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In many species, caring for young is essential for reproductive success because it 

increases offspring survival, development, and quality. However, parental care can be 

costly by increasing resource expenditure and mortality risk and decreasing likelihood of 

future reproduction. Therefore, animals are predicted to adjust their levels of caregiving 

based on both intrinsic (e.g., sex, physical ability) and extrinsic factors (e.g., season, 

social interactions). Within-family dynamics are particularly interesting because an 

animal’s level of care determined by intrinsic factors may be influenced by responses to 

the behaviors of mates, offspring, or siblings. In biparental species, an individual’s social 

environment includes not only offspring, which can manipulate parents to garner greater 

levels of care, but also its mate. Little is known about how interactions within biparental 

families affect parental behavior. Thus, I examined intrinsic and social influences on 

caregiving behavior and the consequences for offspring in a biparental mammal, the 

California mouse (Peromyscus californicus). The first study investigated sex as a factor 

by determining whether parent-offspring discrimination differs between mothers and 
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fathers. Throughout the pup-rearing period, I presented individual parents simultaneously 

with two mesh balls containing their own pup in one and an unrelated pup in the other.  

Although parents behaved similarly on individual test days, fathers showed significant 

changes in behaviors directed towards the non-kin ball over time, suggesting that fathers 

may show increased interest in unrelated young as their offspring become independent. In 

the second study, I examined parental behavior of both parents and offspring quality are 

affected by paternal age. Mothers mated to young fathers nursed pups more than those 

mated to old fathers; however, few other measures differed between families of old and 

young fathers. In the last study, I explored the effects of overlapping litters, in which 

subsequent litters are raised concurrently, on parent-offspring and sibling-sibling 

interactions and on offspring development.  
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Introduction 

Parental investment has been defined as any investment in current offspring that 

reduces an individual’s ability to invest in future offspring (Trivers, 1972). One form of 

parental investment is through parental care, which comprises behaviors and 

physiological processes that increase offspring fitness (Clutton-Brock, 1991). Parental 

care is found across many taxa, including insects, birds, reptiles, amphibians, and 

mammals, and can range from brooding eggs to behaviors directed at offspring after birth 

or hatching (Clutton-Brock, 1991; P. T. Smith, Kolliker, & Royle, 2012). Although 

parental care can improve the parent’s fitness, providing care can lead to increased need 

for resources and risk of injury or death. Whether or not parental care evolves depends on 

life history, environmental factors, capability to provide care, fitness benefits, and the 

ability of a genetic mutation promoting parental care to spread in a population (P. T. 

Smith et al., 2012).  

Biparental care systems, in which both mothers and fathers provide care to 

offspring, can reduce individual costs of rearing young, which may increase the parents’ 

lifetime reproductive success (Pilakouta, Hanlon, & Smiseth, 2018; P. T. Smith et al., 

2012; Woodroffe & Vincent, 1994) and, in some species, is necessary for offspring 

survival (Wittenberger & Tilson, 1980). In mammals, mothers must gestate and lactate, 

which eliminates the need for incubation and immediate food provisioning for offspring 

(Storey & Walsh, 2013). Consequently, paternal care (i.e., care of offspring by fathers) is 

less common than maternal care (i.e., care of offspring by mothers): only approximately 

5-10% of mammalian species display paternal behavior (Kleiman & Malcolm 1981). 
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Aside from parental care, alloparental care refers to care provided to non-

descendant young. Kin-selection theory predicts that individuals should behave 

altruistically according to their relatedness to the recipient (Hamilton, 1964). Consistent 

with this prediction, alloparents are often related to the young that they care for, such as 

siblings. In addition to inclusive fitness, benefits of being an alloparent can include 

gaining experience in caregiving behavior, increasing attractiveness to prospective mates, 

reciprocal altruism, and, in primates, exploitation of infants for social benefits (Riedman, 

1982; Stiver & Alonzo, 2011). 

