17) 35 ± (49, 23) 52 ± (93, 38)

Latency to approach human 
(sec)

37 ± (55, 29) 35 ± (59, 25) 38 ± (73, 28) 38 ± (52, 23)

# Contacts with human 3 ± (4, 3) 2 ± (3, 2) 3 ± (5, 2) 3 ± (3, 2)
Latency to exit dark box (sec) 34 ± (57, 28) 32 ± (136, 17) 36 ± (180, 

23)
31 ± (81, 18)

Ambulation in open fieldb 8 ± (8, 6) 6 ± (9, 5) 8 ± (8, 5) 8 ± (9, 6)
Scent-markingc 1 ± (2, 0.4) 1.5 ± (3, 0.4) 7 ± (8, 4) 9 ± (9, 1)

aModified from García-Fernández et al. (2019); data show medians ± interquartile ranges
b# Lines crossed
c# Chin marks made

investigated by García-Fernández et al. (2019) who compared the basal and reactive 
secretion of CORT and cortisol, plus a battery of behavioral tests, between control 
and “deprived” male and female adult rabbits. Figure 12 shows that reactive CORT 
secretion, following an i.m. injection of saline in the afternoon, was higher in 
“deprived” than in control females, while in males the opposite was true.

Similar results were found for cortisol (not shown). Interestingly, when saline 
was injected in the morning, no differences were found between the two experimen-
tal groups nor between the sexes (not shown). Likewise, behavioral tests commonly 
used to determine stress/anxiety in rabbits were unmodified by maternal deprivation 
or time of testing in males or females (see Table 6).

In contrast, male sexual behavior was altered in deprived individuals, who 
showed a large number of mounts not culminating in ejaculation. This was reflected 
in a large “miss rate” in deprived bucks (García-Fernández et al. 2019; Fig. 13).
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Fig. 13 Alterations in the sexual behavior of “deprived” bucks consisted of an increased number 
of mounts not culminating in ejaculation, which led to a large “miss rate.” (Reproduced from 
García-Fernández et al. 2019. Dev Psychobiol. 61:988–98)

Sexual receptivity in does was unaffected by maternal deprivation or time of day 
when nonkin females were compared (not shown). Together, the above results indi-
cate that a mother-litter separation that exceeds by 24 h the normal time between 
nursing bouts has long-lasting, complex consequences on the development of the 
particular neuronal networks that regulate the neuroendocrine reactivity to stress in 
both sexes, as well as sexual behavior in males.

3  Maternal Nest Building in the Rabbit as a Possible Model 
for Elucidating the Neurobiological Control 
of Compulsive Behavior

 Obsessive-Compulsive Disorder (OCD): Dysregulation 
of Normal, Adaptive Behavior?

Many neuropsychiatric disorders can be conceptualized as extreme or dysregulated 
versions of normal, adaptive behavior. Obvious examples are the anxiety disorders, 
including generalized anxiety, social anxiety, panic disorder, and phobias. This 
diagnostic class of mental illness essentially involves maladaptive, exaggerated, and 
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inappropriate expression of the normal fear responses: prolonged concern/attention 
to threat, maladaptive feelings and behaviors of social submission, inappropriate 
triggering of fight or flight response, and exaggerated fear of stimuli that once rep-
resented real day-to-day dangers (heights, snakes, spiders, open spaces), respec-
tively. The relationship between normal, adaptive behavior and maladaptive 
neuropsychiatric symptoms provides a very useful theoretical framework on which 
to base preclinical studies aimed at understanding the neurobiology of the latter. 
The study of anxiety disorders has in effect pioneered this approach, with early 
studies of fear learning in rodents (e.g., Mowrer and Lamoreaux 1946) and later 
studies of Blanchard and Blanchard (1989) on the responsiveness of rodents to 
proximal (imminent) and distal (uncertain) threat, which as a result were recognized 
to be homologous to human panic and generalized anxiety, respectively.

Adaptive behavior is a balance between planned goal-directed actions that are 
flexibly responsive to changing environmental contingencies and automatic, 
innately programmed actions that are inflexible and more difficult to interrupt and 
modify. Examples of behaviors having both flexible and inflexible components 
include grooming and cleanliness behaviors, food caching, territorial marking and 
maintenance, and parental (maternal) behavior. Maternal behavior is an especially 
apt example because the new mother must be successful in the absence of any prior 
experience (necessitating innate, preprogrammed maternal responses); yet, the 
expression of preprogrammed behavioral routines must also maintain flexibility in 
order to adapt to variable and changing environmental and social contingencies.

Obsessive-compulsive disorder (OCD) is a mental illness that includes intrusive 
obsessive thoughts of harm to self, family, and home and compulsive behaviors that 
are persistent, repetitive, ritualistic, and ostensibly aimed at preventing harm. 
Obsessions and compulsions are distressing, time consuming, and highly debilitat-
ing. Interestingly, the content of obsessions and compulsions of OCD most often 
involves the aforementioned behaviors: grooming and cleanliness, hoarding, pro-
tection of self and home, and protection of family and loved ones. Szechtman et al. 
(2020) and Woody et al. (2019) have elaborated a model of OCD pathophysiology 
centered on a special innate “security motivation” that is activated when an animal 
is confronted with a situation where there is a potential for threat, but no threat is 
physically present. Security motivation promotes the performance of prophylactic 
security behaviors, such as washing, checking, and verifying. An important charac-
teristic of security motivation is that there is no clear objective cue that can signal 
the absence of threat; therefore, the system must rely on an internally generated 
signal that quenches security motivation and stops security behaviors. It is this 
quenching mechanism that is proposed to be faulty in OCD: security motivation and 
prophylactic behaviors are “turned on” by potential threat, but cannot be “turned 
off” normally, resulting in prolonged security motivation (which manifests as obses-
sions) and excessive repetition of security behavior (compulsions).

Considering OCD within the theoretical framework of the security motivation, 
we have proposed that maternal nest building in the pregnant rabbit can serve as a 
neurobehavioral model for elucidating neurobiological mechanisms relevant to 
compulsive-like behavior (Hoffman and Rueda Morales, 2009, 2012). 
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Straw- carrying (described in Section “Nest building in the laboratory, on the farm, 
and in the wild”) is a repetitive component of maternal nest building that is initiated 
in late pregnant rabbits by a clear, discrete objective stimulus (straw), and termi-
nated in association with a subjective one (size and/or quality of nest). Given that 
the Szechtman and Woody model proposes that pathological compulsions arise 
from a dysfunctional stopping mechanism, defining neurobiological mechanisms 
that underlie the termination of straw-carrying behavior might yield important clues 
on neurobiological substrates that might underlie the quenching of security 
motivation.

 Neurobiology of OCD and Straw-Carrying

Neurobiologically, how similar are straw-carrying behavior and human obsessive- 
compulsive symptoms? During the past 25 years, patients with OCD have been 
studied using ever-more sophisticated brain imaging techniques and analyses. Most 
studies have applied functional magnetic resonance imaging (fMRI), which is a 
means to visualize localized changes in cerebral blood flow that are associated with 
regional brain activation. This technique, along with positron emission tomography 
(PET) deoxyglucose imaging, identified brain regions that showed increased base-
line (resting) activity in subjects with OCD compared to healthy controls. These 
regions include the orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), 
striatum (caudate and putamen), and medial thalamus. fMRI has also been applied 
in experimental protocols in which the subject is exposed to obsession- and 
compulsive- provoking stimuli (e.g., photo of contaminated hands), revealing 
increased activation in these same regions in OCD compared to control (reviewed in 
Soriano-Mas 2021).

If straw-carrying accurately models compulsion, then exposing a pregnant rabbit 
to straw (the “compulsion-provoking stimulus”) should result in the activation of 
the rabbit homologues of human brain regions that are activated in OCD symptom 
provocation paradigms. Cano-Ramírez and Hoffman (2017, 2018) carried out a 
series of studies in which nonpregnant and pregnant rabbits were either given straw 
or not and then sacrificed 1 h later and processed for c-FOS protein immunohisto-
chemistry. Pregnant rabbits repetitively collected straw and carried it into the nest 
box, while nonpregnant ones simply nibbled on the straw or did not interact with it. 
Compared to nonpregnant groups (with or without straw), and to pregnant rabbits 
that were not given straw, pregnant straw-carrying rabbits showed increased c-FOS 
immunolabeling in the OFC, the ACC, the piriform cortex, the striatum ( dorsal 
putamen and ventral caudate), and the somatosensory and primary motor cortex. 
Both pregnant and nonpregnant rabbits that were given straw showed increased 
activity in the medial and ventral putamen, indicating that activity in these areas was 
related to simply interacting with straw (Fig. 14).

In a subset of straw-carrying rabbits, we carried out an exploratory factor analy-
sis (EFA) with cluster rotation on a dataset that encompassed c-FOS 
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Fig. 14 Coronal hemisections of the rabbit brain from rostral (left) to caudal (right). Text labels 
denote brain regions that were studied in relation to straw-carrying behavior in pregnant female 
rabbits (Cano-Ramírez and Hoffman 2017, 2018). The red diamonds mark those regions that 
showed significantly increased activity (c-Fos label density) in association with straw-carrying, 
and the green circles mark those regions that showed increased activity associated with nonspecific 
interactions with straw. Abbreviations: OFC orbitofrontal cortex, Pf piriform cortex, PM premotor 
area, ACC anterior cingulate cortex, PL prelimbic area, IL infralimbic area, SS somatosensory 
cortex, M1 primary motor cortex, dPut, mPut, and vPut dorsal, medial, and ventral putamen, 
respectively, dCaud, mCaud, and vCaud dorsal, medial, and ventral caudate, respectively. Scale 
bar  =  0.2  cm. Images of brain sections were adapted from those available online from the 
Comparative Mammalian Brain Collections. (http://neurosciencelibrary.org/index.html)

immunohistochemistry data and several behavioral measures relevant to repetitive 
straw-carrying (Cano-Ramírez et al. 2020). Essentially, EFA is a means to identify 
groups of variables that tend to covary with each other and, when applied in the 
present context, would identify ensembles of brain regions that have correlated den-
sities of c-FOS label. Importantly, distinct brain regions that have correlated activity 
can tentatively be assumed to comprise a functionally interconnected network: brain 
regions that “fire together, wire together.” Likewise, behaviors that covary with 
activity in such ensembles of brain regions are likely to be modulated by these net-
works. This exploratory analysis revealed three ensembles of brain regions that dis-
played correlated activity during straw-carrying. Remarkably, these three ensembles 
mapped onto three functional corticostriatal-thalamocortical (CSTC) networks that 
have been described in rodents, nonhuman primates, and humans (Fig. 15).

These analyses place straw-carrying behavior within the framework of an emerg-
ing neurobiological model for the expression of flexible, goal-directed behavior and 
inflexible habit behavior. This model comprises the three CSTC networks described 
above (Fig.  16): (1) the limbic network is involved in motivation and long-term 
planning of a goal-directed behavior; (2) the associative network underlies the 
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Fig. 15 Coronal hemisections of human (left) and rabbit (right) brain, showing striatal regions and 
cortical areas functionally associated with them. Image of human brain was reduced in size in 
order to facilitate comparisons with the rabbit brain. Left (human) hemisection: Cortical afferents 
to the putamen (outlined in green), the caudate (blue), and the ventral caudate/nucleus accumbens 
(yellow) are denoted by text labels, forming the corticostriatal components of the sensorimotor 
(green), associative (blue), and limbic (yellow) CSTC networks (Jaspers et al. 2017). Right (rabbit) 
hemisection: Three ensembles of rabbit brain regions that showed coactivation during straw- 
carrying: (i) “sensorimotor,” dorsal caudate and putamen (green outline) coactivated with M1 and 
SS; (ii) “associative,” medial caudate (blue outline) coactivated with PM, OFC, PL, and Pf; and 
(iii) “limbic,” ventral caudate (yellow outline) coactivated with ACC, IL, and mThal. Corticostriatal 
afferents that show homology between human and rabbit are highlighted in red. Note that the rab-
bit IL is functionally and anatomically homologous to vmPFC. Activity of the hippocampus and 
amygdala during straw-carrying has not yet been investigated (Cano-Ramírez et  al. 2020). 
Abbreviations: M1 primary motor cortex, SS somatosensory cortex, PM premotor cortex, SMA 
supplementary motor area, lOFC lateral orbitofrontal cortex, ACC anterior cingulate cortex, dPFC 
dorsal prefrontal cortex, Pf piriform cortex, mThal medial thalamus. Scale bar = 0.2 cm. Images of 
brain sections were adapted from those available online from the Comparative Mammalian Brain 
Collections. (http://neurosciencelibrary.org/index.html)

flexible performance of short-term actions necessary to carry out the behavioral 
plan; and (3) the sensorimotor network is engaged when habitual, repetitive, or 
innately programmed subroutines are employed in order to achieve the goal. In 
response to triggering stimuli, these CSTC networks are proposed to be sequentially 
activated by feed-forward excitation (Haber et al., 2000).
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Fig. 16 CSTC networks involved in the expression of goal-directed and habit behavior. The “lim-
bic” network (left) receives sensory-emotional and pneumonic information from the amygdala and 
hippocampus and is associated with initiating and maintaining motivation. The “associative” net-
work (middle) mediates the expression of flexible behavior directed toward achieving a goal. The 
“sensorimotor” network (right) underlies the expression of innate behavioral patterns (such as 
grooming) and acquired habits. VS projections from the striatum to the midbrain VTA and vmSNc 
(yellow arrows) activate dopaminergic projections (green arrows) from these areas to the VS and 
DMS; the DMS, in turn, activates dopaminergic afferents from the vmSNc and vSNc to the DMS 
and DLS, respectively. Maternal motivation is facilitated by projections from the MPOA to the 
VTA, which in turn activates dopaminergic afferents to the VS. Abbreviations: HC hippocampus, 
Amyg amygdala, MPOA medial preoptic area, VS ventral striatum, VP ventral pallidum, Thal thala-
mus, vmPFC ventromedial prefrontal cortex, lPFC lateral prefrontal cortex, SMA supplementary 
motor area, PM premotor area, DMS dorsomedial striatum, GP globus pallidus, M1 primary motor 
cortex, SS somatosensory cortex, DLS dorsolateral striatum, VTA ventral tegmental area, vmSNc 
ventromedial substantia nigra compacta, vSNc ventral substantia nigra compacta

Two influential hypotheses for OCD posit that there is a dysfunction in the con-
trol of these networks. One hypothesis proposes that there is a generalized imbal-
ance between the activities of the associative and sensorimotor networks that favors 
the activation of the latter network and consequently the repetitive expression of 
inflexible behavioral routines (“compulsions”) (Gillan and Robbins 2014). The sec-
ond hypothesis is that of Szechtman and Woody, described above (Szechtman et al. 
2020; Woody et al. 2019). In the Szechtman and Woody model, the limbic network 
is activated when the individual is confronted with situations of uncertainty and 
potential threat, activating “security motivation,” which promotes activation of 
associative and sensorimotor networks. In healthy individuals, the expression of 
security behavior such as checking and hand-washing activates an unidentified 
mechanism that provides negative feedback to the limbic and associative networks, 
thereby quenching security motivation and terminating security behaviors.

G. González-Mariscal et al.



163

Dopamine release within the striatal component of each of these networks by 
afferents from the ventral tegmental area (VTA) and substantia nigra compacta 
(SNc) is a key mechanism for promoting network activation, and dopamine release 
within each network is hierarchically modulated: the limbic network can modulate 
dopamine release in the medial striatum (thus controlling activation of the associa-
tive network), and the associative network can modulate dopamine release in the 
dorsolateral striatum (thus controlling activation of the sensorimotor network) 
(Fig. 16). Results of pharmacological studies of straw-carrying are consistent with 
dopamine-mediated sequential activation of these networks (Hoffman and Rueda 
Morales 2012). In that study, dopamine D1 and D2 receptor antagonists had no 
effect on the initiation of straw-carrying (presumably mediated by the initial activa-
tion of the limbic and associative networks). In the presence of these antagonists, 
straw-carrying waned within 5–10 min, while saline-treated rabbits persistently dis-
played this behavior for 30  min or more. Interestingly, straw-carrying bouts in 
saline-treated controls were expressed in a highly regular manner (average of 2 
cycles every 5 min, with uniform variability), while those rabbits treated with dopa-
mine antagonists displayed truncated and more variable bouts of straw-carrying. 
This finding is consistent with the proposal that the dopamine-mediated activation 
of sensorimotor CSTC circuits (see Fig. 17) mediates the transition from flexible 
expression of straw-carrying (presumably mediated by the associative network) to 
persistent and highly regular repetitive behavior.

 Relationship Between OCD, Straw-Carrying, and Normal 
Maternal Behavior

Models of neurobiological control of maternal motivation and behavior (most of 
which are based on experiments where pup retrieval in rodents was used as an out-
come measure) propose that pup-associated stimuli activate the medial preoptic area 
(MPOA), which sends projections to the ventral tegmental area (VTA) that in turn 
activate dopaminergic projections to the ventral striatum. Dopamine release in the 
ventral striatum then activates limbic networks that promote maternal motivation 
and the activation of flexible goal-directed behavior (associative networks) as well 
as innately programmed inflexible motor routines such as pup retrieval (likely medi-
ated by sensorimotor networks). As described in section “Nest building in the labo-
ratory, on the farm, and in the wild”, stereotaxic lesions of the MPOA, and 
encroaching on the ventral striatum (nucleus accumbens), significantly inhibited the 
expression of straw-carrying behavior during normal pregnancy as well as in ovari-
ectomized rabbits treated with estradiol and progesterone (Basurto et  al. 2018). 
Interestingly, stereotaxic lesioning and high-frequency electrical stimulation (deep 
brain stimulation (DBS)) of a very similar region in humans (the ventral striatum 
and ventral internal capsule) are often effective neurosurgical treatments for other-
wise intractable OCD (Kahn et al. 2021; Miguel et al. 2019; Fig. 18).
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Fig. 17 Pretreatment with a dopamine receptor antagonist significantly shortened the duration of 
straw-carrying. Compared to saline (control; top panel), raclopride (D2/D3 receptor antagonist, 
bottom panel) significantly shortened the duration of bouts of repetitive straw-carrying. “Cycle 
frequency” (vertical axis) refers to the number of straw-carrying cycles displayed for each 5 min 
time bin (a complete cycle defined as collect straw, carry straw to nest box, and deposit it there and 
return to collect more straw). (Hoffman and Rueda Morales 2012)

As alluded to above, obsessions of OCD most often involve thoughts related to 
self-protection, protection of loved ones, and protection of one’s home, while com-
pulsions are often inflexible, ritualistic, and repetitive behaviors related to evolu-
tionarily conserved behavioral programs. OCD associated with pregnancy and the 
postpartum period is an especially illustrative example in this regard. Becoming a 
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Fig. 18 Coronal sections of the human (left panel) and rabbit (right panel) brain. The human brain 
hemisection was reduced in size in order to facilitate comparisons with the rabbit brain. Caudate 
(Cd), putamen (Put), and nucleus accumbens (NA) are outlined in blue, green, and yellow, respec-
tively. Left (human) hemisection: The red dashed oval marks the target area for neurosurgical 
lesions of the ventral striatum/ventral capsule (VS/VC) in treatment-resistant OCD.  High- 
frequency electrical stimulation of this same area (deep brain stimulation (DBS)), which is believed 
to produce a reversible functional lesion, can also be an effective treatment for OCD. Right (rabbit) 
hemisection: The red dashed oval marks the approximate area within which experimental electro-
lytic lesions resulted in the selective loss of straw-carrying behavior (Basurto et al. 2018). Images 
of brain sections were adapted from those available online from the Comparative Mammalian 
Brain Collections. (http://neurosciencelibrary.org/index.html)

new parent is a life event often associated with experiences of intrusive thoughts and 
compulsive-like behaviors. Leckman et  al. (1999) and Abramowitz et  al. (2003) 
surveyed new mothers and fathers concerning their experiences of intrusive, 
obsession- like thoughts. Approximately 90% of new parents experienced intrusive 
thoughts about some horrible accident occurring to the infant, while 40% reported 
intrusive thoughts of doing intentional harm to the baby. Other obsessive thoughts 
were of the possibility of “misplacing” or “losing” the baby and thoughts of germs 
and illness. These thoughts were sometimes accompanied by compulsive-like 
behaviors, including checking on the baby, even though they “knew everything was 
fine.” The content of the typical intrusive thoughts and compulsive-like behaviors in 
nonclinical populations of new parents is markedly similar to the obsessions and 
compulsions experienced by new parents with clinically diagnosed OCD. Indeed, a 
number of studies indicate that pregnancy and childbirth were associated with an 
exacerbation of existing clinical OCD symptoms, as well as with an increased risk 
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for first onset of OCD (Guglielmi et al. 2014; Forray et al. 2010). However, other 
studies have questioned the significance of this apparent relationship (House et al. 
2016; McGuinness et al. 2011).

Nevertheless, it is clear that in healthy mothers, maternally relevant stimuli such 
as a photographic image of one’s own child or a recording of one’s own child crying 
elicit fMRI regional brain activation in many of the same brain regions that have 
been mentioned in the previous sections and generally encompass many compo-
nents of limbic, associative, and sensorimotor CSTC circuitry (Lorberbaum et al. 
2002; Nitschke et al. 2004; Ranote et al. 2004; Strathearn et al. 2008). Infant cries 
activate a “security motivation-like” system in the mother: an alerting system  – 
involving limbic CSTC circuits – that responds to cues indicating the possibility of 
threat, in this case, possible harm to the infant (Lorberbaum et al. 2002). According 
to the Szechtman and Woody model, in healthy mothers, activity in the security 
motivation system would be quenched by checking the infant and performing innate 
maternal care behaviors. By contrast, in individuals with OCD, such behaviors 
would be ineffective at quenching security motivation, and therefore motivation 
would remain (taking the form of an obsession) and behaviors would be unnecessar-
ily repeated (becoming a compulsion).

When modeling neuropsychiatric disorders in laboratory animals, it is essential 
to work within a theoretical framework that allows for evidence-based, valid neuro-
biological and behavioral cross-species comparisons. In the present context, both 
hypotheses for OCD pathophysiology mentioned above (imbalance in goal-directed/
habit behavior and the security motivation hypothesis) are based on evolutionarily 
conserved neurobiological processes that may be disrupted in OCD: imbalance in 
relative activity of sensorimotor and associative CSTC circuits that favors inflexible 
habit behavior and deficient negative feedback onto limbic and associative CSTC 
circuits. These circuits encompass brain regions that are known to exhibit altered 
activity in OCD, such as the OFC, ACC, ventromedial PFC, striatum, and thalamus, 
as well as being fundamental neurobiological substrates for the expression of mater-
nal motivation and behavior in humans and in nonhuman animals alike. Our studies 
indicate that straw-carrying in the pregnant rabbit also engages these same circuits. 
Within this theoretical framework, straw-carrying by the pregnant rabbit might be 
considered a compulsive behavior that is adaptively expressed within a specific 
physiological and reproductive context. Using this neurobehavioral model in order 
to address targeted questions such as How is repetitive straw-carrying turned off? 
should generate hypotheses on neurobiological mechanisms that may be dysfunc-
tional in OCD.

4  Final Reflections

Throughout this chapter, we have provided a landscape depicting how the study of 
rabbit maternal behavior can illuminate a more complete understanding of the 
“parental brain.” When viewed as a whole, findings arising from disciplines as 
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varied as neuroendocrinology, animal science, behavioral ecology, and psychobiol-
ogy reveal that rabbits share commonalities with other mammals regarding the neu-
roendocrine regulation of maternal behavior (for reviews, see González-Mariscal 
and Poindron 2002; Numan and Insel 2003; Numan et al. 2006). On the other hand, 
it is also evident that mother rabbits show some “peculiar” behaviors that are spe-
cific to lagomorphs, such as an elaborate nest building process and brief nursing 
bouts that are displayed with predictable once-a-day periodicity. These innate 
behavioral patterns are both fixed and flexible, a property that allows rabbits to 
adapt to a changing environment. Both in the laboratory and on the farm, the behav-
ior of maternal rabbits has been observed in response to a number of experimental 
challenges (e.g., type of nest material, exposure to liver vs. placenta, number of kits 
nursed, type of cage used, own vs. alien kits, lactating-only vs. pregnant-lactating 
states). Their responses to these challenges both emphasize that mother rabbits have 
a remarkable capacity to modify their behavior in ways that optimize the survival of 
their progeny as well as provide important clues on the neurobiological and neuro-
endocrinological underpinnings of maternal behavior. Moreover, studies of wild 
and domestic rabbits, kept under seminatural conditions, have revealed an important 
contribution of social hierarchy to the success of a doe in producing overlapping 
litters across a breeding season.

Nevertheless, several pertinent questions on rabbit maternal behavior remain 
underexplored including: How is the nipple stimulation, received during suckling, 
“transformed” into a neural signal that determines the duration and frequency of a 
nursing bout? Which factors determine weaning? Is an evolutionary perspective 
possible from studying maternal behavior in other lagomorphs (i.e., hares, pikas; 
Broekhuizen et al. 1986; Broekhuizen and Mulder 1983)? These questions touch on 
central themes within the fields of the neurosciences, behavioral neuroendocrinol-
ogy, and evolutionary biology, and rabbits are a species particularly well suited for 
exploring them. It is encouraging that, within the field of biological psychiatry, rab-
bit nest building is being used as a model for exploring the neurobiological sub-
strates of obsessions and compulsions, which are neuropsychiatric symptoms 
unique to humans. As nest building is objectively and easily quantified in doe rab-
bits, it can be used to test drugs that target particular neurotransmitter systems, 
presumably involved in the expression of OCD.

A fruitful interaction is emerging between cuniculture (i.e., rabbit breeding) and 
behavioral neuroendocrinology/psychobiology. Although the former field is mainly 
interested in productivity (rabbits are considered livestock), this aim depends largely 
on optimizing reproduction, in agreement with animal welfare. Consequently, reli-
able information on the ways through which farm conditions and animal manage-
ment impact the adult rabbit reproductive axis, the responses to stress, and the 
development of kits can contribute positively to this important food industry. 
Conversely, “laboratory researchers” are finding conditions that are frequent on the 
farm but unusual in behavioral neuroendocrinology (e.g., concurrently pregnant- 
lactating does) which allow the study of main topics in the field, such as reflex 
ovulation and weaning.
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We hope this review chapter encourages our readers to broaden their outlook on 
rabbit maternal behavior beyond the usual boundaries of the field. This topic has 
been enriched largely through the recognition that findings from “peripheral” fields 
are connected around a common, complex function of the nervous system: the regu-
lation of mammalian behavior.
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Parental Behavior in Bovines

Lena Lidfors

Abstract After approximately 9 months, cows give birth to one calf. They usually 
try to separate from the herd if kept outdoors, but this depends on the possibilities 
to hide. When the calf is born, the cow immediately stands up and starts licking the 
calf, and this is most intense for the first hour. During this time, the cow is very 
protective of her calf and may attack anyone trying to come close to it, especially if 
the cow is not so used to human handling. The calf tries to stand up and falls in the 
beginning, but it usually stands about half an hour later. Once standing, the calf 
searches for the udder, and after approximately 2 h, the calf is suckling the colos-
trum from the cow’s teats. The calf is born without an immune defense, and it, 
therefore, needs to suckle enough colostrum from the cow to get protection against 
infections. If the calf does not succeed in suckling within 4–6  h after birth, the 
farmer must milk the cow and give the calf at least 2–4 l of colostrum in a teat bottle. 
If the farmer has frozen colostrum of good quality in the freezer, and it is either dif-
ficult to milk the cow or her colostrum is of too low quality, the frozen colostrum 
can be warmed up and given to the calf. Beef calves are usually allowed to stay with 
their mother until they are 6–8 months old, when they are separated from the cow 
and then weaned. Dairy calves are usually separated from their mother immediately 
or within a few days after birth and raised by artificial milk feeding. In the beginning 
or during the whole milk period (6–12  weeks), they may be kept individually 
indoors in crates or outdoors in hutches. After weaning, they are usually group housed.
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1  Introduction

Domestic bovines are mainly of two types, those without a hump (Bos taurus) and 
those with a hump called zebu cattle (Bos indicus). Bos taurus are mainly found in 
the temperate regions of the world and are split into three types: (1) dairy cows, 
where the calf by tradition is removed from the cow shortly after birth in order to get 
as much milk from the cow as possible; (2) beef cattle, where the calf stays with the 
mother until 6–8 months and thereafter is fed to develop muscle used for human 
meat consumption; and (3) dual-purpose cattle, where the cow is both kept for milk 
and meat production. Through genetics, these different types have been bred for 
increased production over a long time. Bos indicus have also been split into dairy 
and beef breeds in the hot regions of the world where they are the main cattle breeds. 
Attempts have been made to keep dairy cows of Bos taurus in the hot regions, but 
they cannot cope with the high temperatures. Therefore, dairy cows of Bos indicus 
have been crossbred with Bos taurus in order to increase the milk production in 
cattle kept in these hot regions. Despite these different cattle types and breeds, their 
parental behavior does not seem to differ much. Therefore, this chapter will present 
results from studies on both Bos taurus and Bos indicus cattle, assuming that there 
are no major differences in their behavior.

To understand the basic parental behavior in bovines, it is important to study 
them in natural or seminatural environments where they can show their natural 
behavior as much as possible. This has been done on Camargue cattle roaming free 
in the south of France (Schloeth 1958, 1961), Chillingham cattle kept in large areas 
in the south of Scotland (Hall 1989), feral cattle on the Orkney island of Swona 
(Hall and Moore 1986), feral cattle on Amsterdam Island (Berteaux and Micol 
1992) and semi-wild free-ranging Maremma calves in Italy (Vitale et al. 1986). Our 
own studies have been done on crossbred beef cattle kept on a ranch in the south of 
Sweden during 1986–1988 (Lidfors 1994). Studies of natural parental behavior in 
Bos indicus have been carried out on Maasai cattle in Kenya (Reinhardt et al. 1978). 
Some studies have also observed dairy cows around calving to try to understand 
their maternal behavior (Edwards and Broom 1982) and determine if it is different 
from the free-ranging semi-wild cattle (Lidfors 1996). There are also studies on how 
to keep and manage cows before and during calving in order to follow their natural 
behaviors. This will be presented in a second section.

Removing the calf from the mother at birth, a practice in dairy cattle, has been 
criticized during the last couple of years, and there are ongoing studies on how to 
manage milking the cow and still keep the calf with the mother. In the third section 
of this chapter, I will present studies on different methods to keep the calf with its 
mother or raise it by a foster cow.

One important aspect of bovine behavior is that the natural group composition 
consists of a maternal group with cows of different ages and their offspring. Male 
calves leave the maternal group at around 1.5–2 years and form bachelor groups. 
When the young bulls reach an age of around 4–5 years, they become more solitary 
and compete to mate with the cows in the maternal groups. Hall (1989) found that 
the older bulls kept territories to which they tried to attract cows for mating. As the 
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bulls are not involved in any parental behavior, this chapter will mainly use the word 
maternal behavior or mother-young behavior.

2  Origin and Distribution of Cattle

Cattle have their origin in the aurochs (Bos primigenius) which evolved in Asia and 
then spread all over Europe. Aurochs were large animals and bulls weighed more 
than 1 ton. They were heavily hunted for their meat and slowly declined in number 
until the last animal died in an animal park in Poland in 1627. Since then, the 
aurochs became extinct. The Hannover Zoo has tried to rebreed the aurochs from up 
to ten different old cattle breeds, and the offspring of those can be found in different 
zoos around the world.

Cattle were domesticated by humans already 9000  years ago (Clutton-Brock 
1999). The main reasons for domestication were meat, milk, blood, power, leather, 
and feces for human activities (e.g., fertilizers for agriculture). Archeological 
remains show that already on 2050 BC humans were milking cows (Ekesbo and 
Gunnarsson 2018). From the start of domestication until the 1920s, dairy cows were 
hand milked three times per day mostly by women (Ekesbo and Gunnarsson 2018). 
Around the 1950s, milking machines became more common, which increased the 
number of cows that could be milked at the same time and reduced the number of 
milking to twice a day; mainly men took over the work (Ekesbo and Gunnarsson 
2018). Today, dairy cattle herds are larger, and carrousel milking or automatic milk-
ing systems are common.

The world population of cattle during the inventory in 2021 was found to be 
1,000,967,000 heads (Cook 2021). India has the largest number of cattle (30.52%, 
including water buffalo), followed by Brazil (25.25%), China (9.55%), the USA 
(9.35%), and the European Union (8.55%) (Cook 2021).