Both intrinsic qualities of an individual and its environment can influence the 

amount and quality of care it provides to young. Intrinsic factors include physical 

condition and neuroendocrine mechanisms underlying parental and alloparental behavior. 

Sex (Caldwell, 2018; Jurkevich, Grossmann, Balthazart, & Viglietti-Panzica, 2001; 

Lonstein & De Vries, 2000), age (Angelier, Shaffer, Weimerskirch, & Chastel, 2006; 

Ottinger, 2010; Rogers, Rhemtulla, Ferrer, & Bales, 2018) and life history stage (Bridges, 

2016; Ziegler, 2000) may influence neuroendocrine processes, leading to variation in 

caregiving behavior across a population. Extrinsic factors that can influence caregiving 

include both abiotic (e.g., seasonal changes) and biotic (e.g., predation, food availability, 

social environment) variables.  

In this dissertation, I focus on interactions with conspecifics as an external factor 

affecting care. Parents and alloparents are predicted to adjust their caregiving according 

to the levels of care provided by other caregivers (Clutton-Brock, 1991; Harrison, Barta, 

Cuthill, & Székely, 2009; Johnstone & Hinde, 2006). In turn, offspring can influence the 
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amount of care they receive through cues, such as begging behavior and distress 

vocalizations, to indicate their needs. However, offspring may exploit these cues to 

receive additional care, leading to parent-offspring conflict (Trivers, 1974). Additionally, 

parents may manipulate older juveniles into remaining near the natal site and providing 

alloparental care to younger siblings (Trivers, 1974). 

Through caregiving behaviors, parents and alloparents can profoundly shape the 

physical and behavioral development of young. The internal and external environments 

can affect one another through early-life effects. In particular, the amount of care an 

infant receives can influence its neuroendocrine development and epigenome, leading to 

differential parental, exploratory, and anxiety-like behaviors in adulthood (Braun & 

Champagne, 2014; Caldji, Diorio, & Meaney, 2000; Champagne, 2008). Additionally, 

early-life stress can have profound effects on development and adult behavior (Bolton, 

Molet, Ivy, & Baram, 2017; Murgatroyd, Peña, Podda, Nestler, & Nephew, 2015). Thus, 

the interactions between intrinsic and extrinsic factors can have transgenerational effects 

on behavior and reproductive success. 

In mammals, many studies have focused on the presence of caregivers or 

manipulations of caregivers by the experimenters, leaving the role of spontaneously 

occurring social interactions relatively unexplored. Furthermore, studies that do examine 

the effects of social dynamics on caregiving have mostly been conducted in highly social 

mammals, such as primates and meerkats (Ahern, Hammock, & Young, 2010; English, 

2009; Harper, 1981; Rogers et al., 2018; Swartz & Rosenblum, 1981). This raises the 

question of how family dynamics influence caregiving in mammals that live in smaller 
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groups where, presumably, the only conspecifics that an infant encounters are its parents 

and siblings. 

 I used the California mouse as a model to identify variables that affect family 

dynamics (parent-offspring, parent-parent, and sibling-sibling interactions) and how these 

variables influence behavior and offspring outcomes in biparental mammals. California 

mice are socially monogamous both in the field and in the lab, and live in small family 

groups consisting of a mated pair and their offspring (Ribble & Salvioni, 1990). They are 

found in chaparral and woodlands along the coast from San Francisco to Baja California 

(McCabe & Blanchard, 1950; Merritt, 1978). Pairs breed throughout the year in the wild, 

with a birth peak in the winter, and litters typically comprise one to four pups (McCabe & 

Blanchard, 1950; Ribble, 1992b). Fathers display the same parental behaviors as mothers, 

with the exception of nursing (Gubernick & Alberts, 1987). Parental care has been 

studied extensively in the California mouse (Bales & Saltzman, 2016; Bester-Meredith, 

Burns, Conley, Mammarella, & Ng, 2017), but the intrinsic and extrinsic factors that 

influence care are understudied.  

My dissertation aims to provide insight into how various qualities of parents and 

offspring shape family dynamics, leading to potential consequences for offspring, in a 

biparental system. First, I investigate sex differences in parent-offspring discrimination 

between mothers and fathers. Then, I explore the effects of paternal age on biparental 

dynamics and offspring quality. Finally, I examine how raising overlapping litters affects 

parent-offspring and sibling-sibling interactions as well as offspring physiological and 
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behavioral development. Together, these studies contribute to our understanding of how 

intrinsic and social factors affect parental care and reproductive success in mammals. 
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Chapter 1 

Sex Differences in Offspring Discrimination in the Biparental California Mouse 

(Peromyscus californicus) 

 

Abstract 

Costs of parental care can include increased physical, physiological, and behavioral 

demands and reduced prospects for future reproduction. Therefore, animals may benefit 

from recognizing and discriminating their own offspring during the period of infant care 

to ensure that they provide care only to their own young. Differences in offspring 

discrimination between mothers and fathers may arise due to differences in the amount of 

parental care they provide. In mammals, mothers bear the costs of gestation and lactation, 

while fathers do not; therefore, we might expect that in mammal species in which both 

parents provide parental care, mothers will show greater levels of offspring 

discrimination than fathers. In the present study, we examined possible sex differences in 

offspring discrimination in the biparental, monogamous California mouse (Peromyscus 

californicus) across the lactational period. On postpartum days (PPD) 3, 7, 16, and 28, 

parents were housed individually in a test cage and presented simultaneously with two 

wire mesh balls, one containing their own pup and the other containing an unrelated pup. 

On individual test days, parents behaved similarly toward the two balls. Fathers, but not 

mothers, showed significant changes in latencies to approach and interact with the non-

kin ball across test days, but no clear pattern was observed. Fathers also approached the 

non-kin ball more frequently than mothers when pups reached weaning age (PPD 28). 
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Thus, fathers may show increased interest in unrelated young as their offspring become 

independent. 

 

1. Introduction 

Individual recognition of conspecifics can provide a basis for ongoing social 

interactions, such as altruistic behavior, pairbonding, social hierarchy, and territorial 

defense (Mateo 2004; Ophir 2017; Carlson et al. 2020). Often, this recognition involves 

differentiating between related and unrelated conspecifics, leading to kin discrimination. 

Although recognition and discrimination are often closely associated with one another, 

they differ in that recognition refers to cognitive and neural processes of categorizing 

other individuals, while discrimination refers to differential behavior towards individuals 

(Tang-Martinez 2001; Holmes 2004). Discriminatory behavior can be evidence of 

recognition, but the absence of differential behaviors toward others does not necessarily 

indicate a lack of recognition ability (Tang-Martinez 2001).  

For many species, parental care is an especially critical form of social interaction 

that may enhance offspring and, consequently, own fitness. Parental care is costly, as it 

can increase physical, physiological, and behavioral demands on an individual and reduce 

the prospects for future reproduction (Jönsson et al. 1998). Therefore, animals may 

benefit from recognizing and discriminating their own offspring during the period of 

post-natal care to ensure that only related infants receive care. Additionally, offspring 

recognition may prevent otherwise infanticidal adults from killing their own offspring 

(Huck et al. 1982).  
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Given the costs of parental care, we might expect that the sex that provides 

greater levels of care within a species will demonstrate greater levels of offspring 

discrimination. This has been observed in razorbills (Alca torda), in which fathers, the 

sole caregivers, discriminate between the calls of their own and unrelated chicks while 

mothers do not (Insley et al. 2003). Similarly, in species in which one sex experiences a 

greater risk of providing care to unrelated infants, that sex should be more discriminating 

in parental behavior. Ringler et al. (2016) observed that male brilliant-thighed poison 

frogs (Allobates femoralis) transport both related and unrelated tadpoles between pools of 

water, while females transport only their own tadpoles. The authors attributed this sex 

difference to the fact that males defend territories containing pools of water, and 

therefore, any tadpoles in a male’s territory are likely his own offspring, while females 

risk transporting unrelated tadpoles from any given pool (Ringler et al. 2016). 