3  Breeds of Cattle

Cattle are divided into Bos taurus (humpless cattle) and Bos indicus (zebus, humped 
cattle, Brahman cattle). Bos taurus are the typical cattle of Europe, northeastern 
Asia, and parts of Africa, and most of the breeds are adapted to cooler climates. Bos 
taurus are used for milk production, beef production, to keep the landscape open, 
and their by-products such as hides are used in the leather industry, whereas manure 
is used to fertilize growing crops. Bos indicus originated in South Asia, and it is 
characterized by a fatty hump on their shoulders, drooping ears, and a large dewlap. 
They are adapted to high temperatures and are used as draught oxen, dairy cattle, 
beef cattle, and their by-products, such as hides and dung, for fuel, and manure is 
used for fertilizing crops. Bos indicus are bred with Bos taurus to increase the milk 
production in several countries where the climate is too hot to keep pure Bos taurus.
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There are more than 1000 breeds of cattle around the world (Hall 2002). Cook 
(2021) presents cattle breeds based on their origin of country. To mention some 
common Bos taurus dairy breeds, Holstein is the most common breed in North 
America and Europe today. Other breeds are the Ayrshire or Red breeds, from which 
others like, Swedish Red, etc. are derived. Jersey cows are another dairy breed that 
is common in some countries. Common beef breeds of Bos taurus are Charolais, 
Limousin, Hereford, and Aberdeen Angus (Black Angus vs. Red Angus). Dual-
purpose cattle breeds are bred and kept to produce both milk and meat. The females 
are used for milk production and breeding, whereas unwanted bulls are kept for beef 
production. These breeds are ideal for smaller farms with limited specialization. 
The second most common cattle breed in the world is the dual-purpose Bos taurus 
Fleckvieh/Simmental with an estimated 41 million cattle. Other breeds are Shorthorn 
and Red Poll cattle both developed in England. Within Bos indicus, Sahiwal from 
Pakistan and Gir from Gujarat are the most common dual-purpose cattle breeds 
which have spread to many countries around the world.

Adult bovines of Bos taurus are large animals where cows weigh from 600 to 
700 kg and bulls weigh from 900 to 1200 kg. However, there are large differences 
depending on the breed. The old dairy breeds that used to graze on the lower moun-
tains and forests during summer times in the old farm landscape are one of the 
smaller cattle, weighing from 350 to 600 kg. These old dairy mountain breeds are 
polled (i.e., they are inherently born without the possibility to grow horns). Today, 
there are some beef breeds where the horns have been bred away, for example, 
Aberdeen Angus, Hereford, and Charolais.

For more cattle breeds, please visit web pages such as http://afs.okstate.edu/
breeds/cattle/, https://www.britannica.com/animal/cattle- livestock, and http://www.
thecattlesite.com/breeds/beef/.

4  Cow-Calf Behavior When Kept in the Wild or Under 
Seminatural Conditions

 Behavior Around Calving

After approximately 9 months (± 14 days), the cow gives birth to usually one calf. 
Twins are reported to be born in 3–5% of Holstein Friesian dairy cattle (Gáspárdy 
et al. 2018), in 4.2% of Holstein calvings in Minnesota (Del Río et al. 2007), and in 
3.4% of Swedish Red and 4.5% in Swedish Holstein (Swedish Dairy Association 
2007). The frequency of twins increases with increasing age and milk yield (Ekesbo 
and Gunnarsson 2018). The cow can also get triplets, but that is rare. The calf of 
Camargue cattle is generally born during early spring (Schloeth 1961). In the feral 
cattle on Amsterdam Island, reproduction appears to be seasonal, as 78% of births 
occurred within 4 months (Berteaux and Micol 1992). Reinhardt et al. (1986) found 
that breeding in semi-wild Scottish Highland cattle was synchronized in May and 
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June and calving coincided with the spring flush of grass. The age at first calving 
ranged from 2 to 4 years in feral cattle on Amsterdam Island (Berteaux and Micol 
1992) and 2–3 years in semi-wild Scottish Highland cattle (Reinhardt et al. 1986). 
Semi-wild Boran cattle had their first calves at about 34 months (Reinhardt 1982). 
The fertility (rate of conception) was estimated at 0–73 fetuses per cow per year 
(Berteaux and Micol 1992). The calving interval was on average 391 days in a semi- 
wild Scottish Highland cattle herd (Reinhardt et al. 1986) and 430 days with a range 
from 304 to 801 days in a semi-wild Boran cattle herd (Reinhardt 1982). The calv-
ing interval of managed Boran cattle living on the same ranch as the semi-wild herd 
averaged 494 days with a range of 306–798 days.

During the first year, calving mortality was 5% in the semi-wild Scottish 
Highland cattle herd (Reinhardt et al. 1986). Calf mortality from birth until weaning 
in extensively kept beef cattle was reported by Portuguese farmers to be 5.7% 
(Santos et al. 2019). Holstein cows were found to have a calf mortality of 7.2% with 
singleton births and 28.2% with twins (Del Río et al. 2007). Further calf mortality 
for singletons was 5.0% for multiparous cows and 10.7% for first calving primipa-
rous cows (Del Río et al. 2007). There are different reasons for calf mortality in 
free-ranging cattle, such as difficult calving, weak calves, weather conditions dur-
ing the calving season, accidents, and predation. In dairy cattle, many studies have 
analyzed the reasons for calf mortality, but this is outside the scope of this chapter.

The time of birth has been varying in different studies; in zebu cattle (Bos indi-
cus), 55% of the births were during the day and 45% during the night (Reinhardt 
1982), whereas in Hereford (Bos taurus), 82% of the calves were born between 
midday and midnight (George and Barger 1974). In a herd of mixed beef and dairy 
breeds, calving was equally distributed throughout the day and night hours, although 
significantly more cows calved from 11 to 13 h (Owens et al. 1985). In dairy cows, 
more calves were born at night than during the day (Edwards 1982).

One to several days before calving, the cow moves away from the herd in short 
trips (Brownlee 1950; Reinhardt et al. 1977; Edwards and Broom 1982). However, 
Lidfors et al. (1994a) found that cows of an old dairy breed kept in a forest area did 
not leave the herd until a few hours before their calving in a secluded place. If the 
cow stays in the herd, she may approach and attempt to sniff or lick alien calves 
(Edwards and Broom 1982; Lidfors et al. 1994a). This was seen by nearly half of 
the cows within 24 h of their own calving by Finger and Brummer (1969), which 
lead them to propose a hormonal basis for maternal behavior. This behavior is rarer 
in primiparous than multiparous cows, suggesting that experience also may have 
some effect on the elicitation of maternal behavior (Finger and Brummer 1969). 
Owens et al. (1985) observed a few cases of calf-stealing by pre-parturient cows. In 
my own research of mother-young behavior in beef cows kept outdoors all year 
round on a ranch, I have also observed attempts of calf-stealing in a primiparous 
cow after having rejected her own calf and in multiparous cows that have lost their 
own calf (Lidfors 1994).

There are different reports about where cows give birth. The Maasai cattle (Bos 
indicus) cows were found to give birth in a concealed place (Reinhardt et al. 1977). 
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Fig. 1 Cow with young calf in isolation from other cows in the Finnish forest. (Photo: Lena 
Lidfors)

Chillingham cattle cows were found to isolate themselves at calving (Hall 1979), as 
did cows kept free in a Russian study (Baskin and Stepanov 1993).

However, free-ranging beef cows on a ranch were only rarely isolated from the 
herd at parturition (Lidfors et al. 1994a). Similar results were found in beef and 
dairy cows (Edwards 1982; Kiley-Worthington and de la Plain 1983; Wood-Gush 
et  al. 1984). Although most cows calved in the cow groups, some of them were 
observed to give birth completely separated from the rest (Edwards and Broom 
1982). Kiley-Worthington and de la Plain (1983) found that a purposeful separation 
from the herd was rare among beef cows, because during the course of their “rest-
less” behavior, pre-parturient cows tended not to synchronize their activities with 
the herd to the same degree as usual resulting in that they were left behind as the 
herd grazed on. In the free-ranging beef cows, the calving cows were found in the 
shelters with three walls, a roof, and a deep straw bed more often than the pregnant 
cows were; thus, a slight separation from the herd was achieved (Lidfors et  al. 
1994a). Wagnon (1963) found that especially nervous older cows and heifers would 
seek an isolated spot before calving. This was also found in our own studies, where 
the primiparous cows of free-ranging Finn cattle were more prone to isolate them-
selves in the forest at calving than the multiparous cows (Lidfors et  al. 1994a; 
Fig. 1).

Lidfors (1994) presented three main reasons for why domesticated cows do not 
seek as much isolation at calving as their ancestors:

 1. The geography of the calving areas did not stimulate the isolation-seeking 
behavior at calving.

 2. The domestication of beef and dairy cows has reduced their motivation to seek 
isolation at calving.
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 3. Cows are flexible in their behavioral repertoire so that when the calving area is 
grassland without any trees or bushes, they calve relatively close to other cows, 
and when the area is dense with trees and bushes, they seek a secluded place for 
calving. This is supported by the results on free-ranging beef cattle on an open 
ranch compared to Finn cattle in the forest (Lidfors et al. 1994a), but also from 
studies on American bison cows (Lott and Galland 1985) and reindeer 
(Espmark 1971).

During calving, the cow is lying down, but she stands up and changes the lying 
side several times before the calf is finally born. Selman et al. (1970a) found that 
during 20 out of 30 calvings, the cow was lying down and giving birth until the hips 
of the calf were out, after which the cow stood up and dropped the calf to the 
ground. Nine cows completed calving while lying down, and only one stood up dur-
ing the complete calving (Selman et al. 1970a). Lidfors and Jensen (1988) found 
that immediately after parturition, all 19 out of the 20 cows stood up and started to 
lick the calf. Twelve of these cows licked their calf and seven performed other 
behaviors such as eating amniotic membranes or sniffing the calf (Lidfors and 
Jensen 1988).

 The Behavior of the Calf Immediately After Birth

The first sign of life in the calf is often the blinking of the eyes as it dangles from its 
mother’s vulva (Kiley-Worthington and de la Plain 1983). The first obvious move-
ments consist of head shaking, snuffing, and sneezing, which often is as soon as the 
calf’s shoulders are passed (Selman et al. 1970b; Kiley-Worthington and de la Plain 
1983). This is probably to help clear the nostrils and ears of birth fluids (Kiley- 
Worthington and de la Plain 1983). After being expelled or upon falling on the 
ground, the next sign is the beginning of regular breathing, often preceded by a 
coughing splutter (Kiley-Worthington and de la Plain 1983). For the next few min-
utes, the calf lies stretched out on one side (Kiley-Worthington and de la Plain 1983; 
Hermann and Stenum 1982). The calf’s first head lifting has been reported to be 
3.3 min after birth (Le Neindre 1982). From the sidewise position, it moves its legs 
and pushes itself into a sternal lying position (Kiley-Worthington and de la Plain 
1983; Hermann and Stenum 1982). Crossbred beef calves were found to take a 
shorter time than dairy calves to rise to sternal recumbence (Hermann and Stenum 
1982). Lidfors et al. (1994a) found that to reach sternal recumbence, it took 7.3 min 
for dairy calves born in group housing and 6.6 min in dairy calves born in an indi-
vidual calving pen (Lidfors 1996).

The next behavior of the calf is trying to rise to its feet (Hermann and Stenum 
1982; Kiley-Worthington and de la Plain 1983), in the typical bovine way – hind 
legs first (Brownlee 1950; Kiley-Worthington and de la Plain 1983). These attempts 
are clumsy and usually soon result in collapse, which often is helped along by the 
mother’s rough licking (Kiley-Worthington and de la Plain 1983). The newborn 
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calf, though it has an innate tendency to perform the appropriate movements in the 
appropriate order, requires practice before perfection is attained (Brownlee 1950). 
Time from birth until first attempt at standing has been reported to be from 9 to 
32 min in different studies and type of cattle (Table 1). The interval between birth 
and first successful standing has been found to be from 35 to 66 min in beef cattle 
calves, 36–67 min in calves born to multiparous dairy cows, and 67–105 min in 
calves born to primiparous dairy cows (Table 1). Both breed and environment can 
modify the activity of newborn calves (Le Neindre 1982).

Having got to its feet, the calf will then stand rather unsteadily for about 30 s to 
a minute, before taking its first steps (Kiley-Worthington and de la Plain 1983). 
These are the typical four-step form of ambulation or tentative walking (Frasers 
1989), and it may quickly end in a fall (Kiley-Worthington and de la Plain 1983). 
After a fall, the calf will again struggle to its feet and begin staggering over to its 
mother (Kiley-Worthington and de la Plain 1983). Some calves are repeatedly 
knocked over by their dams during the grooming phase (Selman et al. 1970b). The 
fetal digital pads make the calf unsteady, but they rapidly become shredded and 
removed from the soles when the calf starts walking (Frasers 1989). Within a few 
steps, walking becomes more coordinated, and some calves were observed to leap 
around within 3 h after birth (Kiley-Worthington and de la Plain 1983). Leaping 
involves the rapid forward movement of the forequarters, followed by a bucking of 
the hind, often accompanied by the sideways kicks of one hind leg (Kiley- 
Worthington and de la Plain 1983).

Table 1 The mean time in minutes (± SD) from birth until calves were attempting to stand up but 
falling and first successful standing in beef and dairy cattle from different studies

References Type of cattle
Number of 
calves

Attempt to 
stand

Successful 
standing

Selman et al. (1970b) Beef 10 – 35.4 ± 14.8
George and Barger 
(1974)

Beef 35 ~30 66 ± 9

Lidfors and Jensen 
(1988)

Beef 20 9.6 ± 6.5 45.8 ± 38.2

Le Neindre (1982) Beef + dairy 7 + 6 9.4 (4–19) 51.1 (32–83)
Hermann and Stenum 
(1982)

Beef x dairy cross 8 14 ± 9.7 40.1 ± 18.5

Selman et al. (1970b) Dairy multiparous 10 – 58.1 ± 20.6
Hermann and Stenum 
(1982)

Dairy multiparous 6 11.7 ± 7.1 67.5 ± 34.6

Selman et al. (1970b) Dairy primiparous 10 – 72.7 ± 71.6
Hermann and Stenum 
(1982)

Dairy primiparous 4 32.8 ± 23.0 104.8 ± − 46.2

Lidfors et al. (1994a) Dairy (primiparous +  
multiparous)

5 + 6 16.5 ± 13.4 36.3 ± 27.0

Lidfors (1996) Dairy 22–24 23.9 ± 17.2 60.5 ± 31.9
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The calf’s first steps are usually directed toward its mother, and, upon reaching 
her, it begins to smell, rub, and lick her (Walker 1950; Kiley-Worthington and de la 
Plain 1983). Kiley-Worthington and de la Plain (1983) found that any other calves 
or cows in the vicinity will also be sniffed and even followed and the calf may 
search for a teat and suck another cow. The calf, as soon as it is able to, begins to 
investigate the environment by smelling and touching objects (Walker 1950; Kiley- 
Worthington and de la Plain 1983).

Selman et al. (1970b), who compared calves of beef breeds with those of dairy 
breeds, found that the former calves stood up significantly earlier after birth than the 
latter, and this was explained by the beef cows carrying out their grooming activities 
more rigorously and for a longer period than most of the other dams (Selman et al. 
1970a, b). In other studies, no correlation was found between maternal behavior, 
such as licking and vocalizing, and the amount of time before first standing of the 
calf (Edwards and Broom 1982; Hermann and Stenum 1982; Kiley-Worthington 
and de la Plain 1983).

The rigor and speed with which a calf becomes active after birth often depend on 
the ease with which parturition takes place. Male calves are usually heavier at birth 
than female calves (Witt 1963; Dufty 1973), they have a longer gestation length 
(Witt 1963), and they are presented longer at the vulva than female calves (Owens 
et al. 1985). Since rapid growth of the fetus occurs during the final stages of gesta-
tion, a prolonged gestation results in a bigger calf at birth (Owens et  al. 1985). 
George and Barger (1974) found no significant differences between male and female 
calves in birth weight, duration of birth, time to stand, or time to first suckling. 
However, those cows giving birth to male calves retained their placenta longer than 
did those having female calves.

 Maternal Licking of the Calf

Licking the newborn calf is the predominant behavior shown by the cow immedi-
ately after calving, occupying 30–50% of the first hour postpartum (Edwards and 
Broom 1982; Lidfors and Jensen 1988). Licking the calf decreases markedly with 
time after calving (Finger and Brummer 1969; Edwards and Broom 1982; Lidfors 
and Jensen 1988), but it often continues at intervals during the first few hours post-
partum (Leuthold 1977). The stimulus characteristic of the newborn calves contrib-
uting most to their special attractiveness appears to be the impregnation of their coat 
with amniotic fluid (Finger and Brummer 1969). Cows have been observed to stay 
at the place where amniotic fluids were expelled, licking, eating the litter, and vocal-
izing toward it (Lidfors 1994), and they tend to stay and give birth on the place 
where the first amniotic fluid was spilt (George and Barger 1974; Owens et  al. 
1985). The decrease in attractiveness of a calf with time after birth may be related 
to the progressive removal of amniotic fluids from the coat because of licking and 
evaporation (Finger and Brummer 1969).
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Fig. 2 Cow licking its newborn calf after being born in a shelter in the Finnish forest. (Photo: 
Aunemaria Yllipekkala)

Suggested functions of licking of the neonate include:

• Removal of amniotic fluid and fetal membranes (Lidfors 1994; Leuthold 1977).
• Stimulation of activity (Metz and Metz 1986; Lidfors 1994).
• Stimulation of breathing (Metz and Metz 1986).
• Stimulation of circulation (Metz and Metz 1986).
• Stimulation of urination and defecation (Metz and Metz 1986).
• Drying of the coat and associated reduction of heat loss (Lidfors 1994).
• Improved hygiene at birth place and calf body surface, reducing the risk of both 

infection and predation (Sambraus 1973).
• Mother learning to recognize its calf (Hudson and Mullord 1977) (Fig. 2).

 Vocalization in Calves and Cows

The newborn calf rarely vocalizes, and the calls are of the “men” type with the 
mouth open (Kiley-Worthington and de la Plain 1983). When the calf vocalizes, it 
appears to be a response to an “uncomfortable” situation (Kiley-Worthington and de 
la Plain 1983). Occasionally, it vocalizes in response to its mother’s calling or when 
it has sniffed at the mother or another cow, calf, or a strange object (Kiley- 
Worthington and de la Plain 1983). Crossbred beef-dairy calves vocalized signifi-
cantly later than calves from both primiparous and multiparous dairy cows (Hermann 
and Stenum 1982).

Cows perform a low “mm” vocalization (Kiley 1972) or closed-mouth calls 
(Green et al. 2021) after birth. This vocalization is most frequent during the first 
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hour after calving (Hermann and Stenum 1982; Metz and Metz 1985; Lidfors 1996). 
Green et al. (2021) found that the most frequently occurring behavior expressed by 
dairy cows kept with their newborn calf was closed-mouth vocalizations (53.6%), 
followed by touching the calf (including licking) (19.2%), alert behavior to the calf 
(16.9%), and then open-mouth (5.6%) and mixed calls (4.7%). Hall et al. (1988) 
showed that free-roaming Chillingham cattle have individual calls, and this has also 
been shown for dairy cattle by Green et al. (2019, 2020). If cow and calf are sepa-
rated, recognizing the dam’s call may be crucial for the calf’s survival (Fig. 3).

The function of the closed-mouth vocalization when the cow and calf are isolated 
is probably to help in the attachment so that the calf learns to recognize its mother’s 
calls when it is hiding (first 4–7 days) and the cow comes to nurse it (Lidfors 1994). 
Own observations in the forest of Finn cows approaching their calf when it was hid-
ing under a bush were that the cow stopped about 20 m from the calf and vocalized. 
Then the calf stood up and ran to its mother, suckled for some time, and then 
returned to lie down under the bush and the cow left. According to Sambraus (1971), 
during the first 3 days after birth, the calves do not react to their mother’s vocaliza-
tions. From the fourth to the seventh day, the calves react to their mother’s vocaliza-
tions, but they do not seem to recognize her visually (Sambraus 1971). When the 

Fig. 3 Cow searching for 
and calling after calf and 
calf calling on its dam 
from studies of free- 
ranging beef cattle on a 
ranch in southern Sweden. 
(Photo: Lena Lidfors)
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dam vocalizes, the calf runs in her direction, but it stops if she ceases calling and 
only continues walking in her direction if she calls again (Sambraus 1971). Not until 
calves are 8 days old do they manage to recognize their mother by vision (Sambraus 
1971). This is around the time when the calf leaves its hiding and is integrated into 
the maternal herd.

To find out if domestic cattle have unidirectional recognition of the mother by 
offspring, as occurs in hider species, or bidirectional recognition which occurs in 
“follower” species, de la Torre et al. (2016) conducted a playback experiment in two 
free-ranging beef cattle herds. They found that cows were more likely to orient 
themselves and move toward a loudspeaker with calls from their own calf than from 
calls of other calves. Calves were also more likely to orient themselves and move 
toward a loudspeaker and to call back to calls from their own mother than to calls 
from other females. This shows that cattle have bidirectional recognition, which is 
typical of follower species. Younger calves had mothers that tended to respond more 
strongly to playback calls than mothers of older calves (De La Torre et al. 2016).

 Cow-Calf Attachment

The stimulus characteristics of the calf play a role in eliciting maternal behavior 
(Finger and Brummer 1969). The different types of behavior the cow exhibits after 
parturition, such as licking the newborn and vocalizing, function in different ways 
as stimuli for the calf and influence its condition (Hermann and Stenum 1982). In 
species with precocial young, rapid formation of a specific mother-infant bond is 
essential, and licking of the neonate plays a very important role in this process 
(Klopfer et al. 1964). Performance of licking provides the dam with much olfactory 
and gustatory input and leads to what has been described as “olfactory imprinting” 
of the infant on its dam (Klopfer et al. 1964; Lent 1974).

The first suckling marks the successful establishment of a mother-young rela-
tionship that, however, requires more time to develop fully (Leuthold 1977). This 
relationship is individualized and exclusive, probably because of a two-way learn-
ing process partly corresponding to the “imprinting” (Leuthold 1977). During a 
“critical period,” both mother and young learn to recognize each other’s individual 
characteristics, which normally takes longer in the young than in the mother 
(Leuthold 1977). Owens et al. (1985) did not find any significant effect of the cow’s 
pre- and postpartum behavior traits on calf survival.

Hudson and Mullord (1977) found that a 5 min contact with a calf immediately 
postpartum is sufficient for the formation of a strong, specific maternal bond with 
that calf. This bond lasts even if the calf is removed for 12 h and then returned 
(Hudson and Mullord 1977). After a 24 h separation, the cow still shows signs of 
distress, but it can no longer recognize her own calf (Hudson and Mullord 1977). 

L. Lidfors



189

Fig. 4 Model to explain how the cow’s sniffing and licking and vocalization create an attachment 
between mother and young during postpartum isolation and how this attachment is maintained 
during calf development. (After Lidfors 1994)

Once the mother-young bond is established, it is difficult, if not impossible, to sub-
stitute either of the partners (Leuthold 1977). The exclusiveness of the mother- 
young bond is often reinforced by the aggressiveness of the females toward strange 
young (Leuthold 1977).

During the 2–3 h after birth, most cows spend 90% of their time within 2 m of 
their calves and sniff and lick them frequently (Edwards and Broom 1982). After 
this period, the calf’s activity level increases and suckling is more likely to occur 
(Edwards and Broom 1982). The distance between cow and calf increases markedly 
between the first and second hour postpartum, and then it continues to increase 
steadily with time after calving (Edwards and Broom 1982). Cows seldom remain 
lying while their calves are active; rather, they frequently follow them when they 
walk away (Edwards and Broom 1982). They respond to the calf’s activity by turn-
ing or walking toward it, licking it occasionally, and vocalizing (Edwards and 
Broom 1982). The activity bouts of the cow and calf are synchronized, but the 
degree of synchronization decreases with parity (Edwards and Broom 1982). Based 
on the results in a PhD thesis, Lidfors (1994) suggested a model for the cow-calf 
attachment (Fig. 4).
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 Teat-Seeking and First Suckling

Once the calf has stood up, it will start teat-seeking (Selman et al. 1970b; Edwards 
and Broom 1982; Hermann and Stenum 1982; Lidfors and Jensen 1988; Lidfors 
1996). At this point, the mother is generally in front of its calf licking its head 
(Selman et al. 1970b), and the calf receives no help from her (Lidfors 1994). The 
teat-seeking is first carried out without individual recognition of the mother 
(Sambraus 1971). The calf finds the udder by initiating releasing mechanisms at 
which first visual stimuli and, later on, tactile ones operate (Sambraus 1971). The 
localization of a teat seems to be achieved by trial and error learning (Hafez and 
Lineweaver 1968), i.e., tactile stimuli derived from contact with the udder influence 
the behavior of the calf so that orientation to the dam is more and more directed 
toward the udder region (Hermann and Stenum 1982). Selman et  al. (1970b) 
observed that calves made their initial teat-seeking advances towards the calving 
pen walls and mangers as their dam was standing in front of the calf and licking it. 
When the dam stood still to allow the calf to teat-seek, the calf pushed its head along 
her body and explored the shoulder, brisket, axilla, body wall, udder or groin, and 
thigh and sometimes continued until it reached a wall (Selman et al. 1970b). With 
time, teat-seeking became increasingly oriented toward the dam, but was largely 
directed at the dam’s fore or hindquarter (Selman et al. 1970b). The shape of the 
dam’s underbelly affected where the calf concentrated its teat-seeking; when the 
udder and teats were placed at the highest part of the underbelly, pushing was mainly 
concentrated on the udder area (beef cows and primiparous dairy cows) (Selman 
et al. 1970b). However, when the abdomen and udder were large and the highest 
part of the underbelly was the xiphoid-axillary region, teat-seeking was often made 
around the forelegs (multiparous dairy cows). In free-ranging beef cows, the dam 
was often the only object calves would orient toward and multiparous cows were 
observed to orient themselves so that the udder was in front of the calves’ head; 
thus, they appeared to try to help the calves (Lidfors 1994). Primiparous dairy cows 
in individual calving pens were sometimes observed standing in front of the calf, 
thus making it more difficult for the calf to find the teat (Lidfors 1996) (Fig. 5).

Calves are born without an immunoglobulin protection, and it is, therefore, cru-
cial that they get colostrum within some hours after birth. Lidfors et  al. (1994a) 
found that 63.6% (7 out of 11) of calves born in a group housing system for dairy 
cows did not suckle within the first 3 h postpartum and had to be helped to find the 
teat or were given colostrum in a teat-bottle. In another study where dairy cows 
were individually housed, 31.8% (7 out of 22) of calves did not suckle within the 
first 4  h after calving (Lidfors 1996). In earlier studies, it has been found that 
13–45% of calves did not suckle within the first 6–8 h after calving (Selman et al. 
1970b; Edwards 1982; Illmann and Špinka 1993). In all these studies, the cows 
were from a dairy breed, and there are no reports from beef cattle having these prob-
lems with suckling. The higher the dairy cows’ lactation number, i.e., the number of 
times she has given birth and been milked for 8 months, the longer time it took to 
the first suckling (Edwards 1982; Lidfors 1996). Older dairy cows tend to have 
udders that are more pendulous and larger teats, due to being milked by milk 
machines, and several calves spend a long time mouthing and nibbling teats that are 
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Fig. 5 Older calf suckling on its dam. (Photo: Lena Lidfors)

too large (Selman et al. 1970b; Edwards and Broom 1982). Ventorp and Michanek 
(1992) studied teat-seeking in 42 calves kept with their mother in individual pens 
and found that a smaller distance from udder to floor led to increased variation and 
a significant increase in the time spent teat-seeking. The distance between the udder 
and the floor also had a significant effect on the time to the first suckling.

Edwards et al. (1982) analyzed the serum of calves before and after their first 
suckling and found that before suckling the levels of IgG1, IgG2, and IgM were low 
and IgA was not detectable. Calves observed to have suckled during the first 6 h 
postpartum had adequate levels of Ig 48 h postpartum. The levels of all classes of Ig 
were associated to the latency to first suckling, and they decreased in relation to 
parity of the dam and month of calving.

The first suckling after birth has been reported to occur at 72–115 min after birth 
for beef cattle and at 107–261 min for dairy cattle (Table 2). Ventorp and Michanek 
(1992) found that newborn dairy calves kept in individual calving pens with their 
mother suckled at a median of 4 h and 9 min postpartum (n = 21). Calves that were 
active early usually suckled earlier. The time to first suckling correlates with the 
time spent teat-seeking and with the total time suckling (Kiley-Worthington and de 
la Plain 1983; Ventorp and Michanek 1992). The larger the calf, the longer time it 
takes until its first suckling (Kiley-Worthington and de la Plain 1983).

Within the first 3 h after birth, the average time spent actually sucking is low, and 
73% of the bouts are 1 min or less in duration (Kiley-Worthington and de la Plain 
1983). The suckling time of calves in the first suckling bout was 21.6 min, and those 
that had a second suckling bout had a suckling time of 1 min (Hermann and Stenum 
1982). The number of suckling bouts during the first 8 h postpartum varied from 
none to four (Selman et al. 1970b). Walker (1950) reports that during the first day, 
calves feed five times.

At the initiation of suckling, the calf tends to move its body closer to the dam 
until their bodies are actually touching (Selman et  al. 1970b). The tendency for 
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Table 2 Time (min. ± SD) from birth until first udder contact and first suckling and duration of 
first suckling in calves from different studies of beef and dairy breeds

References Type of cattle
Number 
of calves

Udder 
contact Suckling

Duration of 
first suckling

Selman et al. (1970b) Beef 8 – 81.4 ± 52.2 16.7 ± 9.2a

George and Barger 
(1974)

Beef 33 – 115 ± 11 –

Lidfors and Jensen 
(1988)

Beef 20 64.1 ± 49.5 97.3 ± 44.2 13.2

Le Neindre (1982) Beef + dairy 7 + 6 – 72.6 (41–132) 25.7 (12–44)
Hermann and Stenum 
(1982)

Beef x dairy 7 43.1 ± 19.6 60.9 ± 18.0 31.1 ± 12.4

Selman et al. (1970b) Dairy multip. 7 – 261.1 ± 129.1 16.7 ± 9.2a

Hermann and Stenum 
(1982)

Dairy multip. 4 78.0 ± 32.7 203.3 ± 60.6 37.0 ± 14.7b

Hermann and Stenum 
(1982)

Dairy primip. 4 131.8 ± 43.4 221.5 ± 99.5 29.0 ± 13.7b

Selman et al. (1970b) Dairy primip. 8 – 218.3 ± 113.8 16.7 ± 9.2a

Lidfors et al. (1994a) Dairy 4 52.6 ± 34.7 107.0 –
Lidfors (1996) Dairy 15 92.2 120.9 ± 55.1 19.9 ± 9.7

aAuthors did not separate between beef and dairy calves (n = 23 calves)
bOnly three calves from each group could be observed completely

dams is to lick the hindquarters of suckling calves to favor their closeness (Selman 
et al. 1970a; Hermann and Stenum 1982). Most calves suckle from a front teat the 
first time (Selman et  al. 1970b; Edwards and Broom 1982). If the rear teats are 
lower than the front, as frequently happens in the older cows, they may not be suck-
led for up to a week postpartum (Kiley-Worthington and de la Plain 1983). The first 
time the calf suckles it tends to do it from the same side of the dam as previously 
(Selman et al. 1970b) and to use only one or two teats (Kiley-Worthington and de la 
Plain 1983; Walker 1950). Walker (1950) reports that it was not until the third or 
fourth day that all four teats were suckled at one feed. Calves of primiparous cows 
directed a smaller percentage of total suckling to a favored teat and changed teats 
more frequently during a bout of suckling than did calves of older cows (Edwards 
and Broom 1982). When the cow’s udder is small, the calf suckles all four teats 
from one side (Walker 1950).

5  Cow-Calf Behaviors During Development

 Suckling During Growth

Suckling frequency decreases with age (Walker 1962; Wagnon 1963; Nicol and 
Sharafeldin 1975; Papini et al. 1983; Kiley-Worthington and de la Plain 1983; da 
Costa et al. 2006), while suckling duration increases with age (Nicol and Sharafeldin 
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1975; Papini et al. 1983; Kiley-Worthington and de la Plain 1983). This combined 
results in a relatively constant total suckling time of 30–35 min at all ages (Nicol 
and Sharafeldin 1975). The total suckling time per 24 h has been reported to be 
37–57 min (Wagnon 1963; Hafez and Lineweaver 1968), and in zebu cattle, it was 
23.76 (± 0.47) min per 12 h (da Costa et al. 2006).

Across the first weeks of life, calves suckle frequently, probably six to ten times 
daily (Walker 1950). During growth, they suckle three to five times per 24 h (Walker 
1962; Wagnon 1963). Calves of Hereford x Friesian cows and Blue Grey cows kept 
under grazing conditions had 5.5 suckling bouts per 24 h, whereas housed Blue 
Grey cows had 9.1 suckling bouts per 24 h (Somerville and Lowman 1979). Older 
calves tended to suckle less frequently, and milk yield was considered a possible 
factor involved in this. Da Costa et al. (2006) found that zebu calves suckled 2.57 
times per 12 h.