Mammals provide a valuable taxon in which to investigate sex differences in offspring 

discrimination because they have an implicit, significant sex bias in parental costs: 

females must gestate and lactate while males do not. Thus, we expect that mammalian 

mothers experience greater costs than fathers of misidentifying young as their own, 

leading to sex differences in offspring-discrimination abilities (Holmes 1990). At a 

proximate level, social recognition, in at least sheep and rodents, is influenced by the 

neurohormone oxytocin, which rises dramatically in mothers during parturition and 

lactation (Bielsky and Young 2004). Fathers, too, can undergo changes in oxytocin 

signaling; however, these changes appear to be less pronounced and less consistent across 

species than those in mothers, and their functional significance is generally not known 
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(Saltzman and Ziegler 2014; Horrell et al. 2018). Therefore, the neuroendocrine changes 

that occur at the onset of motherhood in mammals may lead to differences in offspring-

discrimination abilities between mothers and fathers. 

In mammals, maternal discrimination of offspring has been observed in several 

taxa, including ungulates, primates, rodents, canids, pinnipeds, and bats (Halpin 1991; 

Keverne and Kendrick 1992; Solomon 1993; Hepper 1994; Maestripieri and Call 1996; 

Lévy et al. 2004; Kitchen and Knowlton 2006; Breed 2014; Padilla De La Torre et al. 

2016; Carlson et al. 2020). In contrast, offspring discrimination by mammalian fathers 

has been examined in rodents [e.g. house mice (Mus musculus), Ostermeyer & Elwood 

1983; Mak & Weiss 2010; striped mice (Rhabdomys pumilio), Pillay 2002; Brandt’s 

voles (Lasiopodomys brandtii), Li & Zhang 2010; prairie voles (Microtus ochrogaster), 

Phillips & Tang-Martinez 1998; mandarin voles (M. mandarinus), Wang & Tai 2012], 

primates (reviewed in Widdig 2007), and carnivores [spotted hyenas (Crocuta crocuta, 

Van Horn, Wahaj, & Holekamp 2004)]. This relative dearth of research on offspring 

discrimination by fathers is likely due to the fact that mothers in all mammalian species 

provide care for their offspring (i.e., maternal care), while only approximately 5-10% of 

species display systematic care by fathers (i.e., paternal care) (Kleiman and Malcolm 

1981).  

Several studies in rodents have directly compared offspring discrimination in 

mammalian mothers and fathers. A study in the biparental Brandt’s vole demonstrated 

that parents of both sexes were less aggressive towards familiar pups than unfamiliar 

pups, but only fathers were significantly more amicable to familiar pups, regardless of 
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genetic relatedness (Li and Zhang 2010). A study in the facultatively biparental house 

mouse found that both mothers and fathers sniffed and licked unrelated pups more than 

their own pups; no sex differences were observed (Ostermeyer and Elwood 1983). 

Similarly, Phillips and Tang-Martinez (1998) observed that biparental prairie vole dyads 

consisting of one parent and one offspring displayed more investigatory and less 

agonistic behavior than dyads consisting of an adult with unrelated young, but no effects 

of adult sex were observed (Phillips and Tang-Martinez 1998). 

Selection is predicted to favor the evolution of offspring discrimination by parents 

in polygamous and/or group-living species that have motile infants more than in 

monogamous and/or solitary species with altricial young (Gubernick 1981). Indeed, most 

observations of father-offspring recognition and discrimination in mammals have been in 

polygamous and/or highly social species in which fathers do not routinely provide care 

for their offspring (Pillay 2002; Widdig 2007; Li and Zhang 2010; Mak and Weiss 2010; 

Wang and Tai 2012). Furthermore, unlike mother-offspring discrimination, father-

offspring discrimination in mammals has often been examined in the context of 

infanticide or inbreeding rather than paternal care (Huck et al. 1982; Elwood 1994; Pillay 

2002, but see Mak and Weiss 2010). Given that paternal care in mammals is associated 

strongly, although not exclusively, with monogamy (Clutton-Brock 1991; Møller 2003), 

father-offspring discrimination might not be predicted to occur in a biparental mammal. 