A suckling session lasts 10.4–17.1  min (Wagnon 1963; Papini et  al. 1983). 
Somerville and Lowman (1979) found that the mean duration of suckling was 
6.9 min in Hereford x Friesian cows on pasture, 10.7 min in Blue Grey cows on 
pasture, and 10.6 min in housed Blue Grey cows. Da Costa et al. (2006) found the 
duration of a suckling session in zebu calves to be 9.25 min. The amount of suckling 
and the length of the bouts depend on many factors, such as how much milk the cow 
has (Kiley-Worthington and de la Plain 1983). Calves in lightly grazed pastures and 
in herds receiving supplements averaged 44 min a day nursing; in closely grazed 
pastures and unsupplemented animals, nursing lasted an average of 55  min 
(Wagnon 1963).

Lidfors et al. (1994b) showed that calves suckling primiparous beef cows (with 
a presumably low milk production) had a pre-stimulation of the teats and udder 
where the calf sucked less than three times on each teat before switching to another 
teat accompanied by butting with the muzzle on the udder. After about 1 min, the 
calves stopped and sucked on the same teat for a longer duration, while milk foam 
could be observed around the mouth. After some time, the calf changed to another 
teat and kept sucking that for some time, and then to the next, and so on. After 
around 5–6 min, the calves started changing teats more rapidly again and then also 
butted on the udder repeatedly (Lidfors et al. 1994b). This last phase of suckling 
was presumed to be a post-stimulation of the udder that may have led to some milk 
running down to the teats, but also a stimulation for future milk production in the 
cow (Lidfors et al. 1994b).

Mayntz and Costa (1998) also found that calves’ suckling behavior consists of 
short bouts during pre-stimulation and a sudden increase followed by a gradual 
decrease in bout length during ejection. Post-stimulation was found to be carried out 
with short bouts again and to take about two-thirds of the mealtime, i.e., 12–15 min 
on average (Mayntz 1996; Mayntz and Costa 1998). Mayntz and Costa (1998) also 
showed that a calf changes teats 400–600 times during a suckling. Each sucking 
bout, i.e., duration of uninterrupted sucking on each teat, depends on the amount of 
milk available in that cistern (Mayntz and Costa 1998). Mayntz (2005) explains that 
the inflow into the udder cavern is slower than the outflow through the teat canal, 
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and therefore it is an optimal strategy to abandon an empty teat and to suck the other 
ones while the first is refilled.

Rasmussen and Mayntz (1998) measured the pressure difference across the teat 
canal when calves are suckling and found that it is between 60 and 110 kPa. There 
are peaks of pressure difference that last for a couple of milliseconds, and they are 
applied with a frequency of 2.0–2.4 Hz (Rasmussen and Mayntz 1998). Between 
those peaks, the pressure difference is decreased to almost 0 kPa (Rasmussen and 
Mayntz 1998). The pressure difference consists of about 60% “under-pressure” 
beneath the teat tip and about 40% “over-pressure” in the teat cistern (Rasmussen 
and Mayntz 1998). The information from this research was aimed at developing 
better milking equipment for dairy cows.

Breed differences in suckling behavior were noted by Walker (1962), and 
Lewandrowski and Hurnik (1983) found that daily suckling frequency was greater 
for Hereford than for crossbred calves. Da Costa et al. (2006) found that the Nelore 
breed had an effect on the number of suckling meals and total suckling duration.

Nicol and Sharafeldin (1975) found that calves which suckled more often than 
the average did so consistently and had above-average total suckling time. Nicol and 
Sharafeldin (1975) also found a low positive correlation between calf daily live 
weight and suckling time. Walker (1962), on the other hand, did not find any evident 
relation between the numbers of suckling episodes or the time spent suckling and 
the weaning weight of the calf.

Female calves suckle slightly longer but less frequently than male calves (Papini 
et al. 1983). Nicol and Sharafeldin (1975), on the other hand, found no real differ-
ences in the suckling behavior between steer and heifer calves. In zebu cattle, male 
calves showed a larger number of suckling meals (2.60 vs. 2.12 meals/12 h) and a 
longer total suckling duration (25.05 vs. 21.51 min/12 h) than female calves (da 
Costa et al. 2006).

Nursing activities occur at all hours of day and night, but they happen more often 
between 5 and 6 a.m. with other peaks around midday, in the afternoon around dusk, 
and around midnight (Walker 1962; Wagnon 1963; Sambraus 1971; Papini et al. 
1983). Only when the hours of darkness were longer than 5 h did the calf feed at 
night (Walker 1950). Somerville and Lowman (1979) found a relatively uniform 
distribution of suckling throughout the “day” in Blue Grey cows both on pasture and 
when housed, but with three peaks of suckling activity in Hereford × Friesian cows 
under grazing conditions. Da Costa et al. (2006) found that zebu calves suckled at 
any time during the daylight. At a young age, a distinct pattern of three main suck-
ling periods during the day was clear, with the most marked peak soon after day-
break (Nicol and Sharafeldin 1975). There was some suggestion that the pattern is 
less marked by the time the calves are over 100 days old, and this may be due to the 
increase in grazing time (Nicol and Sharafeldin 1975).

The suckling procedure is initiated by the calf that calls for its mother or by the 
cow that visits her calf at its resting place (Sambraus 1971; Reinhardt et al. 1977; 
Nicol and Sharafeldin 1975). The mother sniffing the calf’s nose or genitals always 
precedes suckling (Reinhardt et al. 1977), and strange calves are displaced with a 
stroke from the hind leg or with head butting (Sambraus 1971). This behavior was 

L. Lidfors



195

more common in primiparous cows than in older cows (Edwards and Broom 1982). 
The calves regularly seek their mother’s teats when they are frightened (Reinhardt 
et al. 1977) or if she calls for reasons other than suckling (Sambraus 1971). Calves 
initiated 83–87% of the suckling bouts and terminated them spontaneously in 
63–81% of cases during the first 2 months after birth (Wagnon 1963; Papini et al. 
1983). The cow ended about 13% of the suckling bouts by walking away from the 
calf or by lying down, and 6% of the bouts by fighting for supplements, grazing, or 
walking to the water container or the salt lick (Wagnon 1963).

When the cow terminates the suckling, the calf may suckle from behind (Walker 
1950; Schloeth 1961). When the calf first reaches the teats, it will often bump the 
udder vigorously with the head, presumably to stimulate the letdown of the milk 
(Walker 1950; Leuthold 1977). Once the milk appears, no further bumping occurs 
(Walker 1950), and the calf suckles quietly with the tail held slightly erect and wav-
ing gently from side to side (Selman et al. 1970b). When the milk supply decreases 
or fails, the calf will bump again, and if this has no effect, it will eventually change 
to another teat (Walker 1950). Rapid tail wagging occurred only during teat-seeking 
or when it seemed that the milk flow was reduced or had stopped (Selman et al. 
1970b). During suckling, the calf generally stands in a parallel position (Sambraus 
1971). As the calf gets older, the bumping of the udder becomes more vigorous, and 
it may cause obvious discomfort to the mother, which results in increased evasive 
action by her and may be a contributory factor to the weaning process (Leuthold 1977).

During the nursing period, the cows spent 41% of the time standing at ease, with 
some licking of their calves, and 34% of the day ruminating and a grazing (Wagnon 
1963). During the licking and sniffing, the cow has an opportunity for identifying 
her offspring (Schloeth 1958; Sambraus 1971; Poindron and Le Neindre 1975). 
During suckling, the calf generally stands in an opposite parallel position (Sambraus 
1971), which makes it possible for the cow to lick especially the anogenital region 
(Hermann and Stenum 1982). Licking of this region may also function as a stimulus 
for defecation and urination (Walker 1950; Hafez and Lineweaver 1968). During 
the first months postpartum, cow and calf often urinate during the suckling proce-
dure (Reinhardt et al. 1977).

It is common for young ungulates to attempt to suckle from alien adults, but such 
attempts are usually rejected (Sambraus 1971; Lent 1974; Nicol and Sharafeldin 
1975). Yet, dairy cows have been selected for weak maternal bonding and docility 
during milking, and in one study it was found that 80% of the cows allowed alien 
calves to suckle (Finger and Brummer 1969).

Das et al. (2000, 2001) observed the suckling behavior of calves during restricted 
suckling 30 min after milking. The total suckling duration was 11.8 min in zebu 
calves and 9.4 min in crossbred calves, and it decreased in both breeds from 1 to 
6 months (Das et al. 2000). The separate suckling bouts were longer in the zebu 
cows (2.8 min) than in crossbred cows (2.3 min), and zebu cows also had more 
suckling bouts per session (3.8 and 3.2, respectively) than the crossbreds (Das et al. 
2001). Zebu cows stayed in close contact with their calves for a longer time and 
directed more agonistic actions against alien calves and cows than the crossbred 
cows (Das et al. 2001). The number of suckling bouts decreased from 3.8 at 1 month 
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of age to 1.1 at 6 months (Das et  al. 2000). The duration of each suckling bout 
decreased from 3.5 min at 1 month of age to 1.6 min at 6 months. Play behavior 
occurred mainly after nursing, and the duration increased across age from 1 to 
6 months (Das et al. 2000).

 The First Weeks of Life

Cattle have been classified as a “hider” species, since the calf lies away from its dam 
(Scheurmann 1974). In such species, the neonate walks away from its mother at the 
end of an activity bout and selects its own lying place (Lent 1974). During the first 
2–3 days of life, the calf hides (Schloeth 1961; Vitale et al. 1986) or remains close 
to where it was born (Wagnon 1963) or to its mother (Kiley-Worthington and de la 
Plain 1983). It has been noted that infant ungulates lie down near vertical objects 
rather than in the open (Lent 1974; Scheurmann 1974). If there is a lack of good 
hiding places for the calves, they may walk under a fence of the pasture and hide 
outside, at the risk of getting injured or loose contact with their dam (König et al. 
1997). Therefore, it is recommended to provide suitable hiding places inside the 
pasture (König et al. 1997).

Wood-Gush et al. (1984) found little evidence of the cows trying to remain apart 
from their calves, which was suggested to be due to either a loss in need for isolation 
in breeds of Bos taurus or that the usual European farm does not have the necessary 
environmental features to stimulate the behavior. They, therefore, suggested that 
there is a graduation in the Bovidae from the true hiders – in which the calf lies 
alone and is visited by the dams – to the true follower, and cattle are an intermediate 
within the spectrum. Scheurmann (1974) found calves born on the pasture to be 
very passive between their second and fifth days of life and they only left their lying 
place for suckling and playing. Lidfors (1994) observed that calves born in a forest 
area were hiding for the first 4–7 days and only became active when the mother 
approached their hiding place and called them for suckling. When suckling was 
over, the calves walked back to their hiding place and the cow left. She may remain 
with the herd and just visit the calf for suckling (Schloeth 1961) or graze in the sur-
roundings (Vitale et al. 1986). When the cow has to leave to eat or drink, the calf 
will remain secluded until she returns (Wagnon 1963). In such instances, the cow 
usually does not remain away for a long time (Wagnon 1963). If the calf is found 
and disturbed, the cow might move it to another area (Wagnon 1963). Reinhardt 
et al. (1977) report that the mother cow keeps on the very periphery of the herd, 
grazing and resting in close contact to her newborn for up to 2 weeks after birth. 
During this phase, many cows become hostile and vigorously threaten and/or charge 
animals of different species that come too close (Reinhardt et al. 1977).

When the calf is 3–4 days old (Schloeth 1961), 1–3 weeks old (Reinhardt et al. 
1977), or around 1 week old (Lidfors 1994), the cow takes it to the herd where the 
calf joins a subgroup consisting of other young which do not yet regularly graze 
(Schloeth 1961; Reinhardt et al. 1977). There is always one cow or the bull that 
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stays with the young calves (Wagnon 1963; Reinhardt et al. 1977), but when supple-
ments are being fed, all cows will come to the troughs leaving a group of calves 
unattended (Wagnon 1963). While a “babysitting” cow usually butts other calves 
away when they come near, she usually comes running to defend any nearby calf 
that calls in fright (Wagnon 1963).

 Distance Between Calf and Cow

The distance between cow and calf increases with age (Kiley-Worthington and de 
la Plain 1983; Papini et al. 1983), and by the end of the second week, the calf is 
between 5 and 50  m away from its mother (Kiley-Worthington and de la Plain 
1983). Papini et al. (1983) found that cow and calf kept more than 15 m apart most 
of the time, whereas Kiley-Worthington and de la Plain (1983), using another scale 
of measurement, found that they remained over 50 m apart most of the time. Before 
2 months, the dam usually seeks up the calf to nurse and interacts with it, but at 
about 2  months, the calf seeks out the mother and maintains the bond (Kiley- 
Worthington and de la Plain 1983). By about six months the cow/calf distance has 
changed to that more characteristic of adults with a peak of 30–40 m apart (Kiley- 
Worthington and de la Plain 1983). Near its mother, the calf just stands; however, at 
distances larger than 15 m lying down is the dominant activity (Papini et al. 1983). 
Most long distance cow-calf separations result from the cow moving to feed or to 
obtain water (Wagnon 1963; Price et  al. 1985). Reunion of mother and young 
depends on auditory communication; the calf normally travels most of the interven-
ing distance (Price et al. 1985).

When moving with the herd the calves keep in close vicinity to their mothers 
(Reinhardt et al. 1977; Reinhardt 1982). The primiparous cows are in general fur-
ther away from their calves than the more experienced cows (Kiley-Worthington 
and de la Plain 1983). The time of year the calves are born and breed differences do 
not affect mother/calf distance (Kiley-Worthington and de la Plain 1983).

 Contact Between Calf and Cow During Growth

Cow to calf contact includes auditory (calling), tactile (suckling, rubbing and lick-
ing), olfactory (smelling) and gustatory (tasting and licking) stimuli (Kiley- 
Worthington and de la Plain 1983).

Cow and calf seem to recognize each other’s calls (Reinhardt et al. 1977; Kiley- 
Worthington and de la Plain 1983). When they are not together cow and calf keep 
regular acoustical contact (Wagnon 1963; Reinhardt et al. 1977). This consists of 
(1) the “muuh” of cows and elder calves when calling each other over greater dis-
tances, (2) the “eeh” or “oeh” of young calves calling for their mothers, and (3) the 
“hhm” of cows when they are reunited with their calves (Reinhardt et al. 1977). 
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After the first week of birth, the mother rarely produces the low “mm” contact call 
characteristic of the first week (Kiley-Worthington and de la Plain 1983). The calf 
calls very seldom to the mother, or anyone else, unless it is very cold, hungry or 
lonely (Kiley-Worthington and de la Plain 1983). Most recorded vocalizations by 
the calf occurred just before or during an interaction with the mother (Wood-Gush 
et al. 1984). Calves often ignore their mothers’ calling, but there are also occasions 
when a cow might ignore the calling of its calf (Wagnon 1963). When a young calf 
calls in fright most nearby cows answer and come running to its defense (Wagnon 
1963). This was also observed in my studies of free-ranging beef cattle, and once a 
calf that was playing made a sound that made all cows come rushing to its rescue.

Typical licking periods occur when the herd’s activity changes; when the cows 
stop grazing, most of them visit the “kindergarten” not only for suckling but also for 
mere social licking (Reinhardt et  al. 1977). This behavior presumably serves as 
physical contact gesture through which the amicable relationship is confirmed 
(Reinhardt et al. 1977). While on the average the time cows spend grooming their 
calves is very small, individual cows groom their calves for up to 15 min/day while 
some pay little attention to them other than to permit suckling (Nicol and Sharafeldin 
1975). The cows show a highly significant decrease of licking in the second month 
(Papini et al. 1983).

Cows commonly sniff their calves when returning to them after grazing (Kiley- 
Worthington and de la Plain 1983; Lidfors 1994). The percentage of time spent 
touching the calf did not change very much during growth but it was about 10% of 
total daytime up to 2 months and 5% between 2 and 6 months (Kiley-Worthington 
and de la Plain 1983). Wood-Gush et al. (1984) found that the number of interac-
tions with the mother ranged from an average of 1.45 per 30 min in the first week to 
0.15 per 30 min in the last week. No aggression between mother and calf occurred 
(Wood-Gush et al. 1984).

Cow behavior in searching for the calf consists of standing looking about as she 
calls and listens for a reply, walking and calling, and even running a bit at times 
(Wagnon 1963). Sometimes, when cows move from one part of their pasture to 
another, one or more calves do not travel along, and the cow then stops and calls at 
her calf until it starts following her (Wagnon 1963). Calves identify their mothers 
largely by sight, but scent and sound also appear to play a part in some recognitions 
(Kiley-Worthington and de la Plain 1983).

There are individual differences in duration that the cows spend in contact with 
their calf and in the type of contact they use (Kiley-Worthington and de la Plain 
1983). There is also variation in the type of contact made by the calves to their 
mother (Kiley-Worthington and de la Plain 1983). There is an indication that the 
more frequent the contact made by the cow toward her calf, the more frequently the 
calf will contact her (Kiley-Worthington and de la Plain 1983). Mothers and their 
calves contact each other more than other herd members do, and both cows and 
calves contact their peers more than other herd members (Kiley-Worthington and de 
la Plain 1983).

A high proportion of the interactions with the mother are unconnected with suck-
ling, while the interactions with other adults involve threat by the adult and 
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avoidance by the calf (Wood-Gush et al. 1984). The calves’ interactions with other 
cows tend to remain constant over the observation period, but the proportion of 
threats from other adults increased from 0.03 per 30 min in the first week to an aver-
age of 0.13 per 30 min in the sixth to eighth weeks (Wood-Gush et al. 1984).

Mother cows associate with cows of other families, and calves engage in friend-
ship relations with age-mates of other families (Reinhardt and Reinhardt 1981b). 
The resulting interfamily cohesions lead to the formation of what might be called 
clans (Reinhardt and Reinhardt 1981b). The calves preferentially not only graze, 
walk, and rest with their mothers, but they also prefer them as adult play partners, 
whom they attempt to mount and induce to push (Reinhardt et  al. 1977; Kiley- 
Worthington and de la Plain 1983).

 Weaning by the Cow or by Humans After Longer 
Suckling Periods

The calves of Camargue cattle and zebu cattle are weaned at 8–11 months of age 
(Schloeth 1961; Reinhardt and Reinhardt 1981a). In the zebu cattle, heifer calves 
were weaned in the ninth month, while bull calves were weaned in the 11th month 
(Reinhardt and Reinhardt 1981a). It is normally not the calf that stops sucking but 
the cow that no longer tolerates to be sucked; she kicks, butts, and threatens her calf, 
whenever it attempts to reach her teats (Reinhardt and Reinhardt 1981a). Cows suf-
fering from dysfunction of the ovaries continue nursing for more than another 
9 months, and then the calf voluntarily stops suckling (Reinhardt et al. 1977). The 
affiliative bond between cow and calf remains unimpaired following the birth of 
another calf (Reinhardt and Reinhardt 1981b). In the study of free-ranging Finn 
cattle in a forest area, all cows had weaned their calves at least 3 weeks before the 
birth of their next calf.

Beef calves are usually not kept with their mothers until natural weaning, and 
farmers usually separate the calf from the mother at around 5–9 months of age. 
Breaking the bond between the cow and the calf creates stress leading to cow and 
calf vocalizing for up to 3 days after the separation. One way to reduce the stress is 
to separate weaning off from milk and separation from the mother at different times. 
Researchers have managed to reduce the weaning stress by the use of so-called 
“fence-line weaning” where the cow and calf are placed in adjacent pastures so that 
they can sniff and lick each other, but cannot carry out suckling (Price et al. 2003). 
Another way of reducing the stress at weaning is to place a nose-flap in the muzzle 
of the calf that stops the calf from suckling. Haley et al. (2005) showed that calves 
were calmer after the separation from the cow 4 days after they had the nose-flap 
mounted compared to calves that did not get a nose-flap. Hötzel et al. (2010) placed 
nose-flaps on 6-month-old beef calves reared by cows of different milk yields for 
11 days to wean them off milk. They found that the distance between the calves and 
their mother as well as the frequency of grazing and rumination decreased after 
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nose-flaps were placed on the calves. They also found that vocalization, suckling 
attempts, walking, and standing increased from 3 days before weaning to day 5 after 
nose-flaps were placed on the calves (Hötzel et al. 2010). The calves’ behavioral 
responses to prevention of suckling did not differ between those reared by cows 
with high milk yields and those raised by cows with low milk yields (Hötzel 
et al. 2010).

6  Reproductive Endocrinology Around Parturition

Most of the studies on the endocrinology of cows around parturition and postpartum 
have been conducted on dairy cows, and it needs to be held in mind that the breeding 
for high milk production may cause some differences in their endocrinology com-
pared to beef cows.

The process of normal calving is presented on the Veterinary Disease Information 
Blog (https://vetstudentresearch.blogspot.com/2015/07/the- processes- of- normal- 
calving.html).

An overview of the hormones involved and how they influence normal calving 
processes in the calf and cow can be found in Fig. 6.

The normal postpartum reproductive endocrinology has been extensively studied 
and was reviewed by Leslie (1983): Approximately 6 weeks prior to parturition, the 
biosynthetic functions of the placenta around the calf result in gradually increasing 
plasma levels of estrogens (Convey 1974). The peripheral blood level of a metabo-
lite of PGF2-alpha undergoes a dramatic increase shortly before parturition and 
early in the postpartum period (Thatcher et  al. 1980). This was viewed as an 

Fig. 6 An overview of the normal stress reaction of the calf that initiates the calving process in the 
cow. (Flowchart by Anna Lidfors Lindqvist)

L. Lidfors

https://vetstudentresearch.blogspot.com/2015/07/the-processes-of-normal-calving.html
https://vetstudentresearch.blogspot.com/2015/07/the-processes-of-normal-calving.html
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indication that PGF2-alpha is involved in the prepartum luteolysis of the corpus 
luteum of pregnancy, which is in agreement with other reports (Edqvist et al. 1978; 
Kindahl et al. 1980). This increase in PGF concentration appears to be extremely 
important for normal uterine involution.

The PGF2-alpha levels parallel the rate of uterine involution with a peak on day 
4 postpartum, and thereafter they remain elevated for up to 20 days (Kindahl et al. 
1980; Lindell et al. 1982). Progesterone levels decline rapidly during the last 48 h 
before parturition and remain at very low levels (<0.5 ng/mL) throughout the early 
postpartum period (Hoffman et al. 1973; Kesler et al. 1977). This decline is related 
to regression of the corpus luteum of pregnancy. After parturition, the plasma estro-
gen levels decrease sharply to values below those found during the normal estrous 
cycle (Erb et al. 1981).

Follicle-stimulating hormone (FSH) is maintained at relatively constant levels 
throughout the life of the postpubertal dairy cow (Schams et al. 1978). Plasma FSH 
concentrations fluctuate between 30 and 70 ng/mL and are somewhat independent 
of other hormonal changes. FSH in response to exogenous GnRH injections is 
reduced during the period from 9  days before to 6  days after parturition 
(Schallenberger et al. 1978). FSH levels are slightly increased and are maintained at 
constant levels through parturition and into the postpartum period (Dobson 1978).

Several investigators have studied luteinizing hormone (LH) concentrations dur-
ing various reproductive stages. LH follows a release pattern that is characterized by 
a rapid increase followed by a more gradual return to normal levels (Beck and 
Convey 1976; Rahe et al. 1980). These spasmodic episodes of rapid increase in LH 
concentration are described as pulsatile LH release (Foster et  al. 1980). A tonic 
release maintains basal LH levels. The same basic LH concentrations and release 
patterns found during the normal estrous cycle have been observed in cows during 
the early postpartum period (Schallenberger et al. 1978; Carruthers and Hafs 1980; 
Foster et al. 1980; Webb et al. 1980). It has been suggested that the ovary regulates 
LH secretion in cattle (Rahe et al. 1980). However, from studies in primates, it has 
been proposed that LH secretion and ovulation are under neural control (Knobil 
1980). In sexually mature female cattle, both estradiol 17-beta (Short et al. 1979) 
and GnRH (Schallenberger et al. 1978) can induce the release of LH from the ante-
rior pituitary gland. The interaction of these two hormones to cause a LH surge 
depends primarily on the estradiol 17-beta concentration.

Gradually increasing estrogen concentrations to markedly elevated levels may 
have an inhibitory effect on the production and/or release of a LH surge by the pitu-
itary. This effect has been demonstrated in late pregnancy and is different from the 
effect of a synchronous rapid elevation in estrogen during late proestrus of the nor-
mal cycle. In late pregnancy from 40 to 60 days prepartum until 6 days after calving, 
estrogen levels are high and there is a decrease in LH peak values. Several research-
ers have examined the pituitary response to exogenous GnRH during the prepartum 
and postpartum periods and have described LH release in response to GnRH injec-
tion to be substantially reduced from 5 weeks before until 8–10 days after parturi-
tion (Fernandes et  al. 1978; Kesler et  al. 1977; Schallenberger et  al. 1978). Full 
responsiveness returned by day 10 postpartum. A full LH response has been 
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artificially produced on day 2 postpartum by using a combination of estrogens, pro-
gesterone, and then GnRH (Azzazi et al. 1980).

High levels of progesterone appear to suppress the hypothalamus and not the 
pituitary. Progesterone levels are constantly elevated during gestation (Pope et al. 
1968), except for a small decrease from day 60 to day 90 after conception (Robertson 
1972). Yet, the pituitary can fully respond to exogenous GnRH throughout preg-
nancy (Schallenberger et al. 1978).

In beef cows, the return to cyclic ovarian function is markedly delayed, the cause 
of which is poorly understood. The presence of a sucking calf postpones the com-
mencement of cyclic activity (Radford et al. 1978). Suckling inhibits the pulsatile 
release of LH and assures continued high prolactin (PRL) levels. In dairy cows, 
PRL increases at parturition (Convey 1974), but declines to lower levels within 2 or 
3 days after calving (Tucker 1979). Elevated PRL levels have been recorded in a 
selected group of high-production dairy cows (Thatcher et al. 1980). The suppres-
sion of PRL does not alter the rate of return to cyclic function (Schallenberger et al. 
1978). Thus, its role in controlling the onset of cyclic activity is suggested to be 
minimal.

 Placenta Expulsion Postpartum

Placenta expulsion occurred at 224.5  ±  73.2  min postpartum in dairy cows that 
could keep their calf and at 277.1 ± 139.1 min in dairy cows separated from their 
calf immediately postpartum (Lidfors 1996). There was no significant difference 
between these treatments, and further, there were no correlations between cow par-
ity and time to placenta expulsion (Lidfors 1996). Out of 30 observed cows, 77% of 
them ate the placenta, and the majority ate most of it, while a few only took small 
parts of it (Lidfors 1996). In a study on multiparous beef cows, 82% of the cows ate 
their placenta (George and Barger 1974). Galhotra and Gautam (1971) suggested 
that the reasons for bovines eating their placenta are cleanliness of the nest, provi-
sion of food, cover up of the young ones, and supply of minerals (placenta is high 
in calcium, phosphorus, and other trace elements). A clinical investigation of eight 
cows that had been eating placenta showed that they had developed indigestion, 
tympany, and other systemic disorders (Galhotra and Gautam 1971).

Some cows can show a retained placenta, which may have to be removed by a 
veterinarian. The reasons for retained placenta have been suggested to be uterus 
infections, nutritional, genetic, and physiological etiologies (Leslie 1983). Many 
cows get uterus infections with bacterial growth that are most common the first 
45 days postpartum (Leslie 1983; Sheldon and Dobson 2004; Sheldon et al. 2008). 
The infection may cause subfertility, which, apart from direct effects of the uterus, 
involves perturbation of the hypothalamus, pituitary, and ovary, and these effects 
may persist even after treatment of the disease (Sheldon and Dobson 2004). The 
bacterial infection can have negative effects on reproductive hormones and ovula-
tion, and it is therefore important to diagnose and treat uterine disease early (Sheldon 
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and Dobson 2004). To find uterine infections, examination of the vagina for the 
presence of pus and the character and odor of the vaginal mucus should be scored. 
The bacteria involved in uterus infection are Escherichia coli and Arcanobacterium 
pyogenes, and the virus bovine herpesvirus 4 (BoHV-4) can cause a rapid cytopathic 
effect (Sheldon et al. 2008). The cows’ immune system can eliminate the pathogens, 
but it is dependent on pattern recognition receptors that bind to pathogen-associated 
molecules (Sheldon et al. 2008). Uterine disease leads to damage of the endome-
trium and disruption of the cyclic activity of the ovaries, thus causing infertility 
(Sheldon et al. 2008).

7  The Behavior of Dairy Calves and Cows 
in Different Systems

 Group Housing of Cows During Calving

It is possible to keep cows together in group housing during calving, and this is a 
common method in housed dairy cattle. However, some cows may interact with a 
cow during calving and even disturb her in the middle of giving birth (Lidfors et al. 
1994a). Cows can also have more difficulties to maintain proximity to their calf 
when other cows intervene (Finger and Brummer 1969; Lidfors et al. 1994a). Most 
cows lick a newborn alien calf if the opportunity exists, but fewer lick an older alien 
calf (Edwards 1982). Most cows lost interest in an alien calf when their own calf 
was born, but a few multiparous cows abandoned their own newborn calf and 
remained with an alien one that they had adopted prior to calving (Edwards 1982).

Alien calves often distract the mother, and alien cows interfere with the mother- 
infant behavior (Finger and Brummer 1969). This frequently appears to hinder 
progress toward suckling by directing the attention of either mother or calf away 
from its partner (Finger and Brummer 1969). The group housed calves directed 
34% of their teat-seeking toward alien cows (Edwards 1982). There were no differ-
ences in total suckling time of calves in the two housing types, but 6% of the suck-
ling time observed under group housing involved a cow other than the mother 
(Edwards 1982). Michanek and Ventorp (1993) found that 11 out of 21 calves born 
in group housing suckled both their mother and alien cows, 4 suckled only alien 
cows, and 1 suckled only its mother. The remaining five calves did not manage to 
suckle any cows. Calves had lower plasma IgG level on the farm with group housing 
during calving compared to two other farms where cows were individually kept dur-
ing calving (Michanek and Ventorp 1993). The calves suckling on cows not having 
colostrum caused this.

The amount of time cows spent licking their own calf after birth did not differ 
between individual and group housed heifers, whereas it differed for multiparous 
cows (Edwards 1982). Group housed cows approached their calf more than indi-
vidually housed cows and less often remained lying when the calf was standing 
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(Edwards 1982). Butting of a calf by its mother was less common in group housing 
(Edwards 1982).

Based on own research (Lidfors et al. 1994a), it is recommended to move cows 
to individual calving pens before calving in order to give them isolation and undis-
turbed calving. However, allowing dairy cows to partly seek isolation and not be 
completely separated from the herd may reduce stress at calving (Rørvang et al. 
2018). According to Mee (2008), good calving management is a critical determinant 
in reducing peri-parturient losses. Important parts of this are predicting accurately 
when calving is due, moving heifers and cows to the maternity unit on time, discrete 
calving supervision, and critically knowing when and how to intervene during calv-
ing (Mee 2008).

 Effects of Deprivation of Maternal Care on the Newborn Calf

Only a few studies have compared the behavior of calves kept with their mothers 
and calves separated immediately after birth. Metz and Metz (1985) found that a 
long-lasting delivery is correlated with a delay in first standing in separated calves 
but not in calves kept with their mothers. This was attributed to the mother that 
stimulates her calf to early activity in spite of weakness. Moreover, mothers were 
licking their calves more often when they started to search for the udder later (Metz 
and Metz 1985). Calves kept with their mother had a shorter time until first attempts 
at standing and first time standing for more than 1 min compared to calves removed 
from their mother directly postpartum (Lidfors 1996). Because the mother continu-
ously licked her calf, the calves kept with their dams urinated and defecated earlier 
and more frequently than the separated calves (Kovalčik et al. 1980; Metz and Metz 
1986). In the calves kept with their mothers, there was more motor activity than in 
the separated calves, which were housed in small pens and had no chance of moving 
from place to place (Kovalčik et al. 1980).

Calves kept with their mothers were standing for a significantly longer time the 
first and second day of life than the separated calves, and they hardly emitted moo-
ing sounds, while the separated calves showed a very high frequency of vocalization 
(Metz and Metz 1985). This was considered as a sign of unsatisfied behavioral 
needs in the separated calves. Because the cow spent a rather small amount of time 
licking her calf and the frequency of vocalization was strongly reduced during the 
second day, Metz and Metz (1985) concluded that the presence of the mother might 
be important for the young calf independently of the amount of maternal care that 
she gives.

During the first 10 days of life, calves kept with their mother suffered less from 
heavy diarrhea and reached a significantly higher daily weight gain than the sepa-
rated calves (Metz and Metz 1985). Moreover, calves kept with their mother for the 
first 3 months of life distinguished themselves from group-reared calves separated 
from their mother by more threatening and more butting when being placed in a 
group with other calves of similar age. This was strongly correlated with their higher 
body weight (Metz and Metz 1985). Furthermore, calves kept with their mothers 

L. Lidfors



205

showed more prepuce contact behavior (licking, sniffing) than the group-reared 
herd mates, and this was correlated with their higher body weight (Metz and 
Metz 1985).

 Effects of Cow-Calf Separation in Dairy Cattle at Different 
Times Postpartum

Removing the dairy calf after bonding may induce acute stress in both cows and 
calves. Hopster et al. (1995) found that when the calf was separated from the mother 
3  days postpartum, cows vocalized initially and moved to the feeding rack but 
started feeding shortly after that. Heart rate was initially increased, but effects were 
restricted to the first minutes after separation, and there were no effects on the serum 
cortisol (Hopster et al. 1995). Calves separated at 4 days postpartum made signifi-
cantly more movements in the pen and spent more time standing and more time with 
the head out of the pen than calves separated 6 h or 1 day after birth (Weary and 
Chua 2000). A similar pattern was observed for the cows, i.e., cows with younger 
calves moved more frequently in the pen and vocalized at much higher rates After 
separation, cows separated day 4 postpartum called at approximately four times the 
rate of those separated at 6 h or 1 day (Weary and Chua 2000). In a follow-up study, 
Flower and Weary (2001) showed that after separation at day 14 postpartum, cows 
had higher rates of vocalization, movement, and placing the head outside the pen 
than cows separated at day 1 postpartum. When introduced to an unfamiliar calf at 
6 weeks of age, calves from the late-separation group showed more intense social 
behavior toward the unfamiliar calf than did those calves separated early (Flower 
and Weary 2001).

Marchant-Forde et al. (2002) separated dairy calves from their mothers at 24 h 
postpartum and 24 h later recorded their responses to playback vocalizations of the 
mother versus the calf compared with white noise. The cows had higher percentage 
of mean and peak heart rate, higher number of ear movements and head movements, 
higher proportion of walking and orientation toward the loudspeaker, and lower 
proportion of eating during the playback (Marchant-Forde et al. 2002). The calves 
had higher percentage heart rate change and tendencies for higher number of ear 
movements and lower number of head movements (Marchant-Forde et al. 2002). 
Sandem and Braastad (2005) found that an indicator of frustration in cows, i.e., the 
proportion of eye white, increased when cows were separated from their calf at day 
4 postpartum, but decreased when they were reunited with the calf.

 Fostering Calves onto Foster Cows

In different studies, researchers have tried to foster calves onto foster cows using 
various methods. Rosecrans and Hohenboken (1982) fostered two calves onto cows 
within 5 min after parturition. Wyatt et al. (1977) fostered a second newborn calf 
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onto cows at the time of birth of their natural calf. Hudson (1977) removed the 
cow’s own calf immediately after birth and introduced four calves to her within 
2 min after parturition. Kilgour (1972) fostered three or four calves onto cows from 
the fourth day of lactation. In my own research, we have always removed the cows’ 
own calf before fostering four alien calves to them (Lidfors 2000; Loberg and 
Lidfors 2001; Loberg et al. 2007, 2008).

Cows accepted foster calves and allowed them to suckle (Hudson 1977; 
Rosecrans and Hohenboken 1982), suggesting that successful maternal-offspring 
bonding had occurred (Rosecrans and Hohenboken 1982). However, adopted calves 
nursed less frequently, for a significantly shorter total interval daily (Wyatt et al. 
1977), and were 38–43 kg lighter at weaning than their natural-born mates (Wyatt 
et al. 1977; Rosecrans and Hohenboken 1982). Wyatt et al. (1977) found that the 
cows were reluctant to readily accept adopted calves, and they thought that this 
might be a major factor contributing to their low level of performance.

A high percentage of cross suckling was observed in the foster herd (Kilgour 
1972; Wyatt et al. 1977; Rosecrans and Hohenboken 1982). When that occurred, 
alien calves usually approached and suckled from the rear of the cow or alongside 
another calf already suckling (Rosecrans and Hohenboken 1982). Occasionally, as 
many as four calves suckled simultaneously (Wyatt et  al. 1977; Rosecrans and 
Hohenboken 1982). If an alien suckled along with a cow’s foster calf, it was not 
usually rejected (Rosecrans and Hohenboken 1982). The 5 min time lapse between 
birth and removal of a calf and its replacement with alien calves for fostering was 
possibly of sufficient duration to interfere with formation of an effective maternal 
young bond between a cow and her two foster calves (Rosecrans and Hohenboken 
1982). Hudson (1977), on the other hand, found that a rapid specific maternal bond 
was developed between the cow and her foster calves, resulting in no cross suckling 
and more uniform growth rates. This was probably due to the method of removing 
the cow’s own calf and fostering four calves onto the cow within a short time after 
birth, which did not subject the calves to the stresses associated with traditional 
fostering methods (Hudson 1977). It is important to make sure that the foster cow 
has enough milk to support four calves, around 32 l/day.

Instead of multiple fostering, Price et al. (1985) induced twinning in cows of beef 
breed through embryo transfer. They found that initially twins spent more time 
suckling their mothers than did single calves, presumably due to insufficient milk 
intake, but later they adapted by utilizing natural forage and obtaining milk from 
alien cows. By 15–20 weeks of age, twins were suckling their dams for less than 
one-quarter of the time spent at 3–6 weeks, whereas the suckling time of single 
calves did not decline. Price et al. (1985) made the conclusion that twins may expe-
rience a natural early weaning from the mother’s milk. Mothers bearing twins 
groomed their offspring less than mothers with singles, and twins were normally 
found at greater distances from their mother than singles (Price et al. 1985). In a 
follow-up study, Price et al. (1986) studied the cow-calf relationships of Hereford 
beef cattle after calves were temporarily separated from their dams during the first 
week after parturition. They found that contact and contact-seeking behaviors 
between twins and their mothers began to decline by the fifth or sixth day 
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postpartum, whereas contact behaviors shown by single calves and their dams 
remained stable or increased in frequency. Mothers of twins were less responsive to 
their calves than mothers of singles, both during and following separation, and 
twins interacted with alien females more frequently than single-born young did. In 
a study on naturally born twins, it was found that twin calves required three times as 
long as single-born calves to begin sucking (Owens et al. 1985). It was also found 
that twin-bearing cows had significantly shorter gestation lengths than those with 
single calves (Owens et al. 1985). Hafez and Lineweaver (1968) noted that twin 
calves were weaker than single calves.

8  Conclusions

This chapter has described the natural behavior of cows at calving, calves’ behavior 
from birth until weaning, and the mother-young attachment both in low managed 
free-ranging cattle and in housed dairy cattle. Some information has also been given 
on the physiology of the cow around parturition. It shows that cattle are very flexible 
and adapt their behavior depending on the circumstances when possible. However, 
most dairy cows do not have much contact with their offspring, and their calf is 
raised artificially on milk replacer or cow milk. There is an increasing interest in 
allowing dairy cows and calves to be together during the first weeks of the calves’ 
life, and research is ongoing to better understand how this may be managed.
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Abstract Direct care of offspring by the father (sire) is relatively rare in primates. 
Besides humans, there are a number of species where the male is essential for the 
survival of offspring: marmosets, tamarins, titis and owl monkeys, some lemurs, 
and siamangs. All these species show reduced sexual dimorphism, territoriality, and 
biparental care. However, timing and levels of direct care may vary among these 
species. Here, relying on both lab and field data, we address the variability found in 
father’s involvement with his infants, the behavioral, neuroendocrine and sensory 
systems that are a cause and consequence of paternal care, and social bonds between 
the breeding pair. We integrate studies of laboratory animals (where detailed obser-
vations and experimentation are possible) with field studies (which illuminate the 
ecological and evolutionary functions of paternal care) and discuss the future direc-
tions for examining the proximate and ultimate mechanisms of paternal care in non-
human primates.
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1  Introduction

Primates are highly social animals that have a variety of social structures, including 
multiple systems of breeding. Unique to a few species are high investment by the 
father (sire) in his offspring – particularly in the direct care of infants. Social and 
ecological conditions vary in those species exhibiting paternal care which may 
explain the selective pressures resulting in father’s involvement. Likewise, parent-
ing skills and motivation vary between individual fathers within the same species. 
In captivity, where paternal care can be more closely observed, we find differences 
in success rate of rearing infants that may be caused in part from fathers’ neuroen-
docrine differences.

While most nonhuman primate sires show indirect care of their offspring through 
protection and provisioning, only a few species show direct paternal care where 
fathers are carrying, protecting, and/or involved in food sharing. Direct care of off-
spring is mainly seen among siamangs, marmosets, tamarins, lion tamarins, titis, 
owl monkeys, and some lemur species such as fat-tailed dwarf lemurs and red- 
bellied lemurs (Fernandez-Duque et al. 2009; Tecot et al. 2013). All these species 
show some form of biparental care, reduced sexual dimorphism, and territoriality, 
but levels and timing of direct care may vary (Fernandez-Duque et  al. 2009). 
Additionally, conditions of monogamy are also varied, for example, serial monog-
amy may occur due to takeovers by intruders of either sex, and some species also 
display polyandry. Polyandrous species are rare and may be an alternative reproduc-
tive strategy in a small proportion of groups in a primarily monogamous species, 
such as the mustached tamarins (Saguinus mystax). However, even in this species, 
the mating system is polyandry, but genetic analyses determined that paternity is 
often monopolized by a single male per group (Huck et al. 2005; Huck et al. 2014).

Several Central and South American monkeys include genera that display bipa-
rental care, are pair-living, and are sexually monogamous, and some show coopera-
tive infant care where more than the parents care for infants. These species are 
excellent models for understanding the physical and neuroendocrine bases of posi-
tive parenting. Detailed studies on captive monkeys have examined the proximate 
mechanisms of paternal care through behavioral neuroendocrinology assessments 
and tests of males for their motivation to parent. For example, studies on the cotton- 
top tamarins (Saguinus oedipus) and common marmosets (Callithrix jacchus) have 
allowed the examination of how positive parenting is modulated by the sensory and 
neuroendocrine systems. Studies of other species in captivity and the wild, such as 
the owl monkeys (Aotus), titi monkeys (Callicebus), and red-bellied lemurs 
(Eulemur), have also contributed to our understanding of direct care, individual 
variation in paternal care, and the socioendocrinology of paternal care. In particular, 
species with facultative paternal care can help us understand what conditions select 
for direct paternal care. See Fig. 1 for pictures of our species.

While our understanding of the proximate mechanisms of paternal care is pro-
gressing, we believe there is still much we can learn from improved bridging of the 
gap between laboratory and field studies of nonhuman primates. Only through inter-
preting laboratory mechanistic findings within an ecological-evolutionary 
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Fig. 1 Our study subjects. These four species have all been studied in their native habitat for their 
paternal care behaviors, and two of these species have been extensively studied in the laboratory to 
understand the behavioral neuroendocrine mechanisms of paternal care. Left to right: The red- 
bellied lemur, Eulemur rubriventer, studied by Stacey Tecot in Ranomafana, Madagascar, photo 
by VELONTSARA Jean Baptiste; the cotton-top tamarin, Saguinus oedipus, studied by Anne 
Savage in Northeastern Colombia, photo by Suzi Eszterhas; the common marmoset, Callithrix 
jacchus, from Northeastern Brazil, photo by Jordana Lennon, Wisconsin National Primate 
Research Center; the owl monkey, Aotus azare, studied by Eduardo Fernandez-Duque in Argentina, 
photo by E. White/Owl Monkey Project, Formosa-Argentina

perspective will we understand the ultimate consequences of a father’s care of his 
offspring. To this end, we have organized this chapter to present different aspects of 
paternal care where we address our knowledge of mechanisms from laboratory 
studies and present data on the natural behavior and physiology of wild animals 
from our field studies.

Using data from our own research, we will address the following questions: (1) 
What is paternal care, and why is it important? (2) How is paternal care activated 
and controlled? (3) What have we learned about the basic biology of reproductive 
and parenting hormones and the role of the sensory systems in paternal care? (4) 
How does paternal care vary within and between the five species that we study? (5) 
What are some directions for future research on paternal care that integrate behav-
ioral neuroendocrinology and field studies? We hope this work will provide neuro-
scientists and evolutionary biologists with the framework to continue to advance 
research on paternal care.

Nonhuman Primate Paternal Care: Species and Individual Differences in Behavior…
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The authors have broad experience studying paternal care in nonhuman primates. 
Collectively, we study species that represent the variety of direct paternal care seen 
in nonhuman primates. Three of the species show cooperative infant care (cotton- 
top tamarins, Saguinus oedipus; common marmosets, Callithrix jacchus; and red- 
bellied lemur, Eulemur rubriventer) where not only fathers, but other group 
members, actively care for infants. The other two species include the owl monkey 
(Aotus azarae) and the titi monkey (Callicebus discolor) and display biparental 
care. All these species have been studied in their natural field settings, and cotton- 
top tamarins, common marmosets, and another species of titi monkey (Callicebus 
moloch) have also been studied extensively under laboratory conditions. Thus, we 
are able to integrate knowledge from studies of captive individuals (where detailed 
observations and experimentation are possible) with field studies (which illuminate 
the ecological and evolutionary functions of paternal care). Tamarins, marmosets, 
owl monkeys, and titi monkeys are all native to Central and South America, whereas 
red-bellied lemurs are endemic to the island of Madagascar.

2  What Is Paternal Care, and Why Is It Important?

Paternal care has a special interest to biologists because it is relatively rare among 
mammals (Garcia de la Chica et al. 2017; Kvarnemo 2006; Stockley and Hobson 
2016; West and Capellini 2016). We first describe the varieties of paternal care in 
our study species, address the costs and benefits of paternal care, and then discuss 
the role that pair-bonding may have on the expression of paternal care.

It has been traditional to distinguish between direct and indirect paternal care 
(Clutton-Brock 1991). In direct care, fathers carry infants, share food with them, 
retrieve them, and are involved in social play, whereas in indirect paternal care, 
males may guard females and infants, alert group members to predators, prevent 
intrusion of potentially infanticidal males, but are not directly involved in infant 
care. We can see direct paternal care in each of our species. In tamarins and marmo-
sets, males assist mothers in carrying infants from the first days after birth and 
increase the proportion of time they carry the infants as the infants get older 
(Washabaugh et  al. 2002; Zahed et  al. 2008). Males will retrieve infants and, at 
weaning, distract infants from nursing by sharing food with them often using spe-
cific calls to attract them (Joyce and Snowdon 2007). In captivity, titi monkey males 
are the primary infant carriers and retrieve straying infants (Mendoza and Mason 
1986). Studies of wild populations have found that in both Azara’s owl monkeys 
(Aotus azarae) and red titis (Plecturocebus discolor), males carry infants most of 
the time (ca. 80–90%) from very soon after birth, and infants only transfer to the 
mother for brief periods usually around the time of active nursing bouts (Tecot and 
Baden 2018). This pattern has been documented for every group of owl monkey and 
titis that has been studied in the field and in captivity (Fernandez-Duque et al. 2020; 
Evans et al. 2022). Adult owl monkey males share food with infants more frequently 
than do mothers (Wolovich et al. 2008) and are also the first source of support when 
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an infant faces a challenging situation (e.g., crossing a canopy gap) (Rotundo et al. 
2005). In wild, red-bellied lemurs, biological fathers vary considerably in how 
much care they provide, ranging from negligible to as much, or more, than mothers 
(Tecot and Baden 2018). Fathers, which huddle, hold, carry, groom, and play with 
infants, do not carry them immediately after birth, but provide increasing amounts 
of care as infants develop (Overdorff 1991). Overdorff (1991) also found that as 
paternal care increases, maternal care decreases, until infants only receive care from 
fathers and siblings. Fathers are also a source of support when an infant faces a chal-
lenging situation (e.g., crossing a large gap or after a fall to the ground; Tecot, per-
sonal observation).

Paternal care in mammals is considered surprising since a male can never be 
100% certain of paternity, and females have an extensive commitment to reproduc-
tion due to gestation and lactation. This means that there should be some benefits to 
males engaging in infant care along with reduction of costs to mothers and/or ben-
efits to infants. A review of primate allomaternal care (Mitani and Watts 1997) 
found that the presence of helpers decreased interbirth intervals and increased 
fecundity of mothers. However, a later analysis found that this pattern in primates 
was driven by the callitrichines (Isler and van Schaik 2012). Marmosets and tama-
rins usually give birth to twins that weigh up to 20% of the mother at birth. In cap-
tivity, and in some wild populations, conception can occur within a few weeks after 
birth while the first set of twins are still nursing, thus increasing energetic stress for 
mothers that can be alleviated by the father and other helpers. This relationship 
between allomaternal care and reproductive output (interbirth interval, fetal and 
infant growth rates) was not present in a comparative study of lemurs (Tecot et al. 
2012), suggesting that the ultimate benefits of paternal care could differ across taxa. 
In particular, taxa in which paternal care is facultative may not have relatively 
shorter interbirth intervals or faster growth rates compared with other species, but 
paternal care may still confer reproductive benefits on an individual level. For 
example, red-bellied lemurs often twin but usually bear singletons, and paternal 
care may be more or less critical depending on litter size (Tecot 2010). Studies of 
male reproductive success are difficult with long-lived species, but determining the 
effects of paternal care on infant outcomes at the individual level is a necessary step 
in determining the ultimate benefits, and the evolutionary pathways, of paternal care.

In callitrichids, there are costs and benefits to fathers engaging in infant care. Not 
only is there the lack of certainty of paternity for males, but there may also be a 
severe energetic cost. For cotton-top tamarins, captive males lose up to 10% of their 
body weight while carrying infants (Achenbach and Snowdon 2002; Sánchez et al. 
1999). The presence of additional helpers mitigates the weight loss in proportion to 
the number of additional helpers (Achenbach and Snowdon 2002). However, a lon-
gitudinal field study has found no effect of group size on infant survival as long as 
at least two adult males are present (Savage et al. 2009, 2022).

A strong relationship within a pair serves to increase the likelihood that the male 
will be the biological father of the infants and that the mother will be assured of help 
at the birth of infants. Lukas and Clutton-Brock (2013) suggested that male care is 
likely a consequence of social monogomy in mammals. There are several ways in 
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which pair-bonds have been evaluated in captivity and the field: sociosexual behav-
ior and mating limited to one partner, territorial defense (aggressive response to 
intruders), short-term separations increasing stress responses and reunions reducing 
stress, and preference for a specific partner (see Bales et al. 2021 for a complete 
description).

In wild cotton-top tamarins, copulations have only been observed between the 
breeding female and one particular male in the group. When there is more than one 
adult male in the group and the suspected “breeding male” dies, then the “other” 
male may assume the role. Occasionally, groups of cotton-tops had more than one 
pregnant female; however, only one female gave birth to offspring that survived. 
These multiple pregnancies typically occurred during the formation of a new group 
or if a new male entered an established group (Savage et al. 1996, 2022). In newly 
formed groups, the adult male and female spend a lot of time grooming and hud-
dling. Captive cotton-top tamarins are managed so that groups are formed with one 
adult male and one adult female, but grooming and huddling, along with non- 
conceptive sexual behavior, are common.

Among owl monkeys that give birth to singletons, there is only one reproduc-
tively active pair in each group (Garcia de la Chica et al. 2022). Males and females 
are regularly replaced by intruding adult individuals, with both males and females 
being replaced equally often (Fernandez-Duque and Huck 2013). These forced 
changes of partner reduced the reproductive success of the remaining pair-mate in 
the same group. An adult, male or female, that only had one partner throughout life 
produced approximately 25% more offspring per decade of tenure than one that was 
forced to switch partners. In both titis and owl monkeys, the presence of infants 
changes the dynamics between pair-mates. Pair-mates groom and huddle less after 
an infant is born, and sex differences in time budgets become accentuated (Spence-
Aizenberg et al. 2018).

Red-bellied lemur groups consist of an adult male, an adult female, and their 
immature offspring (Tecot et al. 2016). Groups are stable and last for multiple years. 
They give birth to singletons and twins and genetic analyses indicate that they have 
strict monogamy (Merenlender 1993). Rarely have we seen a resident adult of either 
sex disappear and red-bellied lemurs are extremely cohesive throughout the year 
(Overdorff 1988; Tecot and Romine 2012). Adults are usually within 5 m of other 
group members (including offspring) over 90% of the time, and adult males and 
females are each other’s nearest neighbors (within 5 m) 43% of the time (Overdorff 
and Tecot 2006). These pair-bonds are actively maintained by both sexes and all 
individuals in the group are equally likely to initiate interactions, and agonism 
within the group is extremely rare (Overdorff and Tecot 2006), with only two 
aggressive interactions between pair-mates observed in two >1-year studies 
(Overdorff 1991; Tecot 2008).

In all studied species, there is evidence that the reproducing adults defend the 
pair against intruders. In captive cotton-top tamarins, both pair-mates react to 
intruders of both sexes. Males displayed aggressive behavior and females typically 
scent-marked close to the intruding animal (French and Snowdon 1981). Groups in 
the wild are very territorial, and there are often vocal exchanges at territorial 

T. E. Ziegler et al.



219

boundaries that sometimes lead to physical fighting. When a tamarin, or tamarins 
have been evicted, they may often try and enter another group or form a new group. 
Temporary associations of individuals that remain on the periphery of a group (if 
related to animals in the existing group), or attempting to enter new groups, are 
common. However, these individuals are actively repelled by the adult animals in 
the resident group. In general, established groups actively repelled neighbors or 
potential intruders, but if a breeding female/male dies or is evicted, novel individu-
als are allowed to enter groups and assume the breeding position (Savage et  al. 
2022) with little or no aggression observed.

In the laboratory, familiarity among groups of Wied’s black tufted-ear marmoset 
(Callithrix kuhlii) was sufficient to modulate aggression during encounters (French 
et al. 1995). Aggression was higher in males than females. Familiarity among indi-
viduals in a neighboring group appears to modulate aggression during intergroup 
encounters. However, two studies on captive common marmosets have shown that 
males react differently to a novel female depending upon whether his mate is pres-
ent or not. When a novel female intruder was presented to paired common marmo-
sets, both the male and female engaged in aggressive behavior toward the intruder. 
However, when the male of the pair was tested alone with a novel female, he dem-
onstrated affiliative and little aggressive behavior (Evans and Poole 1983). When 
males were tested separately from their mates, but with the mates visible behind a 
one-way window, males displayed much more aggression and less affiliation toward 
a novel female than when they were tested without seeing their mate (Anzenberger 
1985). Similar results have been seen in the field where the male breeding adult and 
nonbreeders of both sexes frequently engaged in sexual behavior during intergroup 
encounters, but the breeding female was never observed to engage in extra-group 
copulations (Lazaro-Perea 2001). These studies suggest that male marmosets dis-
play pair-bonded behavior in the presence of their mate, but are responsive to novel 
females when the mate is gone.

We tested the response of Azara’s owl monkey pairs toward calls of unfamiliar 
male and female unpaired individuals in the field. As evidenced by higher rates of 
sociosexual and vocal responses, movement toward the speaker, and intergroup 
encounters during and after the experiments, both sexes were more reactive to the 
calls of unfamiliar males than females. Paired males reacted more strongly than 
females. Females guarded their mates more often during the simulated presence of 
unfamiliar males in comparison to unfamiliar females. Coupled with the fact that 
replacement of the putative father leads to lower infant survival, this suggests that 
females may guard their mates to secure paternal investment (Garcia de la Chica 
et al. 2021a).

In contrast to the other species, red-bellied lemurs scent-mark their territories 
frequently, but mostly avoid other groups. Agonism is almost nonexistent in this 
species; however, between-group agonism rates during periods of food scarcity, 
when groups may be forced to come into contact, are ten times higher than during 
food abundance (Tecot et  al. 2016). The vast majority of interactions with other 
groups occurred between, or along, territorial borders at feeding sources, and both 
males and females participated (Overdorff and Tecot 2006).
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Bonded pairs may also show behavioral and physiological signs of distress. In 
long-term captive marmoset pairs, social separation causes increased distress 
behaviors and cortisol concentrations (Cavanaugh et al. 2016). However, reunion 
with social partners reduced cortisol levels and distress-related behavioral patterns. 
In captive pairs of tamarins, brief separations lead to an increase in long calls and 
increased huddling and sexual behavior on reunion (Porter and Snowdon 1997). 
Laboratory titi monkeys also showed increased cortisol levels when separated from 
the mate (Mendoza and Mason 1986). Controlled studies of separation and reunion 
are not possible in field studies, but researchers who are present when study subjects 
are captured could leverage short-term separations that occur between capturing 
each adult to record separation-induced behaviors. During such an event, red- bellied 
lemur pairs showed signs of distress, including prolonged long/contact calls (Tecot, 
personal observation).

3  How Is Paternal Care Activated and Controlled?

In order to understand how paternal care is activated and controlled, it is important 
to first acknowledge and discuss the variation in infant care that has been reported 
between taxa. Evidence of variability in the amount of time and the onset of post- 
birth time that the father, or resident male, carries and cares for infant(s) has been 
reported both under captive and field conditions. In the genus Callithrix, there are 
reports of variation between species in father’s participation in the first few weeks 
after the birth of the infant at this most critical time for its survival. In both the black 
tufted-ear marmoset, Callithrix kuhlii, and the white-faced marmoset, Callithrix 
geoffroyi, mothers primarily carried the infants during the first 2  weeks (French 
et al. 2008). In the buffy-headed marmoset, Callithrix flaviceps, the breeding males 
carried as much as the mother, and all adult males carried more than adult females 
(Ferrari 1992). However, common marmosets show individual variation when and 
how often they are carrying infants. For the first week, they may be carrying up to 
50% of the time (Zahed et al. 2008).

In the genus Saguinus, S. labiatus, fathers spend more time carrying than moth-
ers, and in cotton-top tamarin, males can spend up to 80% of their time carrying 
infants during the first few weeks following birth (Washabaugh et al. 2002; Savage 
et al. 1996; Pryce 1988; Ziegler et al. 1990). The Goeldi’s monkey, Callimico goel-
dii, has cooperative infant care and resembles the tamarins in morphology, but only 
one infant is born with each birth. The mother carries the infant for the first 3 weeks 
before the father starts carrying, and when they carry, they do not always carry more 
than the mothers (Schradin and Anzenberger 2001). In other biparental species that 
have only one infant, males may spend 80–90% of their time carrying infants shortly 
after birth, and infants are only transferred to the mother for brief periods for nurs-
ing. This has been reported for Azara’s owl monkeys, red titis, Callicebus cupreus, 
and red-bellied lemurs (Fernandez-Duque et al. 2020; Tecot and Baden 2018). In 
red-bellied lemurs, fathers with one infant carry extensively (Tecot and Baden 2018) 
as do those with twins (S.  Tecot, personal observation). However, there is 
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considerable variation among fathers on the timing of their participation in infant 
care (Tecot and Baden 2018). Some fathers provide as much care as the average 
mother, and there are months in which they provide more care than mothers; other 
fathers barely provide direct care at all (Tecot and Baden 2018). Overdorff 
(Overdorff, 1991) observed that eventually maternal care ceases and fathers provide 
all infant care. Some of the variation between genera and species may have to do 
with the level of infant care experience of the male. Males gain experience with 
infants prior to becoming a father, first-time fathers with their own infants, and 
additional experience by multiple births of his own infants.

Taking care of primate infants is a learned skill, in part, and starts by observing 
care of young early in life and practicing caring for young infants. This is most 
evident in cooperative infant care species where alloparents, or older siblings, assist 
parents with infant care (Cleveland and Snowdon 1984), as do red-bellied lemurs 
(Tecot and Baden 2018). All of the species of Callithrix, Saguinus, Leontopithecus, 
Callimico, and Eulemur rubriventer show sibling care while they are living in their 
natal groups. Cotton-top tamarins are very interested in carrying younger siblings 
and carry more in the wild than those in captivity perhaps because their help is 
needed more in the wild to share the energetic burden of twins (Savage et al. 2022). 
In captivity, common marmoset juveniles at 6 months of age are very interested in 
the newborn infants (Zahed et al. 2008). They will attempt to carry but appear to 
need time to adjust to the feel and weight of infants. Red-bellied lemur siblings help 
with infants and have been documented playing, grooming, holding, and huddling 
with them. However, they rarely carry them, perhaps due to body size constraints, 
and not all siblings help (Tecot and Baden 2018).

Experience with infant care as siblings in natal groups is important for later 
reproductive success in marmosets and tamarins. However, field data on cotton-top 
tamarins found no difference in survival of first litters born to females with infant 
care experience compared to those with no infant care experience (Savage et  al. 
2022), but experienced males were present in all litters. In captivity, tamarins typi-
cally delay their own reproduction while helping the breeding parents with the 
young, dependent infants and gain parenting experience important for rearing their 
own offspring (Snowdon and Ziegler 2007). This deferral of reproduction can be 
associated with a suppression of fertility in at least one sex in captivity. Interestingly, 
in both marmosets and tamarins, the eldest male offspring spend more time caring 
for infants than the females (Zahed et al. 2008, 2010). In some captive groups of 
marmosets and tamarins, males may remain in their families past the age of 4 years, 
and these eldest males will continue to care for their younger siblings. Male tama-
rins living with infants and juveniles with their family, regardless of whether they 
are fathers or eldest sons, show higher prolactin levels than males living with non-
pregnant females, but not as elevated as prolactin levels are with experienced fathers 
or first-time fathers (Ziegler et  al. 1996). Since contact through carrying infants 
raises prolactin levels in fathers (Dixson and George 1982), it appears that prior to 
being a father, males are responding hormonally to caring for infants. It is unknown 
whether older female siblings have elevated prolactin, but they do not carry as much 
as the older male siblings.

Nonhuman Primate Paternal Care: Species and Individual Differences in Behavior…



222

While males gain experience in caring for infants when they are in their natal 
groups as older offspring, first-time fathers also require experience upon becoming 
parents. First-time parents have a lower success rate of surviving offspring in tama-
rins (Baker and Woods 1992; Epple 1978; Johnson et al. 1991; Tardif et al. 1984). 
Much depends upon the father in the first 2 weeks. For example, in cotton-top tama-
rins, mothers carry their infants approximately 50% of their waking time, and in 
established families, they spend approximately 20% of their day nursing them 
(Washabaugh et al. 2002; Ziegler et al. 1990). Fathers are the primary carriers and 
paternal carry time gradually decreases with increasing age of the infant (Zahed 
et al. 2010). Since the cotton-top tamarin has cooperative infant care, experienced 
fathers in large families decrease their time spent carrying as the infant grows and 
older sibling helpers increase their time carrying for the young.

In common marmosets, first-time fathers did not always influence the success 
rate in offspring survival if the mother had some infant experience (Tardif et  al. 
1984). However, other studies have indicated that there is considerable variation in 
father’s carrying time for both first-time fathers and experienced fathers (Zahed 
et  al. 2008; Yamamoto et  al. 1996). When comparing captive and wild groups, 
mothers and fathers equally carry their infants in the first few weeks and helpers 
carry more in the field setting than in captivity (Yamamoto et al. 1996). Captive 
common marmoset fathers carried around 25% of the time that the infant was car-
ried, while mothers carried around 50% in the first week, but mothers reduced their 
carrying by the second week and siblings carried more. Thus, fathers’ carrying time 
stayed the same for the 2  weeks while mothers decreased. Additionally, when 
fathers were tested while separated from their family in response to an infant dis-
tress cry, inexperienced males responded significantly less to the stimulus than the 
experienced fathers. However, experienced fathers varied greatly in their response 
as well (Zahed et al. 2008).

4  What Have We Learned About the Basic Biology 
of Reproductive and Parenting Hormones and the Role 
of the Sensory Systems in Paternal Care?

Our studies of the neuroendocrine changes in the common marmoset and cotton-top 
tamarin have contributed much to understand the basic biological changes in males 
even prior to being a parent. We have documented changes in male hormones and 
weight while his pair-mate is pregnant, in the hormonal responses to the postpartum 
ovulation with odor detection, and in hormonal responses to infant sensory signals 
using odor and auditory cues. These studies have allowed us to present a dynamic 
illustration of the social system in these species providing evidence of social bond-
ing between the father and his mate, as well as between the father and his infant. Our 
research has contributed to elucidating the plasticity of the system to meet the ever- 
changing social needs of the family (Fig. 2). Further, several of our species are vali-
dating the same hormonal changes in the field as we see in the lab.
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Fig. 2 External sensory signals drive changes in neuroendocrine and behavioral events

 (a) Male’s Hormonal Changes in Association with the Mate’s Pregnancy in the Lab 
and Field.

Studies of both wild and laboratory primates demonstrate that males respond to 
their mate’s pregnancy with changes in various hormone metabolites. Studies with 
laboratory primates further suggest that males gain weight during their partner’s 
pregnancy, and these changes are facilitated by olfactory cues. Hormonal changes 
in male paternal primates during their mate’s pregnancy may indicate that the com-
munication between biparental mates may help the male prepare for becoming 
fathers. In the cotton-top tamarin at mid-gestation, male urinary hormones increase 
with highest change in concentration in the last month of pregnancy (Ziegler et al. 
2004a). Of note is that estrogens, androgens, as well as prolactin and the glucocor-
ticoid cortisol are elevated by midpregnancy (Fig. 3). Pregnant female tamarins also 
show a midpregnancy rise in glucocorticoids that are followed within 1–2 weeks by 
the male’s peak in cortisol in all infant-experienced males (Ziegler et al. 2004a). In 
the field, red-bellied lemur males show elevated estradiol fecal metabolite levels 
that increased by fourfold by the end of their mate’s pregnancy (Tecot, in prepara-
tion), elevated glucocorticoid metabolites in the mate’s third trimester just after her 
midpregnancy rise (Tecot 2008), and elevated androgen metabolites during the peri-
partum period (Tecot and Baden 2018). Male owl monkeys also have elevated glu-
cocorticoids during their mate’s pregnancy (Corley et al. 2021). The midpregnancy 
rise of glucocorticoids in females may stimulate a glucocorticoid response in males 
and thereby activate other hormonal changes in males to prepare them for their par-
enting role. It is likely that this occurs through chemical/olfactory communication 
(Ziegler et al. 2004a). Additionally, male tamarins have high levels of circulating 
estrogens as do male owl monkeys, Aotus trivirgatus (Setchell and Bonney 1981), 
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Fig. 3 Changes in steroids and prolactin in the urine of expectant fathers from the first month of 
the mate’s gestation to the last month. All hormones increased in the second half of pregnancy. 
(Graph redrawn from data published  on Cotton top tamarins, Saguinus oedipus (Ziegler 
et al. 2004a))

and common marmosets (Ziegler et  al. 2009). In the common marmoset, serum 
levels of prolactin and testosterone are elevated at the end of the mate’s pregnancy 
relative to the postpartum period. At the time of birth of infants in cotton-top tama-
rins, urinary glucocorticoids, estrogens, and androgens that were high in males at 
the end of pregnancy plummet and remain low until prior to the female’s postpartum 
ovulation, indicating that these steroids were elevated at late pregnancy in response 
to the female’s reproductive condition (Ziegler et al. 2004b). Prolactin levels are 
elevated at the end of gestation in both tamarin and marmoset fathers.
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Along with changing hormones, male marmosets and tamarins gain weight dur-
ing their mate’s gestation similar to the female (Ziegler et al. 2006). When com-
pared to control males (living with a nonpregnant female), male marmosets and 
tamarins show weight gains by midpregnancy, and their weights are at their highest 
during the last month. Physical changes, such as male weight gain, may be inciden-
tal to the hormonal changes occurring to prepare males for their role in infant care 
as well as the weight loss that accompanies infant care. This may be a part of an 
evolutionary process that occurs in biparental species (Daly 1979). Selection affects 
biparental species by diverting male reproductive effort into parental investment 
(Emlen and Oring 1977). Extensive energetic investment made by these fathers in 
caring for their young offspring may require larger energy reserves (Achenbach and 
Snowdon 2002; Sánchez et al. 1999).

We see here that male marmosets, tamarins, and red-bellied lemurs show a hor-
monal response to their mate’s pregnancy and marmosets and tamarins have weight 
gain during the latter half of pregnancy likely through the chemical cues of the 
female’s pregnancy and thus are primed to show paternal care for their infants.

 (b) Postpartum Period Through Odor Communication.

In the laboratory, female marmosets and tamarins show a post-birth ovulation as 
soon as 2–3 weeks while there are still dependent infants in the natal group. Both 
tamarin and marmoset males can detect the periovulatory period through presenta-
tion of isolated odors of an ovulating female and through steroid changes during this 
time. When tamarin and marmoset males were presented with periovulatory odors 
from unknown females while they were living with a pregnant mate, they increased 
frequency of mounts to their mate and penile erections (Ziegler et al. 1993; Ziegler 
et al. 2005). Steroid levels also increase in male cotton-top tamarins responding to 
a female’s periovulatory period. All tamarin males have low steroids following birth 
and then significant increases in urinary androgens, testosterone and dihydrotestos-
terone (DHT), prior to the female’s postpartum LH peak, indicating ovulation. All 
steroids, including estradiol and glucocorticoids, had increased by 3–7 days prior to 
the female’s LH peak that coincided with the female’s follicular period. It is likely 
these steroids are involved in response to the estrogen changes during the follicular 
phase in the female. Sexual communication between paired male and female cotton- 
top tamarins ensures mating at the time of optimum fertility. The elevated glucocor-
ticoids may indicate reception of the signal, similar to the peak levels found in 
males at their mate’s midpregnancy. Based on the daily sampling of testosterone and 
DHT, we determined that the androgens were flexible during the period of infant 
care to ensure increased steroids around the time when the pair-mate was fertile, but 
otherwise levels were low and not associated with male care of infants. However, 
not all biparental species have a postpartum ovulation where this flexibility is essen-
tial for the dual role fathers provide at this time. In fact, father’s care of infants in 
wild red-bellied lemurs was associated with increased androgens despite the lack of 
a postpartum ovulation (Tecot and Baden 2018). The general pattern that we have 
observed, but requires further testing, is that androgens decrease as males shift into 
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pairs and fatherhood and away from acquiring mates, but within that lower range of 
androgen levels, acute changes can occur in association with specific behaviors: 
elevating with certain behaviors and decreasing with others.

Weight gain during pregnancy in both tamarin and marmoset males provides 
evidence that males may need to increase their energetic resources prior to taking 
care of infants following birth. Additionally, the drop of glucocorticoids following 
birth instead of an increase may indicate the role of prolactin, but not glucocorti-
coids, in the energetics of infant caretaking in fathers. Glucocorticoids, measured in 
owl monkeys in the field, were lowest during the periods when males were provid-
ing care (Corley et al. 2021). The elevated pattern of glucocorticoids prior to birth 
appears to be a common pattern across a range of species, but the timing of gluco-
corticoid decline might vary due to the timing of when males begin to parent.

Prolactin, as well, is influenced by parenting. To address the role of prolactin in 
promoting paternal care behaviors, physical changes, and reproductive hormones, 
we examined male marmosets over three different gestational and postpartum peri-
ods while experimentally elevating or reducing prolactin levels, compared with 
unmanipulated prolactin (Ziegler et al. 2009). Prolactin elevation or reduction had 
no effect on a male’s behavior in parenting in his family. However, parenting moti-
vation was affected when infant distress calls were played to males without manipu-
lating their prolactin. However, rather than having a direct effect on the expression 
of paternal care, prolactin influenced a male’s weight during the infant care period. 
Elevated prolactin postpartum, when males are actively caring for infants, may 
work to prevent excessive weight loss during their period of added energetic 
demands. This study also showed an inverse relationship between prolactin and 
testosterone. While prolactin is elevated during a male’s intensive parenting during 
the first month, testosterone levels are low and glucocorticoids are low. We also 
found that when we lowered prolactin levels, the males lost the most weight while 
caring for infants. Without any manipulation of prolactin during a normal postpar-
tum period, the fathers lost weight, but not as much as when prolactin levels were 
reduced. There is an energetic cost to caring for infants as fathers experience a sig-
nificant weight loss while carrying infants during the first 3 weeks postpartum, and 
prolactin has a major role to play in preparing fathers for these energetic demands.

 (c) Response to Infants Through Odor and Auditory Communication.

Parental recognition of offspring odors plays a role in determining the difference 
between offspring and non-offspring. Kin recognition is an assessment of genetic 
relatedness and can lead to differential treatment of conspecifics based on cues that 
correlate with relatedness (Gamboa et al. 1991). Recognition of odor signals from 
offspring requires the production of the specific label, and the recognition of the 
labels through the parent learning of the odor signature (Mateo 2004). Little is 
known about paternal-offspring recognition in biparental mammalian species. 
Males do not undergo pregnancy and parturition where hormonal facilitation of 
brain plasticity is produced, with neurogenesis occurring to promote olfactory 
involvement in offspring recognition and facilitation of infant care. However, as 
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described above, neuroendocrine changes are recorded from males of biparental 
species during the gestational phase of their offspring or in response to infants in 
biparental rodents and cooperative breeding nonhuman primates.

Marmoset infant odor cues may facilitate recognition of offspring as primer 
odors by influencing paternal hormones. Fathers show reduced serum testosterone 
levels within 20 min of contact with an isolated infant scent (Prudom et al. 2008). In 
contrast, parentally inexperienced males have shown no changes in testosterone lev-
els. Testosterone responsiveness to infant odor may indicate kin recognition and a 
role in the promotion of paternal behaviors. Common marmoset males showed a 
decrease in testosterone and an increase in estrogen levels in response to odors from 
their own infants but not to those of other infants (Ziegler et al. 2011). However, 
once infants are past 3 months of age and are no longer dependent on father’s direct 
care, fathers were no longer hormonally responsive to their offspring odors. 
Chemical signals found in the scent secretions may only be relevant when the infant 
is totally dependent upon being carried. The ability to respond quickly and the flex-
ibility of the androgens to olfactory cues indicate changes in the neurochemistry of 
the brain that occur to promote immediate responses toward infants.

In contrast, exposing males to auditory signals of distressed infant vocalizations 
elicited a higher response to infant distress calls with an increase in testosterone 
levels compared to control vocalizations (Zahed et  al. 2008; Ziegler et  al. 2017; 
Ziegler and Sosa 2016). The androgenic response to infant distress calls was not 
specific to a male’s own infants as we used calls from unrelated 2-week-old infants. 
Experienced males that were the most responsive to infant distress cries also showed 
increased survival rates and better health outcomes for their offspring as indexed by 
increased infant weight gain (Ziegler et al. 2017). Further responsiveness of experi-
enced males was increased with estrogen treatment showing that estrogens are 
important in controlling a male’s motivation to respond to infant cries in experi-
enced fathers (Ziegler and Sosa 2016). These studies show different roles for audi-
tory and olfactory cues from infants in influencing fathers. Olfactory cues from 
one’s own infants provide recognition and indicate the need to provide care for 
dependent infants. Infant distress cries may activate the motivation to respond to 
any infant’s needs (Fig. 4).

Several studies have shown that oxytocin is also involved in regulating parenting 
and motivation in parenting behaviors. Finkenwirth and colleagues (Finkenwirth 
et al. 2015) reported that urinary oxytocin increased in all common marmoset fam-
ily members following birth of infants. In early infancy, oxytocin levels were asso-
ciated with increased infant-licking, and in late infancy, oxytocin was associated 
with increased proactive food sharing, suggesting that oxytocin reflects intrinsic 
care motivation in fathers. Based on infant retrieval response studies, fathers have 
higher motivation for parenting than mothers (Saito et al. 2011). Additionally, with 
infusion of oxytocin, adult male marmosets increased tolerance toward their off-
spring in transferring food (Saito and Nakamura 2011). Giving nasal oxytocin also 
enhances the responsiveness of males to infant auditory vocalizations (Taylor and 
French 2015). Males, but not females, showed an increase in responsiveness to 
infant vocalizations with oxytocin. However, since most of their subjects were not 
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Fig. 4 The postpartum period where males are parenting and responding to the female’s periovu-
latory period. (Photo of the common marmosets by Jordana Lennon, WNPRC, and of the cotton- 
top tamarin by Carla Boe, University of Wisconsin-Madison. Graph redrawn from data published 
(Ziegler et al. 2004b))

experienced fathers nor had recently been parents, this suggests that oxytocin is 
involved in social support and has a role in responsiveness to infants. Unfortunately, 
measuring oxytocin in urine under field conditions makes it difficult to associate 
specific behaviors with oxytocin levels without daily serial urine sampling to allow 
determining the timing of urinary oxytocin levels and behaviors, although this has 
been performed with chimpanzees (Crockford et al. 2013).

 (d) Brain Plasticity in Neuroendocrine Changes Providing Immediate and Long- 
Term Alterations.

Most of what we know about parenting and the brain has been from studies on 
maternal brain changes, but a few studies have looked into short-term and long-term 
alterations in the brain of breeding male marmosets. This work is conducted with 
primates under laboratory conditions, as it is not possible to collect these data from 
wild primates. Neural and endocrine differences in male marmosets have been asso-
ciated with paternal experience. Both first-time and infant-experienced marmoset 
fathers have an increased density of dendritic spines on pyramidal neurons in the 
prefrontal cortex of the brain, while nonfathers do not. This area has been impli-
cated in goal-directed behaviors (Kozorovitskiy et  al. 2006). Fathers of newborn 
marmoset infants have increased vasopressin V1a receptors, suggesting vasopressin 
in this brain area is increased during direct parenting, with the receptors declining 
as infant age increases, indicating a relationship with direct care of dependent off-
spring. This demonstrates the plasticity of the paternal brain to provide short-term 
changes in response to dependent infants.
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We examined long-term changes to the brain in male marmosets with varying 
parenting experience (Ziegler et al. 2011). Using hypothalamic tissue from infant- 
experienced fathers with no current young and males that had never been fathers, we 
examined the role of prolactin on the secretion of dopamine, oxytocin, and vaso-
pressin and with estradiol stimulation to these neurocrines. Prolactin is stored in the 
anterior pituitary and released into the periphery and the hypothalamus in the brain 
where it can inhibit dopamine release. Prolactin and oxytocin are often released 
simultaneously, and estradiol is a known releaser of both oxytocin and prolactin. 
Secretions released from the cultured neurons were measured and comparisons 
made between infant-experienced fathers and nonfathers. Dopamine levels were 
significantly lower in paternally experienced fathers compared to inexperienced 
males, while oxytocin and prolactin were significantly higher. Differences in hypo-
thalamic secretion of dopamine and oxytocin may be related to paternal experience 
in male marmosets. Estradiol stimulation suppressed dopamine release. Additionally, 
prolactin entering the hypothalamus may also be altered by parenting experience. 
Changes in the neuroendocrine secretion in the experienced fathers are likely the 
result of long-term changes in the male paternal brain, as occurs in females (Kinsley 
and Meyer 2010). The neuroplasticity and re-patterning of the brain have provided 
many benefits to experienced rodent mothers. For fathers of biparental species, 
these benefits might also be available with parental experience. For instance, com-
mon marmoset parents have been shown to learn which trees contain food contain-
ers significantly better than nonparents (Kinsley and Lambert 2006). This suggests 
that, in biparental species, neuroplasticity and altered brain hormones may be 
occurring in both sexes with long-term benefits.

Brain imaging studies in the marmoset have shown male brain activation when 
exposed to periovulatory odors isolated from female marmosets providing further 
evidence that marmoset males are highly responsive to the cues from females during 
the ovulatory period. When exposed to the odors of ovulatory females compared to 
ovariectomized females during functional magnetic resonance imaging (fMRI), 
parentally inexperienced males showed activation in the medial preoptic area of the 
hypothalamus (MPOA) and the anterior hypothalamus which are two areas critical 
for male precopulatory and copulatory behavior (Ferris et al. 2001). Furthermore, 
several areas associated with arousal and sexual motivation, such as temporal cor-
tex, MPOA, cingulate, insula, caudate, and cerebellum, showed significant deacti-
vation in response to the ovariectomized odor relative to the vehicle control (Ferris 
et al. 2004). It is likely that olfactory cues of reproductive status are most important 
to a male evaluating his response to an unfamiliar female, whereas with a pair- 
bonded mate learned responses to other features override the olfactory cues.

In a follow-up study, we found that a male’s social condition influenced his 
response to novel female ovulatory scents (Ziegler et al. 2005). We tested male com-
mon marmosets for behavioral and hormonal responses to an ovulatory scent col-
lected from novel females and compared their response to a vehicle control scent. 
Males were either fathers living with their paired mates and offspring, males that 
were living with a paired mate but no offspring, or males that were living alone prior 
to being paired with a mate. All males were tested with scents in their home cages 
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without other marmosets present, and then a blood sample was taken for testoster-
one measurement. Males showed arousal behaviors after smelling ovulatory odors, 
but the amount of testosterone response to the odor from ovulating females differed 
by social condition. Males with infants displayed no testosterone increase from con-
trol odor, while paired and single housed males  showed a significant increase in 
testosterone. Under stable family conditions, there may be an inhibitory process that 
prevents males from exhibiting a full response to a novel ovulating female, and this 
could be part of their monogamous social system since the fathers in this study were 
directly involved in infant care at the time of testing.

5  How Does Paternal Care Vary Within and Between 
the Species That We Study?

Much of the variation we see between the marmosets, tamarins, owl monkeys, and 
red-bellied lemurs has to do with whether there are other helpers in the group. Since 
the marmosets, tamarins, and lemurs have more helpers, it is expected that a father 
does not have to invest as heavily in care of their offspring when others are there to 
help. Although there are older offspring that could help in owl monkey and titi mon-
key groups, they do not; one would expect these fathers to invest comparatively 
more in the energetics of infant care, yet this does not explain why there is within- 
species variation. In common marmosets, cotton-top tamarins, and red-bellied 
lemurs, fathers vary in the extent of their care of infants, as reported above. One 
factor that can explain this variation is individual experience. In common marmo-
sets and cotton-top tamarins, prior experience with infants and specifically infant 
carrying can impact how much care fathers provide infants. In addition, the amount 
of grooming and sexual behavior vary across pairs and correlate with hormonal 
levels of oxytocin and prolactin levels in both partners (Snowdon et  al. 2010; 
Snowdon and Ziegler 2015). It is difficult to determine the role of experience in 
paternal care in wild populations without long-term data on known individuals as 
they transition from subadult to adult, and from nulliparous to parous, and then over 
the course of successive births. So far, we lack this information for wild titi mon-
keys and red-bellied lemurs.

Across species, there is variability in whether a postpartum ovulation occurs. 
Owl monkeys and red-bellied lemurs do not ovulate or gestate while in the early 
stages of parenting. In the lab, both marmosets and tamarins have a postpartum 
ovulation within a few weeks of birth; therefore, there is a high energetic demand 
on the breeding female, necessitating helpers in caring for the present infants. 
Cotton-top tamarins can regulate their reproduction to maximize infant survival by 
giving birth so that their infants are weaned at the time of highest fruit availability. 
Cotton-top tamarins studied in the field have been observed to give birth twice a 
year, particularly if their infants die or there are social changes within their group 
(Savage et al. 2022). Other tamarin species in less seasonal rain forest within the 
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Amazon basin may give birth twice a year. Common marmosets do show postpar-
tum ovulation in both the field and in captivity and have a high percentage of births 
occurring every 6 months with a 5-month gestation period.

In common marmosets, even with infant-experienced males, there are differ-
ences in the hormonal and behavioral responses that adult males have to infant dis-
tress calls. Males differ in motivation to respond to a distressed infant. The strength 
of the social bond between the mated pair could possibly influence the male’s 
response to infants and could affect the male’s ability to process the sensory cues of 
the female’s reproductive state. Such variation between breeding males in the field 
has not been examined.

Field studies have demonstrated that relationships between pair-living adults 
may include serial monogamy and may be dependent upon group stability. For 
cotton- top tamarins, infant survival is dependent upon group stability (Savage et al. 
2022), with stable social groups having increased infant survival. A common factor 
to all of our studies is that if one of the breeding pair is evicted or dies, a replace-
ment is observed entering the group, and a new pair is formed.

6  Directions for Future Research

While we are beginning to understand the dynamics of maintaining a social bond 
with a mate while simultaneously responding to infant needs, more work is needed 
to advance our understanding of brain plasticity along with its interactions with the 
social environment. Our aforementioned studies in the cotton-top tamarin and the 
common marmoset in captivity, during the postpartum period when males are 
responding to their mates and infants, provide a unique opportunity to demonstrate 
the social interactions and their impact on neurological activity in the brain. As 
illustrated in Fig. 4, males have a flexible response during this critical time of simul-
taneous parenting and mating.

 (a) Measuring Biological Variables in Field Settings.

There have been considerable advancements in determining reproductive hor-
mones, stress responses, and genetic determinants of relatedness by the use of non-
invasive collection methods. Applying these methods to examine paternal care in 
the field will allow us to validate assumptions made in laboratory studies, as well as 
to examine a variety of other factors that impact the responses of wild animal 
responses to caring for infants. One area of interest that field studies with hormonal 
data can provide is the role of the natural environment. In the field, we can associate 
individual variation in hormonal and behavioral relationships with environmental 
factors that may alter paternal care.

The development of methods for extracting steroids from feces has provided an 
important tool as these steroids act as indicators of social and environmental 
responses and as determinants of reproductive state. Fecal extracts can only 
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measure the metabolites of the important steroids, and, therefore, laboratory work is 
needed to ensure observed changes can be related to their expected physiological 
responses. Measurement of reproductive steroids, such as estrogens and progestins, 
has allowed field primatologists to assess the timing of the periovulatory period and 
pregnancy of females (Corley et al. 2017; Fernandez-Duque et al. 2011). Androgens 
and glucocorticoids have been used to understand male seasonal reproduction and 
the energetics of mate competition (Tecot and Baden 2018; Tecot 2008; Corley et al. 
2021). However, as has been reported in captive tamarins and marmosets, and 
recently in wild owl monkey males and red-bellied lemurs, fathers do not show 
sustained elevated glucocorticoids during the intensive time of caring for their 
infants after birth, demonstrating that the measured glucocorticoids may not be 
adequately reflecting the energetics of fathering as was previously assumed. 
Additionally, by associating short-term changes in androgen levels with paternal 
care, we also know that androgens can facilitate certain types of infant care and that 
they do not completely inhibit it (Tecot and Baden 2018; Ziegler and Sosa 2016).

Methods have been developed and validated for other essential physiological 
changes that will hopefully be addressed in the field. The protein and peptide neu-
rohormones can be measured in primate urine and will, undoubtedly, provide an 
excellent source for understanding the physiology of pair-bonding and infant care. 
Urinary oxytocin, LH, FSH, chorionic gonadotropin, C-peptide, and prolactin all 
have been validated and used on nonhuman primate urine. However, collecting 
urine in arboreal primates may be difficult, and keeping samples frozen may not be 
possible at all field sites. Importantly, associating urinary hormonal changes with 
acute changes in behavior requires a very large dataset, as behaviors of interest may 
not occur within the window of time reflected in each urine sample.

Genetic data from the field have been a great resource for studies of paternal care 
for some time. This work is made even easier by the ability to extract DNA from 
preserved fecal samples, allowing for relatively easy, repeated data collection with 
little risk to the primates. These data have been used to determine relatedness 
between adult males and offspring (Huck et al. 2014) and can help determine differ-
ences in males’ reproductive success relative to their investment in offspring care.

 (b) Is Experience with Infants as Important as It Seems in Captivity?

Both captive and wild owl monkey pairs seldom have infants in their first season 
together (Garcia de la Chica et al. 2021b). With the ability to collect serial fecal 
samples from males and females, it would be possible to study, simultaneously, the 
hormonal changes occurring in both the male and female from the timing of their 
union to their first successful birth and provide this essential information. However, 
this requires long-term and extensive work in the field.

In cotton-top tamarins, infant care experience may vary between group members 
at the time of infant care. Given that wild cotton-tops typically are found in groups 
from 3 to 7 adults, there are some animals that have infant caretaking experience, 
thus increasing the likelihood of infant survival (Savage et al. 2022). Parity of the 
female impacts infant survival more than infant caretaking experience. Thus, the 
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strength of the social bond between the breeding pair may be more important than 
infant caretaking experience when raising infants in the wild.

 (c) Are Helpers Important?

Owl monkeys and titi monkeys rarely have helpers. There is only occasional 
participation of siblings in infant care in those circumstances (Fernandez-Duque 
et al. 2008; Jantschke et al. 1998). In wild cotton-top tamarins, the number of male 
or female helpers in a group was not found to be important for infant survival. 
However, groups with only one male had lower survival, 33%, compared with 
groups with more than one male, 57–70% survival (Savage et al. 2022). In the red- 
bellied lemur, helpers may be valuable, especially in the event of twin births (Tecot 
2010), but we do not yet know the impact of helpers on the amount of care provided 
by each parent, nor infant outcomes.

 (d) What Can Be Learned Through Periodic Captures and Weighing?

Efforts to habituate wild primates to periodic weighing in the wild would be 
beneficial to assess many factors. However, efforts to habituate animals to such an 
activity require new technology that will accurately and rapidly capture weights 
remotely and in an arboreal environment. In most field studies that use telemetry to 
locate animals in the field, captures are conducted annually. During these capture 
events, physical assessments are conducted and provide a snapshot of overall physi-
cal health and weight. This information can provide useful data in helping us to 
understand how primates adapt to environmental and social pressures. In owl mon-
keys, it is difficult to plan “periodic” captures and weighing (see Fernandez-Duque 
et al. 2022). Attracting them to platforms and capturing is still pending. Developing 
capture methods in captivity provides many advantages. Red-bellied lemurs are not 
captured in our research, though information on weight changes could be helpful in 
determining relationships between estradiol and paternal care, as well as infant 
growth. A noninvasive proxy for measuring body mass would be a great advance for 
this area of research.

 (e) Can Sensory Cues Shown to Be Important in Captivity Be Studied in the Wild?

The subtleties of sensory cues observed in captivity may allow a field researcher 
to make inferences about sensory cues that are difficult to notice in the field. 
Although isolating certain modalities is difficult, multimodal signaling can be stud-
ied (see (Singletary and Tecot 2020)). One relevant area of study is how multiple 
signals may increase the likelihood of engaging fathers (on the part of the infant 
and/or mother) in affiliative or caregiving interactions.

Moving forward with research into nonhuman primate paternal care in both the 
laboratory setting and the field will require a broader span of researchers and time 
to expand the focus on wild paternal primates. It is hoped that the information we 
have discussed in this chapter will provide a basis for future studies. For example, 
examining the proximate mechanisms of the sensory systems in captive species, 
studies testing the sounds and odors from infants on adults using fMRI (functional 
magnetic resonance imaging) could be directly tied to activation of the key brain 
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areas involved in sensory perception and processing and tied to the hormonal and 
behavioral measurements. Methods have already been developed to perform nonin-
vasive imaging on awake marmosets. In the field, more funding for long-term con-
tinuous sampling and observations would allow for more precise data on both acute 
and chronic changes in the neuroendocrinology for nonhuman primate parenting.
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Abstract The transition to parenthood entails brain adaptations to the demands of 
caring for a newborn. This chapter reviews recent neuroscience findings on human 
parenting, focusing on neuroimaging studies. First, we describe the brain circuits 
underlying human maternal behavior, which comprise ancient subcortical circuits 
and more sophisticated cortical regions. Then, we present the short-term and long- 
term functional and structural brain adaptations that characterize the transition to 
motherhood, discuss the long-term effects of parenthood on the brain, and propose 
several underlying neural mechanisms. We also review neuroimaging findings in 
biological fathers and alloparents (such as other relatives or adoptive parents), who 
engage in parenting without directly experiencing pregnancy or childbirth. Finally, 
we describe perinatal mental illnesses and discuss the neural responses associated 
with such disorders. To date, studies indicate that parenthood is a period of enhanced 
brain plasticity within brain areas critical for cognitive and social processing and 
that both parenting experience and gestational-related factors can prime such 
plasticity.
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1  Introduction

The transition to parenthood entails adaptation to the demands of caring for a new-
born. Early psychodynamic models describe motherhood as a transitional period 
with profound impact on the mother’s identity (Erikson 1959; von Mohr et al. 2017). 
According to these models (von Mohr et al. 2017), psychological adaptations enable 
mothers to identify and bond with their infant and, consequently, sensitively respond 
to the baby’s needs (Ainsworth et  al. 1978; Pines 1972; Winnicott 1956). More 
recently, neuroimaging studies of motherhood have focused on neural circuits 
linked with reward processing, empathy for another person’s emotions, mentaliza-
tion (i.e., attributing thoughts, desires, and intentions to others), memory, executive 
functions, and emotion regulation (Swain et al. 2014). In line with early models, 
these studies suggest that mothers’ neuropsychological adaptations might facilitate 
their sensitivity not only to perceive and respond to the infant but also to promote 
bonding and motivation for caretaking behavior (Rutherford and Mayes 2011; 
Swain 2011).

The study of the human parental brain, which examines the neurobiological fac-
tors associated with human caregiving behavior, dates back to the late twentieth 
century. This body of research stems from nonhuman animal studies showing that 
gestational factors, mainly hormonal fluctuations during gestation, parturition, and 
lactation, influence the function and structure of the brain (Numan 2020a). As neu-
roimaging techniques developed, studies began examining human parents’ neural 
responses to infant stimuli to understand the neural correlates of human parental 
behavior. These studies largely utilized task-based functional magnetic resonance 
imaging (fMRI) to infer brain function. Nowadays, parental brain researchers con-
sider the transition to parenthood a critical period of heightened adult neural plastic-
ity (Barba-Müller et al. 2019; Hillerer et al. 2014; Feldman et al. 2015). As such, 
scholars aim to characterize the functional and structural brain changes during the 
parental transition and how perinatal mental illnesses impact such parental brain 
adaptations.

This chapter reviews recent neuroscience findings on human parenting. It reflects 
the current state of the literature, which primarily focuses on mothers that undergo 
pregnancy. We begin by grounding this chapter on the brain circuits underlying 
maternal behavior (Sect. 1). We survey the literature on mothers’ functional (Sect. 
2) and structural brain adaptations (Sect. 3), propose several plausible neural mech-
anisms behind such brain adaptations (Sect. 4), and explain investigations on the 
long-term effect of parenthood on the brain (Sect. 5). We also review those neuro-
imaging studies of biological fathers whose female partners undergo pregnancy 
(Sect. 6). We then expand the discussion of research on the neuroscience of allopa-
rents (Sect. 7), which is the provision of caregiving by individuals who are not the 
biological parents such as other family members and adoptive parents. Finally, we 
discuss research on the parental brain in the context of perinatal mental illness 
(Sect. 8).
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When interpreting this chapter, we urge readers to remember that the human 
parental brain literature is composed of heterogeneous studies, thus challenging our 
ability to integrate findings. For instance, study samples vary on a number of 
domains, including size, parity status (multiparous vs. primiparous), age of the 
infants, and birthing and feeding methods. These factors might not only affect the 
maternal experience but also its underlying neural substrate. With regard to study 
design, some studies use a longitudinal design (following the same subjects at dif-
ferent points across the motherhood transition) and others a cross-sectional design 
(comparing parents versus nonparents). Also, studies capture different moments 
across the parental transition (i.e., pregnancy, peripartum, early postpartum, or late 
postpartum) characterized by unique physiological changes, endocrine shifts, and 
immune responses. Furthermore, few longitudinal studies use a comparison group 
of nonparents to minimize the noise induced by image acquisition and other con-
founding variables. Finally, the studies have used different processing steps, statisti-
cal models, and thresholds to determine statistical significance, which can also 
affect the results (Aurich et al. 2015). Therefore, we stress the necessity of multi-
center studies, systematic reviews, and meta-analyses to accurately determine the 
location and trajectories of the brain changes associated with pregnancy and 
childbearing.

2  Maternal Brain Circuits

Converging evidence from nonhuman animal models, mostly murine models, dem-
onstrates that certain parts of the brain undergo important dynamic adaptations dur-
ing the transition to motherhood (Numan 2020b). These dynamic adaptations 
mainly involve the hypothalamus, the amygdala, and the motivational mesolimbic 
dopaminergic (DA) circuit (Numan 2020b). More specifically, the physiological 
events of late pregnancy and parturition activate the medial preoptic area (mPOA) 
of the hypothalamus, which projects to the mesolimbic DA system – comprised by 
the ventral tegmental area (VTA), the nucleus accumbens, and the ventral palli-
dum – the amygdala, and the medial prefrontal cortex (MPFC). As the activations of 
this circuit facilitate the onset of maternal behavior, researchers refer to this set of 
regions as the maternal brain circuit. Importantly, gestational hormones play a key 
role in the activation of this circuit and the immediate onset of maternal behavior 
(Numan 2020a). However, once the behavior is established, it emancipates from 
hormonal stimulation and is maintained solely by infant stimuli.

Converging with animal models, studies in humans indicate that motherhood is 
also associated with pronounced brain adaptations. These adaptations affect ances-
tral subcortical circuits that we share with other mammals, which include regions 
such as the hypothalamus, amygdala, VTA, nucleus accumbens, and ventral palli-
dum, as well as other brain cortical circuits that involve more sophisticated mental 
functions, including emotional empathy, mentalizing, emotion regulation, and altru-
istic behavior (Numan 2020c). So far, researchers point to the physiological 
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events – mainly hormonal fluctuations during gestation, parturition, and lactation – 
as the principal mediating factors that trigger and coordinate these brain changes 
(Martínez-García et al. 2021b). However, brain changes are likely mediated by a 
combination of both intrinsic physiological factors and extrinsic environmental 
postpartum factors that translate into internal signals.

3  Maternal Functional Brain Adaptations

The main neuroimaging technique to study human brain function is noninvasive 
functional MRI (fMRI) based on blood-oxygen-level-dependent (BOLD) response 
(Attwell and Iadecola 2002). BOLD-fMRI uses regional changes in blood oxygen-
ation to indirectly infer neuronal activity. Thanks to this technique, we can infer 
which regions are activated when a person performs a specific task or is exposed to 
certain stimuli. This modality is called task-based fMRI, and for many years, it was 
the most widely used fMRI method to infer brain function.

 Task-Based fMRI

The first study using task-based fMRI to investigate the maternal brain dates back 
to 1999 (Lorberbaum et al. 1999). In this pioneering study, Lorberbaum et al. (1999) 
examined the brain of four primiparous mothers whose children were between 
3 weeks and 3.5 years of age. The four primiparous mothers listened to the sounds 
of infants crying. As compared to white noise, infants’ cries activate regions involved 
in processing salient and rewarding stimuli, such as the anterior cingulate cortex 
(ACC) and the right orbitofrontal cortex (OFC).

Although this pioneering study by Lorberbaum et al. has methodological limita-
tions that must be considered when interpreting their findings, the study has estab-
lished the basis for the study of the maternal brain. Since the publication of 
Lorberbaum et al. (1999), dozens of neuroimaging studies have focused on analyz-
ing which brain regions are activated in the mother’s brain when she is presented 
with baby-related stimuli (Paul et  al. 2019; Bjertrup et  al. 2019). The sensory 
modality of the presented stimuli varies, from auditory stimuli to visual stimuli or 
even olfactory stimuli. Among the different experimental paradigms, one of the 
most widely used focuses on investigating which brain regions are activated when a 
mother is presented with photos or videos of her own baby compared to those of 
unfamiliar babies. As expected, mothers display greater brain activation in response 
to their own infant cues as compared to other infant stimuli (Paul et  al. 2019; 
Bjertrup et al. 2019).

Researchers have conducted several reviews (Swain et al. 2014; Kim 2016; Paul 
et al. 2019; Bjertrup et al. 2019; Sacher et al. 2020) and meta-analyses (Rocchetti 
et al. 2014; Paul et al. 2019) to help distinguish which brain regions are consistently 
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Fig. 1 Brain regions activated in human mothers when presented with baby-related stimuli. When 
mothers are presented with stimuli from their infant relative to stimuli from other unfamiliar 
infants, they show neural activation in the hypothalamus, ventral tegmental area (VTA), nucleus 
accumbens (NACC), and amygdala, key subcortical areas for reward and motivated behavior 
(marked in yellow); the anterior cingulate cortex (ACC) and insula (INS), which belong to the 
salience network (marked in blue); and the medial prefrontal cortex (MPFC) and temporoparietal 
junction (TPJ), which belong to the default mode network (marked in red). The location of the 
brain areas is approximative. For a comprehensive view of the neural circuits regulating maternal 
behavior in humans, see Bjertrup et al. (2019) and Numan (2020c)

activated when a mother is presented with stimuli from her infant (Fig.  1). In a 
recent systematic review, Bjertrup et  al. (2019) observed that when mothers are 
presented with stimuli from their infant relative to stimuli from other unfamiliar 
infants, mothers show activation in regions involved in hormonal regulation, as well 
as in signaling stimuli as rewarding and relevant for guiding behavior. Specifically, 
they observed that own-baby faces elicit activation in the hypothalamus. This region 
is essential for maintaining homeostasis of the body by controlling the release and 
reception of hormones necessary for mating, pregnancy, birth, and suckling, such as 
oxytocin, progesterone, and estrogen, among others (Saper and Lowell 2014). Own- 
baby stimuli also activate the VTA and the nucleus accumbens of the mother, key 
areas of the mesolimbic dopaminergic circuits involved in reward processing and 
motivated behavior, as well as the amygdala, a region involved in marking and 
detecting stimuli as salient and relevant for behavior (Numan 2020c). As previously 
described, all these brain areas have been extensively linked to maternal behavior in 
murine models (Numan 2020b).

In addition to these ancient circuits, human mothers also show activation in more 
recently developed regions, namely, the ACC and the insula (Bjertrup et al. 2019). 
These regions belong to a system known as “salience network,” also known as “ven-
tral attentional network” or “homeostatic relevance network” (Seeley 2019). These 
cortical areas are connected with other subcortical regions, including the amygdala, 
hypothalamus, ventral striatum  – including nucleus accumbens  – thalamus, and 
brainstem (Seeley 2019). The “salience network” responds to stimuli that are 
homeostatically relevant at a visceral and autonomic level and reallocates cognitive 
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and behavioral resources. When applied to maternal behavior, own-baby stimuli 
would elicit a visceral-autonomic response on the mother to direct all the cognitive 
and behavioral resources to them.

Besides the ACC and insula, when mothers are presented with stimuli or their 
infant, they also activate the MPFC and temporoparietal junction (TPJ; Bjertrup 
et al. 2019). Several studies suggest that these areas are important both for reflecting 
on oneself and for using the “self” as an anchor to simulate the mental states, inten-
tions, and desires of others (Buckner and DiNicola 2019). When subjects are 
instructed to rest, their minds tend to reflect about the “self” and mentalize about 
other minds. These areas have been grouped under the acronym DMN, which stands 
for default mode network, alluding to a mental state activated by default at rest. In 
motherhood, these networks might help the mother to mentalize with her infant and 
promote bonding and altruistic behavior (von Mohr et al. 2017).

 Resting-State fMRI

Resting-state fMRI (rsfMRI) allows us to extract different metrics about the sponta-
neous neural activity based on BOLD’s low-frequency fluctuations (Murphy et al. 
2013). This technique has the advantage of minimizing the effect that small varia-
tions on the paradigm selection, that is, the task, might have on the data as subjects 
do not perform any specific task – they are just instructed to lay on the scanner and 
stay awake during the acquisition. To date, there are still few studies that have used 
this type of acquisition to explore the maternal brain. Altogether, studies suggest 
that parenthood-induced brain changes are not restricted to the processing of infant- 
related stimuli. Indeed, they seem to affect the basal state of the brain in a global and 
widespread manner (Zheng et  al. 2018; Dufford et  al. 2019). Moreover, these 
changes seem to adapt over time to the changing demands of childbearing (Zhang 
et al. 2019b; Dufford et al. 2019) and to depend on the number of children raised 
(Orchard et al. 2021). At the moment, it appears that brain adaptations predomi-
nantly, but not exclusively, affect limbic and DMN regions involved in reward and 
mentalization processes, respectively (Sacher et al. 2020).

4  Maternal Structural Brain Adaptations

The first structural investigations of the human maternal brain focused on the pitu-
itary gland, a small neuroendocrine organ that undergoes a striking transformation 
in preparation for motherhood. During pregnancy, lactotroph cells in the pituitary 
gland steadily produce prolactin, with high prolactin levels stimulating milk pro-
duction for the postpartum breastfeeding (Duthie and Reynolds 2013). Such in- 
pregnancy hyperprolactinemia leads to a prolactin cell hypertrophy and a pituitary 
enlargement (Fischer 1931; Gonzalez et al. 1988; Elster et al. 1991; Dinç et al. 1998).
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In the early twenty-first century, an MRI study assessed for the first time the 
global brain changes occurring during the transition to motherhood (Oatridge et al. 
2002). To do so, the authors contoured with a semiautomatic method the brain and 
ventricles of two small groups of mothers (i.e., nine healthy pregnant women and 
five pregnant women with preeclampsia) at different time points across pregnancy 
and postpartum. In both the healthy and preeclamptic groups, the brain size 
decreased, and the ventricular space increased during pregnancy, peaked at parturi-
tion, and reversed by 6 months after delivery. This was the very first evidence that 
human pregnancy impacts the structure of the mother’s brain. With the development 
of new neuroimaging techniques, parental brain researchers started analyzing finer 
aspects of the brain’s morphology, such as changes in cortical volume, cortical 
thickness, surface area, and cortical folding. Structural MRI generates high- 
resolution images with well-defined contrast between gray and white matter inter-
faces, thus being the standard imaging technique to analyze morphometric aspects 
of the brain (Backhausen et al. 2021). Some MRI studies have explored whole-brain 
metrics (Kim et al. 2010, 2018; Hoekzema et al. 2017; Lisofsky et al. 2019; Zhang 
et  al. 2019a; Carmona et  al. 2019), while others have focused on specific brain 
regions, mainly subcortical areas (Hoekzema et al. 2020; Luders et al. 2021a, b). 
The captured timeframes varied among the studies. Most studies focused on changes 
during the postpartum period (Kim et al. 2010, 2018; Lisofsky et al. 2019; Zhang 
et al. 2019a; Luders et al. 2020, 2021a, b), whereas a group of studies investigated 
brain changes across the gestational period (comparing preconception vs. early 
postpartum) (Hoekzema et al. 2017; Carmona et al. 2019; Hoekzema et al. 2020). 
Some of the cortical regions that consistently change in mothers overlap with the 
DMN, including the MPFC and precuneus; the salience network, including the ACC 
and insula; and with subcortical regions, such as the amygdala, thalamus, caudate, 
hippocampus, and nucleus accumbens (Martínez-García et al. 2021b). The unified 
trajectories resulting from these longitudinal studies indicate a pre- to post- 
pregnancy gray matter (GM) volume decrease, a GM volume increase right after 
birth, and a GM decline at around 1 year postpartum (Martínez-García et al. 2021b). 
Follow-up studies indicate that the pre- to post-pregnancy GM reductions do not 
reverse after the first 2 years of maximal maternal investment, except for a partial 
hippocampal volume recovery (Hoekzema et al. 2017; Martínez-García et al. 2021a).

Studies further suggest that GM volume changes predict the quality of mother- 
to- infant attachment (Hoekzema et al. 2017) and correlate with the mother’s posi-
tive perception of the baby (Kim et al. 2010) and empathic abilities (Zhang et al. 
2019a). Based on these results, it could be argued that motherhood-related neuroad-
aptations facilitate the mother’s ability to recognize the infant’s needs and promote 
bonding through a rewarding process. However, additional experiences often asso-
ciated with parenting, such as sleep deprivation and stress, can also influence how a 
mother’s brain adapts to motherhood and thus might contribute to the observed 
maternal brain changes (Kim 2021). Thus, research suggests that both physiological 
and environmental factors impact maternal brain adaptations.
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5  Proposed Neural Mechanisms Mediating the Genesis 
and Operation of the Human Parental Brain

We know very little about the biological and neural mechanisms that operate in the 
human maternal brain. In humans, inferring neural mechanisms from structural MR 
imaging is challenging. The standard 1 mm3 resolution of MR anatomical images, 
the modality on which human maternal brain studies have mainly relied, is insuffi-
cient to capture cellular-level processes (Ribeiro et al. 2013). Recent interpretations 
point to neuroplasticity, myelination processes, and modifications in microglial 
density as the mechanisms behind brain changes with parenting in humans.

 Neuroplasticity

The dynamic brain changes found in human mothers have been raised to reflect a 
hallmark for neuroplasticity. Ex vivo animal findings inform about several neuro-
plasticity mechanisms through which such macroscopic GM changes could arise. 
Such mechanisms are not necessarily mutually exclusive and are likely to vary 
among species in the timing and brain regions affected.

One neuroplasticity phenomenon that has been argued to contribute to volume 
GM reductions is a fine-tuning of synapses concomitant with a reduction in the sur-
rounding neuropil and microglial cells. This neural mechanism, also regarded as 
synaptic pruning, refines brain circuits during another transitional period of behav-
ioral adaptations and sex-steroid increases: the adolescence period (Spear 2013; 
Riccomagno and Kolodkin 2015; Mills and Tamnes 2014). A recent MRI longitudi-
nal study compared the profile of brain morphometric changes (surface area, thick-
ness, and gyrification index, among other measures) between female adolescents 
and first-time adult mothers and observed the same pattern of cortical flattening in 
both groups (Carmona et al. 2019). Based on these shared characteristics, similar 
neurobiological mechanisms might operate during both transitional periods.

Besides this idea of synaptic pruning, rodent studies point to other neuroplastic 
events as potential mechanisms behind volume changes in cortical and subcortical 
brain areas. For instance, mPOA cell bodies and dendritic branching increase in size 
in late-pregnant rats, when pregnancy-related hormones prime this region for the 
display of maternal behavior (Keyser-Marcus et al. 2001), hippocampal CA1 spine 
density increases during late pregnancy and early postpartum in rats (Kinsley et al. 
2006), but hippocampal neurogenesis is decreased during this same period, a time 
when dendritic branching is also reduced (Pawluski et al. 2016 for review, 2020) 
and increased dendritic spine density on pyramidal neurons of the MPFC occur dur-
ing the postpartum period (Leuner et al. 2010). Thus, there are likely brain region- 
specific increases and decreases in aspects of neuroplasticity that vary during 
pregnancy and the postpartum period (for a recent review, see Pawluski et al. 2021a). 
Beyond these neuronal modifications, the macroscopic GM changes observed 
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during the motherhood transition likely involve additional complex neural processes 
that translate into visible, pronounced brain changes in the maternal brain circuit.

 Myelination

Another hallmark of neural refinement that might contribute to structural maternal 
brain changes is white matter (WM) myelination, a process that accelerates the 
electrical transmission through the axons (Bercury and Macklin 2015). Studies in 
nonhuman animals suggest that pregnancy-related hormones promote myelination 
and myelin repair capacity (Gregg et al. 2007). Enhanced myelination might also 
occur in human pregnancy since pregnant women with demyelinating diseases such 
as multiple sclerosis have a better prognosis during the gestational period (Alhomoud 
et al. 2021). In humans, increased myelination can lead to voxels at the WM and 
GM interface being misclassified as GM, leading to an apparent decrease in cortical 
volume (Paus 2010). Pregnancy-related GM reductions could also be concomitant 
to WM increases. Human research examining changes in WM has typically used 
T1-weighted MR images, which provide accurate WM volume estimates. Zhang 
et al. (2019a) detected increases in WM volume within the insula, postcentral gyrus, 
inferior parietal, and superior and middle temporal gyri during late postpartum. In 
contrast, other studies have not found changes either in WM volume (Hoekzema 
et al. 2017) or thickness (Carmona et al. 2019) when comparing mothers’ brains 
before and after pregnancy. To improve the comprehension of the WM modifica-
tions of the maternal brain, we need to examine metrics extracted from diffusion- 
weighted imaging (DWI), a form of MR imaging that allows for more precise 
estimates of WM fiber integrity and orientation (Alexander et al. 2019). Notably, a 
recent rodent DWI study showed that pregnancy is associated with higher water dif-
fusion, which could indicate enhanced WM integrity (Chan et al. 2015). This prom-
ising tool has been used in middle-aged mothers who gave birth decades before 
being scanned (Voldsbekk et al. 2021) but has not been applied to puerperal mothers.

 Microglia, the Brain’s Immune Cells

The immunological environment of the perinatal period might also impact the 
human maternal brain. The hypothesis, based on recent work in rodents, is that 
microglia, the brain’s immune cells, proliferate less during gestation to minimize 
their immunological activity on the brain in a period when tolerance toward the 
fetus is crucial (Barth and de Lange 2020). Following this reasoning, the drastic 
perinatal shift in the immunological profile (from inflammatory-resistant to pro- 
inflammatory) (Barth and de Lange 2020) might elicit a restoration from the in- 
pregnancy microglial reduction, which could translate into a volume recovery later 
in the postpartum period. In rat models, research shows decreased microglial 
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density and cell number in regions such as the MPFC, amygdala, nucleus accum-
bens, and hippocampus during gestation and the early postpartum compared to vir-
gin rats, and most of these reductions reversed by the time of weaning (Haim et al. 
2017). Thus, it seems plausible that similar changes occur in human mothers. 
Notably, the location and trajectories of these changes in microglial density are 
resemblant to what has been found with regard to structural brain changes in human 
mothers (Martínez-García et al. 2021b), suggesting that neuroimmune factors might 
also operate in the human maternal brain adaptations.

6  The Late-Life Parental Brain

Beyond the immediate effects of motherhood on a woman’s brain, reproductive 
experience also impacts the brain aging trajectories and the long-term mental health 
vulnerability of a mother. Studies with large-scale databases of middle-aged women 
(including data from thousands of participants) found that a higher parity (i.e., num-
ber of previous children) is associated with less apparent brain aging, as measured 
by a machine-learning algorithm (de Lange et al. 2019). Specifically, compared to 
nulliparous women, middle-aged women with more children display higher WM 
integrity (Voldsbekk et  al. 2021), higher water diffusion within brain tissue 
(Voldsbekk et al. 2021), and less brain aging signs in cortical thickness late in life 
(Orchard et al. 2020) and key maternal subcortical structures such as the nucleus 
accumbens, putamen, thalamus, hippocampus, and amygdala (de Lange et al. 2019). 
Additionally, the greater the number of children parented, the less similar the pat-
terns of rsfMRI connectivity are to those characterizing age-related cognitive 
decline (Orchard et al. 2021). However, these “protective” effects of parity on brain 
aging are less pronounced in grand-parous mothers (de Lange et al. 2019; Voldsbekk 
et  al. 2021), in agreement with the higher risk of Alzheimer disease (Jang et  al. 
2018) and mortality (Zeng et al. 2016) in mothers with more than four pregnancies. 
Notably, some of the positive associations between cognition and functional con-
nectivity and the number of children parented are also present in elderly fathers 
(Ning et al. 2020; Orchard et al. 2021), suggesting that factors other than pregnancy- 
related hormonal fluctuations might mediate the long-term benefits of reproductive 
experience on the brain aging trajectories. Candidate mediators are perinatal-related 
immunological (Eid et al. 2019) or other factors associated with parental lifestyle 
(Ning et al. 2020). It is also plausible that some of the effects detected in late life are 
driven by the cumulative parenting experience, greater social integration in general 
(which is known to affect brain health), or by active participation in grandchild care. 
Longitudinal studies are needed to draw solid causal conclusions on how parenting 
impacts brain health for life.
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7  Non-birthing Parents

Another approach to understanding how the human brain adapts to parenthood is to 
investigate caregivers beyond the biological, gestational mother or birthing parent. 
Studies in rodents have shown that virgin female rats can behave maternally and 
even exhibit brain plasticity after a period of sensitization, indicating that offspring 
caregiving can be triggered by factors other than the pregnancy and birth, such as 
the interaction with the pup (Rosenblatt et al. 1967; Leuner et al. 2010; Stolzenberg 
and Champagne 2016; Pawluski and Galea 2007). Rodent literature has also docu-
mented significant brain changes in fathers in biparental species and alloparents (for 
a review, see Glasper et al. 2019).

In humans, studying biological fathers and partners may help to disentangle 
pregnancy-induced from experience-induced influences on the brain, since fathers 
experience the parental transition without directly experiencing pregnancy or child-
birth. Another approach is to consider neurobiological adaptations in alloparents, 
which is loosely defined as caregivers besides biological parents, as a response to 
their degree of caregiving exposure. This section reviews a broad range of research 
on both the paternal and alloparental brain in human models.

 The Paternal Brain

Human societies have witnessed an increase in fathers’ investment in childcare 
(Henz 2019; Li 2020). But sociocultural and individual differences still produce a 
wide variety of paternal behaviors ranging from an absent father to being the pri-
mary caregiver (Abraham and Feldman 2018). This variability might have discour-
aged researchers from examining the neural mechanisms that support paternal 
caregiving behavior. However, studying fathers is an excellent opportunity to track 
how experiential factors shape the parental brain. Animal research has shown that, 
for those mammals that naturally display paternal behavior, factors outside the 
boundaries of pregnancy prime subcortical neural circuits comparable to those that 
underlie maternal behavior (Numan et al. 2020d). Based on this evidence, it is plau-
sible that brain changes also take place in human fathers.

 Functional Brain Adaptations

In humans, most of the neuroimaging studies of the paternal brain have examined 
fathers’ neural responses to infant stimuli, such as photographs, infant cry sounds 
(Rilling et al. 2021), or video clips of the infant (Abraham and Feldman 2018; Atzil 
et al. 2012; Feldman 2015). For instance, Abraham et al. (2014) scanned first-time 
mothers and fathers while watching videos of themselves playing with their infants 
and a stranger playing with a strange infant (Abraham et al. 2014). They compared 
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three groups of first-time parents with varying degrees of involvement in childrear-
ing: primary caregiver mothers in a heterosexual relationship, secondary caregiver 
fathers in a heterosexual relationship, and primary caregiver fathers in a homosex-
ual relationship raising infants without maternal involvement. Compared to second-
ary caregiver fathers, primary caregiver mothers and primary caregiver fathers 
showed greater activation in the amygdala, a central hub of the ancient parental 
reward circuits. Compared to primary caregiver mothers, both groups of fathers 
exhibited greater activation in the superior temporal sulcus, an area widely associ-
ated with the DM network. Notably, the more time that fathers reported spending 
with the child, the higher the functional connectivity between these two DM and 
motivational hubs. These findings suggest that the neurobiology of fatherhood has 
some overlap and some distinction from that of mothers and that the degree of care-
giving behavior may play a role in how caregivers process infant-related stimuli.

More recent research on the paternal brain has studied the neural underpinnings 
of specific and directed paternal behaviors. Rilling et al. (2021) scanned first-time 
fathers whose infants were on average 4 months old. They either passively listened 
to infant cries or actively listened to infant cries and selected different soothing 
strategies to calm the infant. Furthermore, fathers who successfully soothed an 
infant showed greater neural activation in areas involved in action-outcome learn-
ing, mentalization, and salience processing (e.g., ACC and PCC). This study pro-
vides evidence of neural mechanisms underlying active caregiving behavior, 
allowing researchers to gain further insight into real-life caregiving behavior.

Although literature leans toward the premise that the paternal brain begins to 
form after childbirth, some evidence shows that the expectant fathering brain may 
forecast the adjustment to parenthood. fMRI studies suggest that fathers’ prenatal 
neural responses to infant stimuli starting before birth may be associated with 
parenting- relevant hormones and predictive of postpartum parenting outcomes 
(Cardenas et al. 2022). For example, Cardenas et al. (2021) found that expectant 
fathers who showed higher neural activation on a mentalizing task displayed higher 
prenatal oxytocin levels and endorsed a more attunement-oriented parenting phi-
losophy after their child’s birth. Likewise, Khoddam et al. (2020) found that first- 
time expectant fathers with higher prenatal testosterone showed stronger neural 
activation to cry sounds in both auditory processing and mentalizing network 
regions. Another prospective, longitudinal study found that first-time fathers dis-
played similar neural responses to infant threat from prenatal to postpartum and that 
fathers’ postpartum neural responses to infant threat were associated with their 
parental protectiveness in daily life (van ‘t Veer et al. 2019).

 Structural Brain Adaptations

After the substantial evidence for structural brain changes in human mothers, inter-
est in characterizing paternal neural plasticity during the fatherhood transition grew. 
To date, only two longitudinal MRI studies have examined the structural GM 
changes of fathers (Kim et al. 2014; Paternina-Die et al. 2020). Kim et al. (2014) 
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looked at structural GM changes in fathers’ brains during the postpartum period 
from 2–4  weeks postpartum to 12–16  weeks postpartum (Kim et  al. 2014). The 
study found that fathers had increased GM volume in regions associated with reward 
and attachment such as the hypothalamus, the amygdala, and the striatum (which 
includes the VP, caudate, and putamen) and mentalization (e.g., PFC, subgenual 
cingulate, and superior temporal gyrus), similar to what Kim et al. (2010) found in 
mothers scanned at a comparable postpartum interval. They also found that the 
greater increase in GM volume within a cluster containing the striatum, amygdala, 
and subgenual cingulate cortex, the lower levels of depressive symptoms, particu-
larly those related to physical symptoms such as sleep and fatigue. Additionally, 
they found reductions in GM volume in regions involved in processing threat and 
parenting stress (e.g., orbitofrontal cortex), salience (e.g., insula), and mentalization 
(e.g., posterior cingulate cortex, precuneus, and MPFC). They also found that 
decreases in the orbitofrontal cortex GM volume were associated with higher intru-
siveness levels in fathers when manipulating their infants’ bodies. The authors con-
cluded that there are specific paternal brain areas affected by depressive symptoms 
and related to early father-infant attachment. More recently, the study of Paternina- 
Die et al. (2020) scanned first-time fathers before their partners’ pregnancy and at 
2 months postpartum and compared the longitudinal changes to those of a control 
group of non-fathers. They found “preconception-to-postpartum” cortical volume 
and thickness reductions within the precuneus – a DM node – and the more the 
reductions, the higher the father’s neural response to pictures of his baby. These 
reductions were less pronounced and affected fewer regions compared to those 
observed in their pregnant female partners (Hoekzema et al. 2017). Plausible inter-
pretations of these findings are that the parental brain becomes sensitive to experi-
ence factors in the absence of pregnancy-related priming signals or that both 
gestational factors and postpartum experience factors exert cumulative effects over 
the neuroadaptations to parenting. Either way, such signals seem to trigger neuro-
anatomical adaptations in the father’s brain that are associated with the father-infant 
relationship, suggesting an adaptive role of the brain changes for the challenges 
posed by fatherhood.

 The Alloparental Brain

Humans are cooperative breeders, which means that the care of children is a shared 
enterprise, and care is often performed by alloparents, or caregivers who are not the 
biological parents of the child. Alloparents can include kin, such as grandparents or 
siblings; adoptive or foster parents; and nonbiologically related caregivers such as 
babysitters and teachers. Alloparenting has been theorized as the reason that humans 
develop large, social brains that are capable of cooperation, and in fact, brain size is 
correlated with the degree of alloparenting care across a variety of mammalian spe-
cies (Kenkel et al. 2017).
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A considerable amount of childcare is performed by alloparents. The vast major-
ity of young children spend time in non-parental childcare on a regular basis (NHES 
2018). In the United States alone, about three million children are being raised by 
grandparents as their primary caregivers (Rapoport et  al. 2020), and many more 
children cohabit with grandparents or are regularly cared for by them. Similarly, 
sibling care  – especially care by older sisters  – is common in many cultures 
(Weisner 2017).

Despite high involvement from alloparents in the care of children, there is mini-
mal research on the neurobiology of the alloparenting brain. This gap in the litera-
ture may be due in part to a paucity of model organisms, given that <3% of 
mammalian species engage in alloparenting (Kenkel et al. 2017). The complexity 
and variety of alloparenting in humans make it important to develop a human neu-
roscience of alloparenting. This represents an important frontier for studying the 
parenting brain, because alloparents do not undergo the hormonal and physiological 
events of pregnancy, yet still participate in care. Studying alloparents therefore 
offers the potential to better disambiguate the influences of pregnancy and child-
birth on the brain from the impact of caregiving experience itself. In the following 
section, we review recent neuroscientific work on grandparents, other kin, and on 
adoptive parents.

 Grandparents

The “grandmother effect” hypothesis posits that grandmother allomaternal care is 
so beneficial to infant survival and that women gain a reproductive advantage by 
assisting their daughters with care (Herndon 2010). Given this, it would be reason-
able to expect the grandmother’s brain to show adaptations that benefit engagement 
in care. Indeed, there is cross-cultural evidence from Asian, European, and North 
American samples that cognitive functioning, including memory and language, is 
improved in older adults who spend time caring for grandchildren (Arpino and 
Bordone 2014; Amano et al. 2018; Ahn and Choi 2019). However, there has been 
limited research on the neural correlates of grandparenting. One functional study 
(Rilling, Gonzalez, & Lee, 2021) examined grandmothers’ neural responses to 
images of their grandchildren (aged 3–12), contrasted with an unfamiliar child. 
Grandmothers activated the insula and sensorimotor areas when viewing their own 
grandchild. Moreover, grandmothers who desired more involvement with their 
grandchildren showed more activation in the TPJ and MPFC, both DM regions 
associated with social cognition/mentalization. Interestingly, the study compared 
the grandmother data with previously collected data on fathers viewing their own 
children, and found some distinct patterns, such that grandmothers activated sub-
cortical regions associated with motivation (ventral striatum, caudate nucleus, 
medial orbitofrontal cortex) and cortical regions associated with salience and emo-
tional empathy (dorsal ACC and insula) more strongly than did fathers, whereas 
fathers showed stronger activation in the visual cortex, cerebellum, and left dorso-
lateral PFC. This study suggests that the “grandmothering brain” may look closer to 
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the maternal brain than the paternal brain, but much more research is needed to 
probe these interesting results.

As small the literature on the grandparenting brain may be, the human neurosci-
ence literature on other forms of kin care is even smaller. For example, there is some 
evidence that sibling closeness may be linked with neural activation during risky 
decision-making in adolescence (Rogers et al. 2018), but we are not aware of any 
studies specifically examining the neural correlates of sibling or other kin care.

 Adoptive and Foster Parents

As with the literature on kin alloparents, the literature on adoptive and foster parents 
is very small. In the neuroimaging fMRI study in which Abraham et al. (2014) com-
pared primary caregiver and secondary caregiver fathers, the primary caregiver 
fathers were drawn from a sample of homosexual male couples who had children 
through surrogacy. As such, some of the fathers were not biologically related to 
their children; however, secondary analyses found no significant difference in oxy-
tocin or brain activation between adoptive and biological fathers.

Besides the fMRI study of Abraham et al. (2014), no other research has applied 
MRI techniques to study the brain adaptations of adoptive parents. Instead, research-
ers have focused on recording event-related potentials (ERPs), which are postsyn-
aptic voltages generated in response to specific stimuli, with electroencephalography 
(EEG). One study focusing on foster mothers found that oxytocin levels after cud-
dling their infants were associated with their ERPs in response to infant stimuli 
(Bick et al. 2013). Interestingly, in the first 2 months of the foster parent placement, 
oxytocin was linked with ERP responses to infants in general, but after infants had 
been placed with their foster mothers for a longer period, their oxytocin levels 
tracked with their ERP responses to their own infants. Moreover, both oxytocin and 
ERP responses were associated with greater behaviorally coded maternal delight 
when interacting with the foster infant. Another EEG study found that biological 
mothers and adoptive mothers showed generally similar responses to infant stimuli, 
which could be differentiated from non-mothers (Hernández-González et al. 2016). 
However, adoptive mothers exhibited higher reactivity to crying infants, suggesting 
that they may have needed to deploy more cognitive and affective resources to pro-
cessing the cry stimuli.

8  Perinatal Mental Illness

The changes that occur in the parental brain are remarkable and necessary, but the 
transition to parenting is also a time when parents are vulnerable to several mental 
illnesses (Fisher 2017; Meltzer-Brody et al. 2018). These perinatal mental illnesses 
can have enduring effects on parental health, parent-infant interactions, and child 
development. Research is also showing that perinatal mental illnesses, such as 
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perinatal depression (PND), anxiety, and postpartum psychosis, significantly impact 
the parental brain (Moses-Kolko et al. 2014; Pawluski et al. 2017, 2021a); however, 
much more research is needed to improve our understanding of these and other 
perinatal mental illnesses.

 Perinatal Depression (PND)

The most talked about perinatal mental illness is PND with studies indicating that 
10% of parents are faced with depression and it most significantly affects the mother 
(O’Hara and McCabe 2013; Shrestha et al. 2014; Goodman et al. 2016; Pawluski 
et al. 2017). The symptom profile of PND is similar to major depressive disorder 
(MDD) and includes sad mood, restlessness, and impaired concentration. PND, 
according to the DSM-V, is diagnosed as MDD identified during pregnancy or 
within 4  weeks postpartum (American Psychiatric Association 2013). Similar to 
MDD outside the perinatal period, PND is often comorbid with high levels of anxi-
ety (Falah-Hassani et  al. 2016). However, PND (as well as perinatal anxiety) is 
unique in its timing, some physiological and psychosocial risk factors, and conse-
quences for the mother-infant dyad (Fleming et al. 1988; Field et al. 1990).

Recent studies of the neurobiology of PND have focused on postpartum changes 
in a mother’s brain in relation to depressive symptoms (Pawluski et al. 2017; Duan 
et  al. 2017; Stickel et  al. 2019; Barba-Muller et  al. 2019; Bjertrup et  al. 2019; 
Pawluski et  al. 2021b). Functional MRI, either using task-based or resting-state 
modalities, is the current preferred choice of study of PND. These functional studies 
have shown several brain changes in brain regions important for parenting and emo-
tional and cognitive regulation.

rsfMRI investigations of PND report core brain regions in which brain activation 
at rest differs between depressed and nondepressed postpartum women. Throughout 
the cortex (frontal, parietal, temporal lobes, and posterior cingulate cortex), there is 
increased local resting-state homogeneity (ReHo) in the right frontal and parietal 
lobes and less ReHo in the left frontal and right temporal lobes in postpartum 
women with depression compared to postpartum women without depression (Wang 
et al. 2011). When looking at specific brain areas, women with depression symp-
toms (who also had significantly elevated levels of anxiety) show weaker functional 
connectivity between the amygdala, ACC, dorsolateral prefrontal cortex (dlPFC), 
and the hippocampus compared to nondepressed postpartum women (Deligiannidis 
et  al. 2013; Chase et  al. 2014). Together, this work indicates that women with 
depressive symptoms postpartum have significant changes in neural activity at rest 
in brain regions important for reward, salience, mentalization, and self-regulation.

When looking at brain responses to an emotional cue that is either infant-related 
or non-infant-related (i.e., emotional word) through fMRI tasks, research shows that 
neural activation changes in postpartum women with depression from postpartum 
women without depression and in relation to cue type. For example, when women 
with postpartum depression are exposed to an emotional cue, such as a negative 
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word or adult face, there are a decrease in the activation of the right amygdala and 
striatum and an increase in the activation of the insula (Silverman et al. 2007, 2011). 
When exposed to their own infant versus other infant positive pictures, depressed 
mothers compared to healthy control mothers show increased activation of the right 
amygdala and decreased amygdala-insular cortex functional connectivity, the latter 
being associated with increasing symptoms of depression and anxiety (Wonch et al. 
2016). Others have shown that when mothers are exposed to their own infant cry 
versus another infant, mothers with depressive symptoms have increased activation 
in the lenticular nucleus, left MPFC (Swain et al. 2008), and left amygdala and a 
decrease in left amygdala-nucleus accumbens functional connectivity (Ho and 
Swain 2017). This research underlines the importance of cue type and neural circuit 
analysis beyond basic activation maps to characterize the effects of PND on mater-
nal brain and behavior.

The question of whether these neural activation patterns differ in women with 
postpartum depression and women with MDD outside of the postpartum period has 
been the topic of discussion as one considers the unique characteristics of PND. To 
date, one study has compared neural activation in mothers with PND and non- 
mothers with MDD to determine if brain activity differs in PND and MDD (Dudin 
et al. 2019). This work shows that women with PND had an increased right amyg-
dala activation to infant picture compared to non-mothers with MDD and healthy 
postpartum or non-postpartum women. There were also minimal changes in right 
amygdala activation in women with MDD when exposed to a picture of an infant or 
scenery (Dudin et al. 2019). This work shows that depressive symptoms in mothers 
are linked to unique neural activity and further research must consider reproductive 
state when investigating the impact of depression on the brain.

Evidence of the brain structural aspects of PND is limited to one DWI study in 
mothers with PND.  This study showed that, compared with healthy postpartum 
women, women with postpartum depression had significantly lower WM integrity 
in the left anterior limb of the internal capsule at 2–8 weeks postpartum (Silver et al. 
2018). This suggests a disruption of fronto-subcortical circuits which are important 
for the adaptive human parental behavior. This study also found that the higher the 
depressive symptoms postpartum, the lower the WM integrity within the corpus cal-
losum, suggesting a disruption of interhemispheric structural connectivity in women 
with elevated depression scores. This aberrant interhemispheric functional connec-
tivity correlated with severity of depressive symptoms has been replicated in women 
diagnosed with postpartum depression 4 months after birth (Zhang et al. 2020).

On a molecular level, using PET scans or magnetic resonance spectroscopy 
(MRS), research is beginning to demonstrate a neurotransmitter dysregulation that 
occurs with PND in women. With a focus on monoamines, key findings show that 
PND is associated with an increase in monoamine oxidase A (MAO-A) density in 
the PFC and ACC (Sacher et al. 2015); an increase of glutamate in the MPFC (for a 
review, see Duan et  al. 2017, 2019); a decrease in serotonin receptor binding 
(5-HT1A) in the ACC, orbitofrontal cortex, and mesotemporal cortex (Moses-Kolko 
et al. 2008); D2/3 receptor binding in the striatum (Moses-Kolko et al. 2012); and 
GABA reductions in the occipital cortex (Epperson et al. 2006).
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Although there has been a rather large focus on the amygdala when investigating 
PND and brain activation in women, it is clear that many brain areas are involved in 
PND. In addition, we know that no one brain area is responsible for one behavioral 
outcome. Alterations in the activation of different parental brain areas with PND 
likely alter key neural networks associated with caregiving behavior involving 
empathy, stress regulation, motivation, and emotional reactivity (Robinson and 
Berridge 2015) and executive functioning (for reviews, see Barrett and Fleming 
2011; Moses-Kolko et al. 2014).

 Perinatal Anxiety Disorders

Recent research reports that clinical levels of anxiety exist in 13–21% of pregnant 
women and 11–17% of postpartum women (Thorsness et al. 2018). Perinatal anxi-
ety does not currently have unique diagnostic criteria, and its symptom profile is 
most often characterized by the same symptoms of anxiety disorders that occur 
outside of the perinatal period. Recent meta-analyses show that high levels of anx-
ious symptoms in mothers are associated with increased risk of birth complications, 
reduced breastfeeding, poorer caregiving behavior, as well as number of poor neu-
rodevelopmental outcomes in children (Ho et al. 2014; Elmadih et al. 2016; Guo 
et al. 2018; Grigoriadis et al. 2019).

Despite the prevalence of anxiety disorders during the perinatal period, our 
understanding of the neurobiology of these disorders is limited. Research using 
EEG shows that maternal state anxiety during pregnancy is positively associated 
with a sustained processing to neutral infant faces, but not to sad faces (Malak et al. 
2015; Rutherford et al. 2017). This research suggests that in mothers with high lev-
els of anxiety, there is a bias toward interpreting threat in a potentially ambiguous 
infant’s face.

Recent research using fMRI shows that mothers with high trait anxiety have 
similar levels of elevated amygdala activation when viewing pictures of their own 
infant and an unfamiliar infant expressing positive affect. Mothers with low trait 
anxiety show higher amygdala response to their own infant’s face only (Barrett et al. 
2012). Consistent with this result, women with high trait anxiety express lower 
positive feelings about their own infant. Further research by this same group shows 
that mothers with high trait anxiety (but not necessarily depression) have lower 
amygdala response to baby faces in general, as well as lower functional connectivity 
between the amygdala and the insular cortex (Wonch et al. 2016). The amygdala 
and the insula are involved in many functions including salience processing and 
empathy (Nieuwenhuys 2012; Seeley 2019), suggesting the amygdala-insula path-
way may be the basis of anxious mothers’ altered caregiving sensitivity (Hipwell 
et al. 2015). Importantly, higher maternal trait anxiety symptoms have been corre-
lated with an infant’s lower left amygdala-right ACC functional connectivity and 
lower cognitive development, suggesting that this functional network is sensitive to 
environmental cues during early life (Dufford et al. 2021). Together, these findings 
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point to an important role of regions of the parental brain in perinatal anxiety, but 
much more research is needed to determine the distinct neurobiological features of 
anxiety disorders in parents.

 Postpartum Psychosis (PP)

Postpartum psychosis (PP) is a severe psychiatric disorder associated with child-
birth that affects up to 1–2 in 1000 women (Meltzer-Brody et al. 2018). This debili-
tating disorder requires immediate hospitalization and care. Recently, a growing 
body of research has been investigating how PP affects a mother’s brain. One of the 
first neuroimaging investigations of PP found that, when compared to non- 
postpartum women with psychosis or bipolar disorders, PP women showed a gen-
eral ventricular enlargement (Lanczik et  al. 1998). Recent work by Dazzan and 
colleagues has extended these findings and shown that mothers with a recent epi-
sode of PP have smaller ACC, superior temporal gyrus, and parahippocampal gyrus 
compared to mothers at risk of developing PP (Fusté et  al. 2017). Interestingly, 
mothers who were at risk of developing PP but did not have a psychotic episode 
postpartum had a larger volume of the inferior frontal gyrus than controls, which 
may be a protective factor that requires more investigation (Fusté et al. 2017). The 
brain areas structurally affected by PP are involved in empathy, emotional regula-
tion, and decision-making. Further research by this group has shown that the dlPFC, 
a brain area typically associated with executive functions such as working memory 
and selective attention, is more functionally connected with other brain areas in 
mothers who had PP (Kowalczyk et al. 2021). This work is in contrast with other 
work showing that people with psychosis at other times in life have a dlPFC less 
connected with other brain areas (discussed in Kowalczyk et al. 2021). These find-
ings suggest that understanding brain morphology may be a key in characterizing 
women at risk for PP and other perinatal mental illnesses.

 Factors Influencing Perinatal Mental Illness

Hormones, neuropeptides, and neurotransmitters have been a focus of research, par-
ticularly in rodent models, on the physiological factors responsible for PND and 
other perinatal mental illnesses (Slattery and Hillerer 2016; Dickens and Pawluski 
2018; Pawluski et al. 2021b). Unfortunately, little consistency exists in the literature 
as to the neurophysiological correlates of mental illnesses occurring during the peri-
natal period (for a review, see Dickens and Pawluski 2018).

There are several physiological, social, behavioral, and experiential (i.e., treat-
ment) factors that have the potential to alter the neurobiology of perinatal mental 
illnesses. For example, imaging data has shown that complications associated with 
birth, such as the degree of intervention and medicalization, and the breastfeeding 
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experience, both linked to a host of physiological changes in the mother, can signifi-
cantly alter the neural response toward the infant in the maternal brain (Swain et al. 
2008; Berman et al. 2020) and affect the mental well-being of the mother (Dekel 
et al. 2017, 2019). The extent to which these and other factors play a role in the 
neurobiology of perinatal mental illness remains to be determined.

 Nonpregnant Parents

It should be mentioned that although the research has focused on perinatal mental 
illness in pregnant mothers, fathers also struggle with perinatal mental illness 
(Fisher 2017). Kim et al. (2014) found that, in biological fathers, postpartum struc-
tural changes were associated with levels of depressive symptoms and parenting 
intrusiveness, pointing to potential effects of perinatal mental illness on the brains 
of fathers. No human study to date has analyzed the alterations of functional or 
structural brain adaptations in nonpregnant parents diagnosed with a perinatal men-
tal illness. Furthermore, research on the distinct changes in the parental brain of 
biological and nonbiological parents at risk for developing perinatal mental illness 
is needed.

9  Conclusions

This chapter has reviewed the current evidence on how the human parental brain 
adapts to parenthood. We have discussed how parents activate the brain when view-
ing their infants’ stimuli, the parental behaviors related to these activations, and 
brain structural and functional adaptations detected in early and late parenthood and 
even prior to birth. We have also reviewed studies starting to explore the unique 
neurobiological profiles underlying perinatal mental illnesses. We centered our dis-
cussion on pregnant mothers, given that neuroimaging studies have found more 
extensive and pronounced neurobiological adaptations in the maternal brain com-
pared to other non-gestational parents. Findings from structural, task-based, and 
resting-state MRI studies have jointly found that the brain remodeling in mothers 
affects cortical networks involved in salience, mentalization, and emotion regula-
tion and subcortical regions involved in processing rewarding stimuli. We also 
explained the fewer studies on the paternal and alloparental brains to conclude that 
caregiving experience and other experiential factors not directly related to parent-
hood may also shape the parental brain. To date, studies indicate that parental transi-
tion is a period of increased brain plasticity within brain areas critical for parenthood’s 
cognitive and social challenges ahead.

The above-cited published evidence is scant, and many gaps remain in the litera-
ture on the human parental brain. The precise neural mechanisms and function 
behind the observed macroscopic changes are still under debate. Also, more work is 
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needed to disentangle the reproductive and experience influence on the parental 
brain. One strategy would be collecting specific hormonal and immunological infor-
mation in parents and levels of parental investment, stress, and sleep quality, and to 
directly compare the brain adaptations of pregnant mothers and other non- gestational 
parents. Another important question is to explore the unique brain profiles of kin 
care, adoptive and foster parenting, and different types of alloparenting arrange-
ments. Do care experiences such as sibling care, or as a caregiver employer – for 
example, as a nanny or teacher – help to prime the brain for future parenting experi-
ences? Additionally, further work on adoptive or foster caregivers could inform tar-
geted interventions to boost attachment and ease parenting transitions (Bick et al. 
2013). In sum, the emerging literature on the human parental brain is intriguing and 
suggests many fruitful directions for further study.
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Integrative Studies of the Effects 
of Mothers on Offspring: An Example 
from Wild North American Red Squirrels

Ben Dantzer, Stan Boutin, Jeffrey E. Lane, and Andrew G. McAdam

Abstract Animal species vary in whether they provide parental care or the type of 
care provided, and this variation in parental care among species has been a common 
focus of comparative studies. However, the proximate causes and ultimate conse-
quences of within-species variation in parental care have been less studied. Most 
studies about the impacts of within-species variation in parental care on parental 
fitness have been in primates, whereas studies in laboratory rodents have been 
invaluable for understanding what causes inter-individual variation in parental care 
and its influence on offspring characteristics. We integrated both of these perspec-
tives in our long-term study of North American red squirrels (Tamiasciurus hud-
sonicus) in the  Yukon, Canada, where we have focused on understanding the 
impacts of mothers on offspring. This includes documenting the impacts that moth-
ers or the maternal environment itself  has on their offspring, identifying how 
changes in maternal physiology impact offspring characteristics, the presence of 
individual variation in maternal attentiveness toward offspring before weaning and 
its fitness consequences, and postweaning maternal care and its fitness conse-
quences. We provide an overview of these contributions to understanding the 
impacts mothers have on their offspring in red squirrels using an integrative frame-
work and contrast them with studies in the laboratory.
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1  Introduction

Parental care describes all the ways in which parents influence offspring develop-
ment in such a way that benefits the offspring’s survival. Parental care manifests 
itself across species in diverse ways (Balshine 2012). In mammals, it can be 
described as the investment parents make toward their offspring prior to and after 
parturition (e.g., intrauterine growth and development, nest site construction and 
defense, nursing, post-parturition feeding) and attendance and attention to depen-
dent offspring by parents (e.g., behavioral interactions, social learning, inheritance 
of material resources or social rank, etc.). The evolution of parental care has been a 
major focus of behavioral ecology for more than 50 years. Popular books and com-
parative studies have described the presence or absence of parental care across 
diverse taxonomic groups, its potential fitness costs and benefits, and the possible 
environmental circumstances favoring its evolution (Clutton-Brock 1991; 
Maestripieri and Mateo 2009; Royle et  al. 2012; Clutton-Brock 2016). In many 
cases, this is done through theoretical models or phylogenetic comparative studies 
that focus on understanding the factors (environmental, life history, etc.) that may 
favor the evolution of different parental care patterns among closely related species 
(e.g., Badyaev and Ghalambor 2001; Mank et al. 2005; Gonzalez-Voyer et al. 2008; 
Brown et al. 2010; Klug and Bonsal 2010; Klug et al. 2012; Furness and Capellini 
2019) or testing hypotheses and duration and type of specfific forms of parental care 
provided within specific taxonomic groups (Gross 2005; Schulz and Bowen 2005; 
Skibiel et al. 2013).

These studies have provided foundational knowledge on the causes of among- 
species variation in parental care, yet there are relatively few studies of within- 
species parental care and its fitness consequences in wild mammal species. Similar 
to other behavioral traits (Réale et al. 2007), females can exhibit consistent differ-
ences in their behavior toward offspring, which have been referred to as “maternal 
styles” (Fairbanks 1996). For example, in captive primates, laboratory rodents, and 
domesticated animals, mothers exhibit consistent differences in their level of rejec-
tion, attentiveness, contact, or protectiveness toward offspring (Fairbanks 1989; 
Schino et  al. 1995; Maestripieri 1998; Albers et  al. 1999; Dwyer and Lawrence 
2000; Spinka et al. 2000; Champagne et al. 2003). However, it has been less com-
mon to formally examine if maternal styles exist in the wild other than in several 
primate species (e.g., Tanaka 1989; Berman 1990) and a few non-primate species 
(e.g., dolphins; Hill et al. 2007; Stewart and McAdam 2014) and relatively little is 
known about their fitness consequences. This is largely a consequence of the diffi-
culties of observing interactions between parents and offspring in non-primate 
mammalian species in the wild. Much of these interactions occur in secret while 
parents and offspring are inside of a nest or otherwise obscured from view.

Even more surprising is the lack of attention paid to understanding the causes of 
individual differences in parental care within species in mammals. The latter is par-
ticularly noticeable given the number of studies investigating proximate causes of 
individual variation in parental care in laboratory rodents (Numan and Insel 2003; 
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Numan 2007). For example, studies in laboratory rodents (rats, mice, voles, gerbils) 
have highlighted a number of potential proximate mechanisms that contribute to 
individual variation in the expression of parental care, such as estrogen receptor 
alpha expression (Champagne et al. 2003; Li et al. 2015), androgen receptors or 
titers (Clark and Galef 1999; Trainor and Marler 2002), oxytocin receptor expres-
sion (Pedersen et al. 1994; Pedersen and Boccia 2003; Olazábal and Young 2006; 
Keebaugh et al. 2015), and hypothalamic-pituitary-adrenal (HPA) axis activity due 
to perinatal stress (Bales et al. 2006; Brummelte and Galea 2010; Harris et al. 2013), 
among other potential mechanisms. Similar work in a broader diversity of mam-
malian species and in free-living individuals has greatly lagged behind. This of 
course lessens our understanding of how this variation in maternal behavior is main-
tained, but also if the results from studies in laboratory rodents are idiosyncratic or 
reflect a general pattern found in other species.

Here, we argue that there is a gap in our understanding of the causes and conse-
quences of within-species variation in parental care in mammalian species. Although 
studies in laboratory rodents, primates, and domestic animals have been invaluable 
for documenting the presence and proximate causes of individual variation in paren-
tal care, its fitness consequences are not well documented given the challenges of 
quantifying them in natural populations. This is problematic because it is intraspe-
cific variation that ultimately can produce interspecific variation, yet we have little 
understanding of whether the same features (environmental or life history) operate 
across these two levels. For example, if certain types of ecological conditions give 
rise to interspecific differences in the presence or type of parental care, do they also 
give rise to the same intraspecific patterns in parental care? Addressing this issue 
can help connect microevolutionary to macroevolutionary processes and address if 
explanations for the evolution of parental care generated at one level (among spe-
cies) provide predictive power for other levels (within species; sensu Levin 1992). 
Moreover, a lack of understanding of the proximate factors that modulate parental 
care in mammals limits the generality of findings from laboratory rodents where 
there is paucity of genetic variation compared to wild species.

We discuss research into documenting the causes and consequences of individual 
variation in maternal care in wild North American red squirrels (Tamiasciurus hud-
sonicus) in the Yukon, Canada (Fig. 1). Over the past 32 years, we have documented 
the individual life histories of both female and male red squirrels in this study area 
(McAdam et al. 2007; Dantzer et al. 2020a). This has included documenting the 
impacts that mothers or the maternal environment has on their offspring (referred to 
here as maternal effects), identifying how changes in maternal physiology impact 
offspring, the presence of individual variation in maternal attentiveness toward off-
spring before weaning and its fitness consequences, and postweaning maternal care 
(territory bequeathal) and its fitness consequences. Below we summarize these con-
tributions to understanding of the impacts of mothers on offspring in wild red squir-
rels to provide a comprehensive assessment of what we currently know and do 
not know.
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Fig. 1 As a part of the Kluane Red Squirrel Project, individually marked North American red 
squirrels (Tamiasciurus hudsonicus) in Kluane, Yukon, Canada, are followed from birth to death 
using a combination of live trapping and behavioral observations. A lactating female is shown in 
this image with a VHF radio collar around her neck. Her nest was located using radiotelemetry, and 
she watched us while we temporarily removed her offspring from her nest before placing them 
after processing. After returning pups to the nest, females will return and move them to a new nest. 
We quantify this latency to retrieve pups and use it as an estimate of maternal attentiveness 
(Westrick et al. 2020). (Photo by Ben Dantzer)

2  Kluane Red Squirrel Project

We study a natural population of red squirrels in Kluane, Yukon, Canada (61° N, 
138° W), within the traditional territory of the Champagne and Aishihik First Nations. 
Further details of the study area can be found elsewhere (Boonstra et  al. 2001; 
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Dantzer et al. 2020a). Since the start of the project, we have followed standardized 
and consistent protocols to document the life histories of individually marked red 
squirrels over their lifetime (McAdam et al. 2007; Dantzer et al. 2020a). All squirrels 
in our study areas (two to six different study areas depending upon the year) are 
marked permanently with metal ear tags with unique codes on them as well as small 
pieces of colored materials (such as electrical wire) threaded through these ear tags. 
The latter allows us to assess squirrel identities without capture as squirrels are diur-
nal and visually conspicuous (Williams et al. 2014a). Most squirrels receive these ear 
tags as juveniles when they are still in their natal nest with their mother. Throughout 
most of the year (March to October), squirrels are monitored through live capture 
and behavioral observations. Squirrels are captured and temporarily handled to 
assess identity, sex, weight, and reproductive status. Females are captured in the late 
stages of pregnancy or early lactation, and a VHF radio collar is applied. We then 
locate their nests (containing pups) when they are lactating and retrieve the pups two 
separate times. This provides us with information on birthdates, litter size, and litter 
sex ratio. During the second nest entry, pups receive their uniquely labeled metal ear 
tags. The change in body mass from the first nest entry (typically when pups are only 
1–2 days of age) from the second nest entry (when pups are ~25 days of age) pro-
vides us with a measure of offspring growth that occurs during a linear period of 
growth when offspring are only consuming milk from their mother (McAdam et al. 
2002). Offspring survival is assessed through the same procedures where behavioral 
observations and live trapping are used to confirm if offspring from previous years 
survived their first winter (McAdam and Boutin 2003). We then can estimate both 
annual and lifetime measures of reproductive success by quantifying either the num-
ber of offspring produced (either per year or over their lifetime; Haines et al. 2020; 
Martinig et al. 2020) or the number of offspring produced that acquire a territory and 
survive their first winter (number of recruits either annually or over lifetime; Dantzer 
et al. 2013; Hämäläinen et al. 2019; Fisher et al. 2019; McAdam et al. 2019; Siracusa 
et al. 2021).

In addition to these individual life history data, each year we also collect infor-
mation on the population ecology of red squirrels at our study areas. In the spring 
and autumn of each year, we conduct an annual census of all squirrels on the study 
areas to measure squirrel density (Descamps et al. 2009; Dantzer et al. 2013, 2020a). 
In the autumn of each year, we estimate the availability of the major food source of 
red squirrels, seeds from white spruce (Picea glauca) trees (Fletcher et al. 2013; 
Ren et al. 2017), by counting the number of spruce cones on ~450 individual spruce 
trees distributed across our study areas (Boutin et al. 2006; LaMontagne and Boutin 
2007; McAdam et al. 2019; Dantzer et al. 2020a). When the seeds inside the spruce 
cones are mature (usually in late August), squirrels collect and cache these cones 
underground (Fletcher et al. 2010). More recently, we have estimated the number of 
spruce cones that each squirrel collects and hoards (Larivée et al. 2010; Donald and 
Boutin 2011; Fisher et al. 2019). These data on squirrel density and food abundance 
have provided us with an opportunity to examine how these ecological factors 
induce selection on life history traits in squirrels, such as documenting plasticity in 
parturition dates, litter size, number of litters, or offspring growth rates and their 
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fitness consequences (McAdam and Boutin 2003; Réale et al. 2003; Boutin et al. 
2006; Dantzer et al. 2013; Fisher et al. 2017; McAdam et al. 2019).

3  North American Red Squirrels

Red squirrels at our study sites in the Yukon are a relatively small bodied species 
(adults are ~250 g) and exhibit a short lifespan (median lifespan of squirrels that 
acquire a territory as a juvenile = 3.5 years, maximum lifespan = 8 years; McAdam 
et al. 2007). They are mostly nonsocial and both females and males at our study site 
exhibit year-round territoriality (Smith 1968; Dantzer et  al. 2012; Siracusa et  al. 
2019). Each individual squirrel defends a nonoverlapping territory containing a lar-
der hoard of white spruce cones that is cached underground and at the center of the 
territory (known as a midden). Squirrels collect and cache these cones in the autumn 
of each year, though the number of spruce cones produced in any year is highly vari-
able because white spruce is a masting tree species (Boutin et al. 2006; LaMontagne 
and Boutin 2007; Fletcher et al. 2010; Dantzer et al. 2020a). Squirrels defend their 
territories using specific vocalizations called “rattles” (Smith 1978; Siracusa et al. 
2017a), and territorial intrusions are usually infrequent when the owner is at the ter-
ritory (Dantzer et al. 2012; Siracusa et al. 2017b). Juveniles usually need to acquire 
a territory (containing a midden) to survive their first winter (Larsen and Boutin 
1994; Hendrix et al. 2020), and once squirrels acquire a territory, they rarely move 
(Larsen and Boutin 1995; Berteaux and Boutin 2000).

The timing of mating at our study areas in Yukon occurs anywhere from the win-
ter to summer months and is dependent upon squirrel density and spruce cone pro-
duction in the previous year (Boutin et al. 2006; McAdam et al. 2019; Dantzer et al. 
2020a). Red squirrels are polygamous with a scramble competition mating system 
(Lane et al. 2009). Females are thought to be spontaneous ovulators, and when they 
are in estrus, several to many males arrive at a female’s territory and attempt to mate 
with her (Smith 1968; Lane et al. 2008). Litters often contain offspring from more 
than one sire (Lane et al. 2008, 2009).

Red squirrels in Yukon usually only produce one successful litter in each year 
(Boutin et al. 2006). Females may attempt a second litter if their first litter fails, but 
only in anticipation of mast cone crops do they produce two (or more) litters suc-
cessfully (Boutin et al. 2006; Williams et al. 2014b; McAdam et al. 2019). Litter 
size is variable but is usually 2–3 pups except in anticipation of a mast cone crops 
where litter sizes increase (Boutin et al. 2006; McAdam et al. 2019; Dantzer et al. 
2020a). Gestation is around 35 days, and offspring are altricial and reared by their 
mother inside of a nest constructed mostly of grass that may be attached to a tree 
limb, underground, or inside of a hollow tree. Only females provide parental care to 
offspring, and they do so through nest construction and selection (offspring are 
reared inside of the nest until they are mobile and independent), nursing, and, in 
some cases, bequeathing their territory (described below). Offspring first emerge 
from their nest on their own around ~42 days after birth, but they can continue to be 
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nursed by their mother until they are ~70 days of age (Stuart-Smith and Boutin 
1995; McAdam et al. 2007). Offspring often disperse from their natal territory after 
birth, unless the mother bequeaths the territory to them (see below). Offspring dis-
persal distances are usually quite low, often around 100 m away from their natal 
territory (Berteaux and Boutin 2000; Cooper et al. 2017). Mortality of these off-
spring is quite high, though it depends upon the year (Boutin and Larsen 1993; 
McAdam and Boutin 2003; McAdam et al. 2007; Hendrix et al. 2020), and, in most 
years, few offspring acquire a territory, which is again usually necessary for them to 
survive their first winter (Larsen and Boutin 1994; Hendrix et al. 2020).

4  Methods for Quantifying Effects of Mothers on Offspring 
and Maternal Behavior

Documenting the impacts of parents on offspring is anything but straightforward in 
most small mammal species given the difficulty of observing parental interactions. 
Thus, while a diversity of measures of parental care have been developed for labora-
tory rodents where these interactions can be readily observed and recorded, many of 
these are not easily applicable to wild mammals. In some situations, researchers 
have brought pregnant or lactating females into captivity to observe maternal- 
offspring interactions (Stewart and McAdam 2014), but this is not possible in red 
squirrels. Instead, we have focused on three major ways of identifying the impacts 
of mothers on their offspring, which we describe below.

 Quantitative Genetics

When the degree of relatedness among individuals within a natural population is 
known, quantitative genetics approaches can be used to quantify the importance of 
additive genetic effects to total phenotypic effects as a heritability (Falconer and 
Mackay 1996; Charmantier et al. 2014). In populations for which offspring can be 
assigned to mothers and fathers either through behavioral observations or genetic 
similarity, the resulting pedigree can be used to infer relatedness and quantify 
sources of variation using “animal model” analyses (Kruuk 2004). This flexible 
statistical approach for quantifying sources of variation can also estimate the unique 
effect of the identity of the mother for the phenotypes of her offspring (i.e., maternal 
effects). Depending on the structure of the data, however, it can sometimes be chal-
lenging to disentangle genetic effects from maternal effects in unmanipulated popu-
lations (Kruuk and Hadfield 2007). For some species, it is possible to move eggs or 
offspring between nests to experimentally break apart associations between the 
parental environment and inheritance using cross-fostering experiments.
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In our long-term study of red squirrels, we retrieve offspring from their mother’s 
nest when they are still being nursed by their mother. Because adoption is very rare 
(Gorrell et al. 2010), pups that are inside of the nest are extremely likely to be the 
offspring of the mother that owns the nest where the pups were located and we 
assign paternity using microsatellite markers (Gunn et al. 2005). We have used this 
information on parentage to generate a 10-generation pedigree of over 6000 squir-
rels born into this population since 1989. We have used this multigenerational pedi-
gree (and cross-fostering experiments in some circumstances) to quantify the 
sources of variation in offspring traits, such as offspring postnatal growth rates 
(McAdam et  al. 2002; McAdam and Boutin 2003), behavioral characteristics 
(Taylor et al. 2012), or other traits (Réale et al. 2003; McFarlane et al. 2011, 2014; 
Fisher et al. 2019). We discuss the relevant results for quantifying sources of varia-
tion in offspring traits below and summarize them in Fig. 2.

In most of these analyses, we have then quantified the heritability of these traits 
(i.e., the proportion of total phenotypic variation in the trait that is caused by addi-
tive genetic effects) and the overall effect of the mother on offspring (i.e., the pro-
portion of total variation that is caused by the identity of the mother). This 
variance-partitioning approach reflects the overall impact of the mother on the phe-
notypes of her offspring (Wolf and Wade 2009) but is agnostic to the particular traits 
of the mother or environments experienced by the mother that are causally 

Postnatal 
growth

Activity

Docility

Aggression

Additive 
genetic effects

Heritability

Maternal 
effects

!"

h2 = 0.10 

h2 = 0.08 

h2 = 0.12 

h2 = 0.09 

m2 = 0.81 

m2 = 0.15 

m2 = 0.09 

m2 = 0.07 

Fig. 2 Overview of heritabilities and maternal effects on postnatal growth rates and behavioral 
traits (docility, activity, aggression) using a quantitative genetics approach. Heritabilities (h2) and 
maternal effects (m2) were estimated using a multigenerational pedigree-based approach or cross- 
fostering (McAdam et al. 2002; Taylor et al. 2012). Maternal effects represent both the maternal 
environmental and maternal genetic effects. Highlighted here are our observation that heritabilities 
and maternal effects are nearly equal for behavioral traits, but offspring growth experiences very 
large maternal effects relative to its heritability, reflecting the potential for the mother to heavily 
influence offspring growth rates
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influencing the offspring phenotype (McAdam et al. 2014). We have, therefore, also 
tested if the following specific features of the maternal phenotype or environment 
affect offspring characteristics.

 Maternal Attentiveness

Laboratory studies in rodents often use pup retrieval latencies to quantify maternal 
behavior (Numan and Insel 2006; Champagne et al. 2007). In these situations, pups 
are removed from the nest (such as moved to the other side of the housing con-
tainer), and the amount of time it takes for the pups to be retrieved and put back into 
the nest is used to estimate parental attentiveness (e.g., Seip and Morrell 2008). We 
have adopted this approach in red squirrels where we quantify the amount of time it 
takes for females to return to their nest to retrieve pups following our two nest 
entries (described above). Red squirrels often have more than one inhabitable nest 
on their territory, and, following a nest intrusion (by human observers), they will 
return to their nest and move pups individually to another nest. We believe this is an 
antipredator behavioral response to nest predators such as mustelids that can climb 
trees and access squirrel nests (Studd et al. 2015), although we have never directly 
observed mustelids killing squirrels or visiting their nests at our study sites. Maternal 
attentiveness characterizes the latency from after the pups were returned to the nest 
until the mother returns to move the pups to a new nest (Westrick et al. 2020). We 
have previously found that females exhibit repeatable differences in maternal atten-
tiveness where some females exhibit consistently shorter latencies to retrieve pups 
following the nest disturbance than others (Westrick et  al. 2020). On average, 
females took about 394  s to return to their nest containing their pups after an 
observer put the pups back into the nest. There was variability among females, but 
significant within-female repeatability (R  =  0.25, 95% confidence inter-
val = 0.13–0.36; Westrick et al. 2020).

 Maternal Physiology

Changes in maternal hormone levels can influence offspring characteristics either 
by direct transmission of the hormone, changes to maternal behavior, or inducing 
changes in offspring behavior (Moore and Power 1986; Weinstock et  al. 1992; 
Barbazanges et al. 1996; Champagne and Meane 2006; Wilcoxon and Redei 2007). 
These effects on offspring can be profound in laboratory studies, exerting poten-
tially long-lasting changes in offspring morphology, physiology, and behavior 
(Weinstock 2008; Harris and Seckl 2011). For the past 15 years, we have focused on 
examining the impacts of variation in maternal glucocorticoid levels (GCs) on off-
spring characteristics in wild red squirrels. This is because maternal GCs respond to 
changes in the ecological agents of natural selection in this population, such as 
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squirrel density (Dantzer et  al. 2013; Guindre-Parker et  al. 2019). We measure 
maternal GCs by first acquiring fecal samples from underneath traps when females 
are captured and then using an enzyme immunoassay to quantify fecal glucocorti-
coid metabolite levels (Dantzer et al. 2010). These measures of fecal glucocorticoid 
metabolites are unaffected by temporary capture and restraint. This is because the 
time it takes for plasma GCs to be excreted in the feces in red squirrels is 10.9 ± 2.3 h, 
whereas squirrels are only in traps for a maximum of 1–2 h, and we do not measure 
fecal glucocorticoid metabolites in samples obtained within 72 h of live trapping 
(Dantzer et al. 2010). We have also quantified fecal androgen metabolite levels in 
breeding females and found that they peak around mid-lactation, which occurs at 
the same time when nest use (where pups are located) is lowest and territory defense 
behavior is highest (Dantzer et al. 2011). This suggests that increased androgens in 
female red squirrels mediate a trade-off between investment in reproduction and 
self-maintenance.

5  Impact of Mothers on Offspring in Red Squirrels

We have focused intensively on offspring growth rates as they are often closely 
related to the ability of offspring to acquire a territory and survive their first winter 
(McAdam and Boutin 2003; Fisher et al. 2017; Hendrix et al. 2020) and accordingly 
sometimes experience strong selection (McAdam and Boutin 2003; Dantzer et al. 
2013; Fisher et al. 2017). We also summarize recent work describing the association 
between maternal attentiveness and maternal reproductive success, which is itself 
the outcome of offspring survival.

 Offspring Postnatal Growth Rates

We have been able to quantify offspring postnatal growth rates of thousands of indi-
vidual red squirrels using the method described above where we estimate the change 
in offspring body mass from soon after birth until the offspring are approximately 
25 days of age. Although offspring postnatal growth rates may serve as a proxy of 
parental investment (especially in studies in wild birds), this ignores the contribu-
tions to growth from offspring themselves (such as additive genetic effects of par-
ents on growth rates). Consequently, we have instead considered how mothers or 
their characteristics impact offspring growth rates, which may or may not accu-
rately estimate maternal investment in this species.

Offspring postnatal growth rates in red squirrels exhibit relatively low heritabil-
ity (h2 = 0.10 ± 0.001; McAdam et al. 2002) and are highly responsive to changes in 
food availability (McAdam and Boutin 2003; Dantzer et  al. 2013, 2020a, b). Of 
particular note is that maternal effects (the genetic and environmental impacts of 
mothers on offspring) explain a much higher proportion of the variance in offspring 
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growth rates than direct genetic effects of mothers (McAdam et al. 2002; McAdam 
and Boutin 2003). Specifically, the identity of the mother explained up to 81% of the 
variation in offspring growth rate (McAdam et al. 2002). This indicates that moth-
ers, whether it be specific characteristics of their phenotype or their environment, 
play an important role in shaping offspring growth rates (Fig. 2).

A previous study highlighted that the vast majority of variation in offspring 
growth rates explained by fixed effects in statistical models (69%) was explained by 
two characteristics of the mother: litter size and the birthdates of the offspring 
(McAdam et al. 2002). Here, we discuss three additional possible mechanisms by 
which mothers influence offspring growth rates, two involving maternal behavior 
(nest site selection and attentiveness) and one caused by variation in maternal hor-
mone levels. First, female red squirrels can influence offspring growth rates through 
nest site selection or attentiveness toward offspring. As mentioned above, lactating 
female red squirrels often have multiple nests on or near their territory. Females 
seem to place offspring in nests that provide the thermal environment that may opti-
mize offspring growth and development by reducing their exposure to heat stress 
(Guillemette et al. 2009). Specifically, older pups with fur are located in nests with 
less insulation than those of younger pups without fur, and lactating females with 
dependent pups have them in less insulated nests when it is warmer outside of the 
nest (Guillemette et al. 2009). Second, females that are more attentive toward their 
offspring (i.e., exhibit a shorter latency to retrieve pups following nest disturbance) 
also produce offspring that grow quicker, though this depends upon litter size 
(Westrick et al. 2020). Red squirrels exhibit the basic life history trade-off between 
offspring size and number where individual offspring from larger litters grow more 
slowly than those from smaller litters (McAdam et al. 2002; Dantzer et al. 2013). 
However, we found that mothers that are more attentive can lessen this trade-off 
where pups from larger litters exhibited significantly faster growth rates if their 
mother was more attentive (n = 524 pups from 167 mothers, interaction between 
attentiveness and litter size for pups at the first nest entry: t196.22 = −2.22, P = 0.028; 
Westrick et al. 2020).

Finally, we have previously shown that mothers with elevated GCs during preg-
nancy, likely due to experiencing increased conspecific densities (Dantzer et  al. 
2013; Guindre-Parker et al. 2019), produce faster growing offspring. This is evident 
when GCs during pregnancy are naturally elevated due to females experiencing 
increased conspecific densities (Dantzer et al. 2013) or when GCs were experimen-
tally increased during pregnancy (Dantzer et al. 2013, 2020a, b). For example, off-
spring from mothers treated with GCs during pregnancy grew 17.0% faster than 
those produced by control mothers, and there were no sex-specific treatment effects 
(Dantzer et al. 2020a, b). Interestingly, females with experimentally elevated GCs 
during lactation produced offspring that grew 34.8% slower than those produced by 
control mothers (Dantzer et  al. 2020a, b). There were no sex-specific treatment 
effects, and the maternal treatments did not affect the structural size of offspring 
(Dantzer et  al. 2020a, b). These results indicate the importance of the timing of 
exposure to elevated maternal GCs on offspring characteristics: elevated GCs dur-
ing pregnancy promoted offspring growth, whereas elevated GCs during lactation 
decreased it (Fig. 3).
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Fig. 3 Overview of effects of maternal behavior and glucocorticoids on offspring characteristics 
and survival in North American red squirrels. (a) We have quantified four maternal behaviors: 
where mothers acquire additional territories that they subsequently bequeath to offspring, nest site 
selection (thermal properties of nests where females raise pups), attentiveness (latency to return to 
the nest after disturbance), and territory bequeathal (where females give offspring their territory). 
It is likely that all of these behaviors influence offspring survival, such as females selecting the 
correct thermal environment for pups that optimizes the thermal environment for postnatal growth. 
Offspring survival is increased if their mother bequeaths their territory to them. Females generally 
exhibit a negative correlation between litter size and offspring growth rate, but those with higher 
attentiveness produce faster growing offspring. (b) We have also investigated how experimental 
elevations in maternal glucocorticoids (GCs) influence several traits in offspring. Elevated GCs 
during pregnancy increase offspring growth, but do not influence offspring behavior, hypothalamic- 
pituitary- adrenal (HPA) axis responsiveness to a stressor or ability to exert negative feedback fol-
lowing a stressor. Elevated GCs during lactation reduce offspring growth, but increase offspring 
activity and the ability of males (but not females) to exert negative feedback on the HPA axis fol-
lowing a stressor. There were no effects of elevated GCs during pregnancy or lactation on oxidative 
stress levels in offspring, which we quantified as antioxidants and oxidative damage in liver, heart, 
and blood as well as telomere lengths in DNA from liver tissue. We have yet to identify how GCs 
influence maternal behavior or if they affect offspring survival. The lack of arrows connecting 
maternal behavior or GCs and offspring traits indicates a lack of significant association. This sum-
mary is generated from previous studies (Boutin et al. 2000; Guillemette et al. 2009; Lane et al. 
2015; Dantzer et al. 2020a, b; Westrick et al. 2020, 2021)

 Offspring Behavior

Studies of laboratory rodents have shown extensive impacts of mothers on offspring 
behavior. The effects of perinatal stress experienced by the mother on offspring 
behavior have been well documented (Weinstock 2008). For example, female rats 
and mice that experience elevated gestational stress can produce offspring that 
exhibit higher anxiety-like behavior (Schulz et  al. 2011; Salari et  al. 2016). 
Additionally, behavioral traits in many animals appear to be linked with fitness 
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(Dingemanse and Réale 2005; Cote et al. 2008; Ballew et al. 2017; Lapiedra et al. 
2018), and this is true in red squirrels as well (see below). Consequently, we have 
focused much attention on documenting the influence of mothers on offspring 
behavior through the following approaches: (1) using quantitative genetics tech-
niques to partition the variance in offspring behavioral traits into heritable genetic 
effects, maternal effects, and permanent environmental effects (Fig. 2; Taylor et al. 
2012) and (2) the impacts of increases in maternal GCs on offspring behavior 
(Fig. 3; Westrick et al. 2021). Before discussing these results, we first describe how 
we measure behavioral traits in red squirrels and their potential importance.

We have used struggle tests during handling (time spent struggling after removal 
from the trap) to quantify docility (Taylor et al. 2012), standardized open-field trials 
to quantify activity (Walsh and Cummins 1976; Martin and Réale 2008), and mirror 
image stimulation tests to quantify aggression (Svendsen and Armitage 1973). By 
testing the same individuals multiple times, we have shown that these three behav-
ioral traits are significantly repeatable within individual squirrels (Taylor et  al. 
2012; Martinig et al. 2021). Specifically, in a study of 366 adult squirrels that were 
tested one to five times in our open-field trials and mirror image simulation tests to 
measure activity and aggression (n = 556 trials in total), respectively, the repeat-
ability of activity was 0.51 (95% credible intervals (CI) = 0.40–0.63) and the repeat-
ability of aggression was 0.44 (95% CI = 0.33–0.56; Taylor et al. 2012). Docility 
was also significantly repeatable (n = 3122 tests on 592 squirrels, R = 0.41, 95% 
CI = 0.36–0.49; Taylor et al. 2012). Although these results indicate within- individual 
consistency in these behaviors, we have subsequently showed age-related changes 
in these behavioral traits by measuring activity and aggression of juvenile red squir-
rels, either from initial emergence from the nest to weaning or from the weaning to 
yearling stage (Kelley et al. 2015; Martinig et al. 2021). For example, the repeat-
ability of activity (R = 0.29, 95% CI = 0.23–0.33, n = 102 individuals) and aggres-
sion (R = 0.30, 95% CI = 0.24–0.34, n = 102 individuals) of juveniles early in life 
(from emergence to weaning) was lower than what we documented for adults 
(Martinig et  al. 2021). One explanation for the observation that repeatabilities 
increase from the early developmental stage to adulthood is that those juveniles 
with inconsistent behavior have higher mortality (i.e., selectively disappear). 
However, we do not find support for this hypothesis, and these results instead sug-
gest some within-individual developmental process (Martinig et al. 2021).

Are these behavioral traits that are measured under highly artificial (but stan-
dardized) conditions meaningful or important for red squirrels? We have shown that 
they do correspond to natural behavior as squirrels that were more active in the 
open-field trials also exhibited higher risk-taking behavior where they were trapped 
more often and at a larger number of locations on our study areas (Boon et al. 2008). 
Interestingly, females that were more active were less likely to survive to the follow-
ing year (Boon et al. 2008), but they produced faster growing offspring at least in 
some years (Boon et al. 2007), and there is also some evidence (though nonsignifi-
cant) that females that were more active produced pups that were more likely to 
survive to the following year when conspecific densities were elevated (Taylor et al. 
2014). Females that were more aggressive were more likely to produce offspring 
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that survived their first winter (Boon et al. 2007) especially when conspecific den-
sity was elevated (Taylor et  al. 2014). These studies suggested that females that 
were more active or aggressive had higher annual reproductive success, especially 
in some years or when density was high, but when assessing the association between 
female activity and aggression with lifespan and lifetime reproductive success 
(LRS; total number of pups produced), we found no significant association between 
female activity/aggression and lifespan or between activity and LRS but more 
aggressive females had higher LRS (Haines et al. 2020). Although we have not yet 
done similarly in-depth research on the effects of offspring activity/aggression on 
their survival as we have done for adult females, in a small sample size of juveniles 
(relative to our studies of adults), we found that more aggressive offspring were less 
to survive their first winter in one of two years (Martinig et al. 2021). We note that 
a consistent theme of this work is that the fitness consequences of variation in these 
behavioral traits seem to vary upon the study year (Boon et al. 2007; Taylor et al. 
2014; Haines et al. 2020; Martinig et al. 2021), likely due to the pronounced fluctua-
tions in food and density that squirrels experience.

Given that these behavioral traits seem to be linked to real-world behavior and 
fitness in our studies of adult red squirrels, we have focused on assessing the influ-
ence of mothers on offspring behavioral traits. First, we used a quantitative genetics 
approach to show that activity (h2 = 0.08, 95% CI = 0.03–0.19, n = 366 individuals), 
aggression (h2  =  0.12, 95% CI  =  0.03–0.22, n  =  366 individuals), and docility 
(h2 = 0.09, 95% CI = 0.05–0.19, n = 592 individuals) are slightly but significantly 
heritable (Taylor et al. 2012). Given that selection on these traits seems to fluctuate 
by year (see above), these low heritabilities relative to other studies on the heritabil-
ity of personality traits are not surprising (Taylor et al. 2012). Interestingly, we have 
also documented that these three behavioral traits experience significant maternal 
effects (m2 = 0.07–0.15) that are as large as the heritability estimates (Fig. 2; Taylor 
et al. 2012). This indicates that the mother can have as large of an impact on these 
behavioral traits as additive genetic effects. In particular, offspring activity and 
aggression experienced a positive maternal effects correlation (0.58), suggesting 
that some specific feature about the mother generated the positive association 
between these two behavioral traits in offspring (Taylor et al. 2012). Once again, 
this approach does not allow us to assess the mechanism by which the maternal 
phenotype or environment influences offspring, but it does indicate variation among 
mothers in their effects on offspring behavioral traits and the ability for the maternal 
phenotype to generate both more aggressive and more active offspring.

We next focused on how changes in maternal hormones impacted offspring 
behavior. There is a large body of literature in laboratory rodents illustrating the 
profound influence of maternal stress or increases in maternal GCs on offspring 
behavior (Weinstock 2008). We focused on how elevated maternal GCs impact off-
spring behavior given that we had previously shown that they respond to conspecific 
density and affect offspring growth (see above). To do so, we experimentally ele-
vated maternal GCs either during pregnancy or lactation. This caused a significant, 
but biologically realistic, elevation in circulating GCs over a 24  h period (van 
Kesteren et al. 2019). For example, in blood samples obtained within 3 min after a 
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squirrel entered a trap (true baseline samples), plasma cortisol levels in cortisol- 
treated squirrels (treated with 8 mg hydrocortisone per day: 611:45 ± 104:4 ng/mL) 
were 185% higher than control squirrels (treated with 0 mg hydrocortisone per day: 
214.5 ± 41.3 ng/mL; van Kesteren et al. 2019). These increases in circulating corti-
sol levels in red squirrels are similar to those obtained from control squirrels 60 min 
after we challenge them with adrenocorticotropin hormone that stimulates adrenal 
cortisol production (604.9 ± 93.6 ng/mL), indicating that our cortisol treatments 
simulated one stressful event. However, the true baseline cortisol levels of cortisol- 
treated squirrels drop back to being no different from those of controls about 24 h 
after treating them, so we provision females with these treatments once per day (van 
Kesteren et al. 2019).

Using this experimental paradigm, we found that weaned offspring from mothers 
treated with GCs during pregnancy did not differ in their activity (effect of treat-
ment: b = 0.03, 95% confidence interval = −0.78–0.84, P = 0.95) or aggression 
(b = 0.40, 95% confidence interval = −1.09–0.30, P = 0.28) compared to controls. 
However, weaned offspring produced by mothers with elevated GCs during lacta-
tion exhibited significantly higher activity levels compared to controls (b = 2.49, 
95% confidence interval  =  1.04–3.94, P  =  0.01), but there were no changes in 
aggression (b = −0.81, 95% confidence interval = −2.39–0.76, P = 0.33; Westrick 
et al. 2021). As in our studies of the effects of these maternal treatments on offspring 
growth, we found no sex-specific effects on offspring behavior (Fig.  3). These 
results indicate that changes in maternal GCs during pregnancy have no impacts on 
offspring activity and aggression, unlike many studies in laboratory rodents. Instead, 
some offspring behavior is affected by maternal GCs during lactation, and the sig-
nificant positive association between offspring activity and aggression that we have 
previously documented (Taylor et  al. 2012) does not appear to be influenced by 
maternal GCs as there was no evidence of a significant interaction between one of 
the behavioral variables and maternal treatment on the variation in the other behav-
ioral variable (Westrick et al. 2021).

 Offspring Physiology

Laboratory studies in rodents have illustrated how changes in the maternal pheno-
type (behavior, physiology, energetic state, etc.) or environment (exposure to stress-
ors, food availability, etc.) can exert substantial changes in offspring physiology. As 
noted above, much of this work has focused on the impacts of perinatal stress or 
changes in maternal GCs on offspring physiology (Harris and Seckl 2011), and we 
have developed a parallel research program that investigates these questions in wild 
red squirrels. We next focus on studies about how elevated maternal GCs impact 
offspring HPA axis physiology, markers of oxidative stress (protein damage and 
telomere lengths), and antioxidant levels (Dantzer et  al. 2020b; Westrick et  al. 
2021). We have focused on these responses because studies in laboratory rodents, 
humans, and other species indicate that offspring produced by mothers with 
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elevated GCs (or exposed to perinatal stress) can exhibit hyper-responsiveness to 
stressors (Harris and Seckl 2011) or oxidative imbalance characterized by reduced 
levels of antioxidants and/or increased oxidative damage to proteins or telomeres 
(Haussmann and Heidinger 2015). The latter was particularly important to us as we 
had been interested in understanding if there were costs to offspring for being pro-
duced by a mother experiencing perinatal stress or with elevated GCs (Haussmann 
et al. 2012; Entringer et al. 2013; Blaze et al. 2017; Send et al. 2017) or for exhibit-
ing faster somatic growth rates (Nussey et al. 2009; McLennan et al. 2016; Smith 
et al. 2016), all of which may carry some oxidative cost (e.g., reduced antioxidants, 
increased oxidative damage, shortened telomeres).

The HPA axis responsiveness of weaned offspring produced by female red squir-
rels treated with GCs either during pregnancy or lactation was first tested using a 
standardized HPA axis challenge procedure. An initial blood sample was obtained 
following capture of offspring, and then a second blood sample was obtained 
~60 min following an injection with dexamethasone, which binds to GC receptors 
in the brain and allows us to assess the ability to terminate the production of GCs 
(van Kesteren et al. 2019). Indeed, plasma cortisol levels in both juvenile and adult 
red squirrels are substantially lower than cortisol levels measured in this initial 
blood sample, which is elevated due to the effects of trapping and handling stress 
(van Kesteren et  al. 2019; Westrick et  al. 2021). This provided us with our first 
response variable to assess, the response to dexamethasone, which was defined as 
the percentage reduction in plasma cortisol levels from the initial blood sample to 
cortisol levels measured in the sample obtained 60 min after dexamethasone injec-
tion. We then obtained two more blood samples 30 and 60 min after injection of the 
same squirrels with adrenocorticotropin hormone (ACTH), which stimulates adre-
nal production of GCs (van Kesteren et al. 2019). To characterize HPA axis respon-
siveness, we estimated the area under the curve from cortisol levels measured in the 
blood sampled following dexamethasone injection to cortisol levels measured in the 
sample obtained 60 min following ACTH injection (Westrick et al. 2021). There 
was some evidence of sex-specific effects of maternal GC treatments, but overall, 
there were minimal effects on the HPA axis in offspring (Westrick et al. 2021). Both 
females and males from mothers treated with GCs during pregnancy (effect of treat-
ment: b = 5.34, 95% confidence interval = −12.48–23.16, P = 0.56) or lactation 
(b = −15.48, 95% confidence interval = −33.23–2.27, P = 0.11) had a similar HPA 
axis responsiveness to ACTH (area under the curve). For offspring from mothers 
treated during pregnancy, there was a significant interaction between treatment and 
sex on the response to dexamethasone (b  =  30.79, 95% confidence inter-
val = 9.01–52.57, P  =  0.01). Specifically, males but not females that were from 
mothers treated with GCs during pregnancy exhibited significantly lower plasma 
cortisol levels after the dexamethasone administration compared with males from 
control mothers, indicative of their ability to exert greater negative feedback on the 
HPA axis (b = −29.75, P = 0.002). In females from mothers treated during preg-
nancy, there was no difference in plasma cortisol levels following dexamethasone 
administration between those from mothers treated with GCs or controls (b = 1.04, 
P = 0.99). Similarly, there were no treatment effects on the ability of offspring to 
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exert negative feedback on the HPA axis in those from mothers treated with GCs 
during lactation (b = −3.44, 95% confidence interval = −27.40–20.51, P = 0.78), 
and there was no evidence of an interaction between sex of the offspring and mater-
nal treatment (b = 6.98, 95% confidence interval = −25.42–39.39, P = 0.68).

Similar to the relative lack of effects on experimental elevation of maternal GCs 
on offspring HPA axis dynamics, we have also found few impacts of maternal GCs 
on offspring oxidative damage and antioxidant levels. Offspring from mothers 
treated with GCs during pregnancy (P-values for effect of treatment were > 0.32) or 
lactation (P-values for effect of treatment were > 0.11) did not differ from controls 
in total antioxidant capacity or superoxide dismutase levels (antioxidants levels) or 
protein carbonyls (oxidative protein damage) in blood samples, liver, or heart tissue 
(Dantzer et al. 2020b). There was also no impact of our maternal GC treatments on 
telomere lengths in DNA obtained from liver tissue where offspring from mothers 
treated with GCs during pregnancy (effect of treatment: b = 0.42, t15.5, P = 0.65) or 
lactation (effect of treatment: b = 0.52, t11.3, P = 0.39) exhibited similar telomere 
lengths to those from control mothers (Dantzer et al. 2020a, b). There was also no 
association between offspring postnatal growth rates and oxidative damage in any 
of the three tissues or telomere length (P-values for effect of treatment were > 0.22). 
Together, these results suggest that while maternal GCs can modulate offspring 
growth rates, it seems to do so without carrying any oxidative cost. This was not due 
to selective disappearance of low-quality offspring (Dantzer et al. 2020b) but could 
be because increased maternal GCs (or altered maternal behavior caused by the 
elevation in maternal GCs) promoted the production of enzymes (such as telomer-
ase) that protect offspring telomeres from attrition (Beery et al. 2012; Blount et al. 
2016; Noguera et al. 2020). Interestingly, these results also provide little evidence 
of an oxidative cost of growing quickly early in life (Fig. 3).

 Offspring Survival

Most of the work described above has been focused on understanding how mothers 
influence offspring traits in such a way to make them better suited for the environ-
ment that offspring will encounter (i.e., adaptive plasticity induced by parental 
effects; Mousseau and Fox 1998; Badyaev and Uller 2009). However, we have also 
investigated more directly how specific attributes of maternal behavior may affect 
offspring survival. As indicated above, in most cases, offspring must acquire a terri-
tory prior to experiencing their first winter if they are to survive and “recruit” into 
the population (Larsen and Boutin 1994; Hendrix et al. 2020). We have previously 
found that mothers can increase the likelihood of offspring acquiring a territory and 
surviving their first winter through bequeathal, where mothers give a territory to 
their offspring (Price and Boutin 1993; Larsen and Boutin 1994; Berteaux and 
Boutin 2000; Lane et al. 2015). For most litters, offspring disperse away from their 
natal territory, but some mothers (on average ~19% of them per year; Lane et al. 
2015) leave the territory where they produced a litter of offspring (while offspring 
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are still present; Boutin et al. 1993) to acquire another territory that the mother then 
defends. Not all mothers exhibit bequeathal, but on average about 30.3% of females 
do so at least once in their lifetime (Lane et al. 2015). Mothers are more likely to 
bequeath their territory in anticipation of high food availability, usually reflecting an 
upcoming mast cone crop (effect of current year spruce cone abundance: b = 0.54, 
95% credible interval = 0.25–0.76; Lane et al. 2015). Older mothers are also slightly 
more likely to bequeath their territory (effect of age: b = 0.30, 95% credible inter-
val  =  0.03–0.54; Lane et  al. 2015). Interestingly, female red squirrels seem to 
acquire additional territories in anticipation of this possibility of bequeathal where 
they acquire vacant territories and then defend them up to 4 months before they have 
mated and up to 10  months prior to their offspring being weaned (Boutin et  al. 
2000). In an experimental study where the owners of territories adjacent to breeding 
females were permanently removed, Boutin et  al. (2000) showed that females 
started to produce territorial vocalizations on or near the suddenly vacant territories 
a few hours after the owner was removed. These same females that took over those 
territories also owned them in the following spring, but this was not by leaving their 
previous territory and moving to the one that was newly vacated. Instead, some of 
the females expanded their territories and now defended their original one along 
with the one that had been vacated through experimental removal of the previous 
owner. Interestingly, among removed females (all between 2 and 4 years old), only 
those with prior breeding experience (had previously produced a litter of offspring) 
exhibited this behavior, whereas inexperienced females (which had never produced 
offspring) did not (Boutin et  al. 2000). Among the females that acquired one of 
these additional territories, in most cases, an offspring settled on one of these 
acquired territories, suggesting that this served as type of anticipatory parental care 
where mothers preemptively accrued a resource for offspring up to 10  months 
before they would need it.

Territory bequeathal is beneficial to both offspring and mothers in terms of 
enhancing the number of offspring that survive their first winter (Berteaux and 
Boutin 2000) and enhances maternal reproductive success (Lane et  al. 2015). 
Specifically, overwinter survival of juveniles (from soon after birth to the following 
spring) is around 26%, whereas the overwinter survival of juveniles that were 
bequeathed a territory from their mother soon after they were born increased to 79% 
(Fig. 3; Lane et al. 2015). Female red squirrels that exhibited bequeathal also expe-
rienced appreciable increases in their reproductive success as the number of off-
spring they produced that survived to the following spring relative to others in the 
study population was 1.42 pups, whereas it was only 0.90 pups in females that did 
not exhibit bequeathal, resulting in a significant increase in their relative reproduc-
tive success (Lane et al. 2015). Interestingly, females that bequeathed their territory 
to their offspring did not exhibit a difference in their own overwinter survival com-
pared to females that did not bequeath, indicating that bequeathal increases female 
reproductive success without a reduction in their survival (Lane et al. 2015). Taken 
together, bequeathal behavior in red squirrels reflects postweaning parental care that 
is beneficial for both offspring (increases their survival over their first winter) and 
their mother (increases their relative reproductive success without a survival cost).
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Finally, we have also discovered that female red squirrels that are more attentive 
to their offspring (quantified as the latency to retrieve pups following nest distur-
bances) have higher lifetime reproductive success (Westrick et al. 2020). Here, life-
time reproductive success is estimated as the total number of offspring surviving 
their first winter (i.e., recruiting into the population). Mothers that exhibited more 
attentiveness toward their offspring (returned to their nest more quickly after nest 
disturbance) had significantly higher lifetime reproductive success (z  =  −2.09, 
P = 0.037; Westrick et al. 2021). Based upon the estimated lifetime reproductive 
success of females that survive to breeding age (1.54 pups, McAdam et al. 2007), 
the effect size we found here shows that females that returned right after the pups 
were replaced into the nest (very high levels of attentiveness) had about a 1 more 
pup added to their lifetime reproductive success, which is a ~165% increase 
(Westrick et al. 2021). This study added a new dimension to the maternal styles lit-
erature from primates, laboratory rodents, and domestic animals (described above) 
highlighting that not only is there substantial individual variation among mothers in 
how attentive they are toward offspring but that this has important fitness 
consequences.

6  Future Directions

Red squirrels have provided an opportunity to examine the influences of mothers on 
offspring in nature. There remain a number of unanswered questions engendered by 
our research outcomes, and we discuss only a few of these below. First, why is there 
individual variation in maternal attentiveness? Females that are more attentive have 
higher lifetime reproductive success, so why do some females exhibit consistently 
lower attentiveness? This could reflect maternal state or their resources on hand 
whereby females in a better state or with greater levels of resources exhibit higher 
levels of attentiveness and have higher fitness (sensu van Noordwijk and de Jong 
1986). Alternatively, high levels of attentiveness may be very costly for females if 
there is a nest predator (costly in that it may cause death), and so we might predict 
that younger females or those with higher residual reproductive value would exhibit 
lower attentiveness. Given that the number of nest predators at our study areas 
seems to vary by year (Studd et al. 2015), the costs and benefits of attentiveness may 
also vary by year, such as being more costly when nest predators are common. This 
would suggest the possibility of fluctuating selection acting upon maternal atten-
tiveness, which we have found evidence for acting on other behavioral traits in 
females (Boon et al. 2007; Taylor et al. 2014). To date, we have not studied the costs 
of high levels of maternal attentiveness or maternal investment in offspring in 
general.

Second, we have focused extensively on the impacts of maternal GCs on off-
spring growth, behavior, and physiology. This was purposeful given the profound 
impacts that changes in maternal GCs have on offspring in the laboratory (Weinstock 
2008; Harris and Seckl 2011; Haussmann and Heidinger 2015). Bringing it all 
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together, we showed that offspring from mothers treated with GCs during preg-
nancy exhibited significantly faster postnatal growth, but there was no change in 
their HPA axis or behavior and no evidence for some type of oxidative cost. By 
contrast, offspring from mothers treated with GCs during lactation grew signifi-
cantly slower and were more active, the HPA axis of males (but not females) exhib-
ited stronger negative feedback, and again there was no oxidative cost of being 
produced by a female with elevated GCs (Fig. 3).

At present, we do not know if changes in maternal GCs impact offspring traits 
(such as growth) through direct transmission of the GCs to offspring, changes in 
maternal behavior, or changes in offspring behavior (or some combination). We also 
have a narrow understanding of how other features of maternal physiology change 
in response to varying environmental conditions and how they impact offspring 
characteristics. Red squirrels in the Yukon experience substantial variation in food 
abundance, conspecific density, and predators (Dantzer et al. 2020a), but we know 
relatively little about the physiological or behavioral responses to these environ-
mental fluctuations besides how maternal GCs respond to changes in density. Thus, 
while we have documented that mothers influence offspring phenotypes (growth 
rates and behavior) and that maternal GCs may act as one mechanism of these 
changes in offspring growth, behavior, and physiology, our understanding of the 
mechanisms by which maternal phenotype or environment impacts offspring is still 
quite limited.

Finally, we have only scratched the surface for identifying how variation in nurs-
ing behavior, maternal care behaviors (e.g., offspring licking and grooming), or 
postweaning maternal care (bequeathal) impacts offspring characteristics and sur-
vival. This is largely because red squirrels, like most mammals, exhibit parental care 
mostly in secret while they are inside the nest. Whether or not our measure of mater-
nal attentiveness correlates with other measures of maternal care (e.g., nursing dura-
tion) is not known at this time. Future studies, perhaps using accelerometers (Studd 
et al. 2019; Siracusa et al. 2019) or more sophisticated bio-loggers (Gaidica and 
Dantzer 2020), may reveal some of the ways in which maternal behavior shapes 
offspring.

7  Conclusions

We have adopted an integrative framework using concepts and methods from physi-
ological ecology, behavioral neuroendocrinology, animal behavior, and evolution-
ary ecology to understand the causes and consequences of variation in maternal care 
in wild North American red squirrels. This has provided a few specific insights that 
can be compared to laboratory studies in rodents. First, aligned with studies in labo-
ratory rodents, mothers do exert a significant impact on the growth and behavior of 
their offspring. This is of course not surprising, but it is noticeable that these effects 
are significant in light of all of the other sources of variation that can impact off-
spring phenotypes in nature. Second, in contrast to laboratory studies in rodents, we 
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see few impacts of elevated maternal GCs on offspring behavior and HPA axis phys-
iology or on oxidative damage and antioxidants. These effects may be visible if we 
are able to sample offspring across a greater number of developmental stages or use 
more biomarkers of HPA axis responsiveness and oxidative damage or antioxidants. 
Third, our research program shows how mothers may induce adaptive plasticity in 
offspring traits that could prepare them for future environments. Specifically, moth-
ers with elevated GCs during pregnancy in response to increased conspecific densi-
ties produce faster growing offspring, which should increase offspring survival 
under high density conditions (Dantzer et al. 2013, 2020b). Additionally, mothers 
that are more attentive can lessen the trade-off between litter size and offspring 
growth rates, and those that are more attentive also exhibit higher lifetime reproduc-
tive success (Westrick et al. 2020). These studies provide a rare example from wild 
animals quantifying the fitness consequences of variation in maternal behavior and 
emphasize the need for laboratory studies to examine the ecological context in 
which offspring phenotypes are expressed if they are to suggest the valence of these 
impacts (i.e., adaptive or maladaptive; Sheriff et al. 2017). Doing so will require 
more work in species that experience fluctuating natural selection on offspring char-
acteristics where plasticity in maternal behavior or other traits may be beneficial. 
More importantly, our studies as a whole reflect the benefits of a research program 
that synergizes results from laboratory studies and tests them in wild animals where 
fitness is quantifiable.
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