Nonetheless, offspring discrimination by fathers has been observed in the monogamous 

and biparental prairie vole and in monogamous birds (Barg and Mumme 1994; Benedict 

2007) and reptiles (Main and Bull 1996). A complete understanding of the evolution and 
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ecology of offspring discrimination requires the assessment of species both that are and 

are not predicted to discriminate between their own offspring and those of conspecifics 

(Carlson et al. 2020).  

In this study, we examined parent-offspring discrimination across the parental 

care-giving period in a biparental, monogamous rodent, the California mouse 

(Peromyscus californicus). Females give birth to litters of 1-4 pups after a gestation of 

approximately 31-33 days, followed by postpartum estrus and a lactational period lasting 

approximately 28 days (Gubernick 1988; unpublished data). Paternal care consists of the 

same behaviors as maternal care (e.g., grooming, licking, retrieving, and warming pups) 

with the exception of nursing (Gubernick and Alberts 1987). However, mothers and 

fathers do not necessarily provide the same amounts of care throughout the lactational 

period: females devote more time to pup care than fathers during the first five days 

postpartum, with males gradually increasing the amount of care they provide during this 

period (Rosenfeld et al. 2013). Thereafter, the parents spend similar amounts of time in 

the nest and in physical contact with their pups, but fathers groom pups more than 

mothers, and mothers perform higher levels of anogenital licking than fathers starting 17 

days postpartum (Gubernick and Alberts 1987).  

Although offspring discrimination in this species has not been examined directly, 

Gubernick et al. (1994) observed that some fathers housed with their mate and offspring 

exhibit infanticidal behavior towards unfamiliar pups. On the other hand, in cross-

fostering experiments between California mice and a congeneric species, P. leucopus, 

Bester-Meredith and Marler (2001) found no differences in parental behavior between 
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animals caring for their own or foster pups. Pups in these studies were wiped clean of all 

scents and then coated with bedding from the foster parents before being introduced, to 

ensure their acceptance by foster parents (Bester-Meredith and Marler 2001, 2003, 2007, 

2012); however, the extent to which this procedure contributed to acceptance of foster 

pups is not stated. Thus, it remains unclear whether or not offspring discrimination occurs 

in this species. 

We tested the hypothesis that offspring discrimination differs between mothers 

and fathers and changes across the postpartum period in the California mouse. We 

predicted that both parents would discriminate between own and unrelated pups, that 

mothers would display higher levels of discrimination than fathers, and that parents 

would show greater levels of offspring discrimination once their pups become motile at 

approximately 16 days of age (Gubernick and Alberts 1987).  

 

2. Methods 

2.1. Animals -  

All animals in this study were descendants of California mice purchased from the 

Peromyscus Genetic Stock Center (University of South Carolina, Columbia, SC, USA) 

and were bred at the University of California, Riverside (UCR). Families (mated pair and 

offspring) were housed in polycarbonate cages (44 x 24 x 20 cm) with aspen shavings as 

bedding and cotton for nesting material. Animals were housed under a 14:10 light:dark 

cycle (lights on at 0500 h, lights off at 1900 h) at approximately 22°C. Food (Purina 5001 

Rodent Chow, LabDiet, Richmond, IN, USA) and water were provided ad lib. Cages 
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were checked twice daily for animal health and births, and bedding and water were 

changed weekly. 

All procedures were approved by the UCR Institutional Animal Care and Use 

Committee and complied with the Guide for the Care and Use of Laboratory Animals. 

UCR is accredited by the Association for the Assessment and Accreditation of 

Laboratory Animal Care (AAALAC).  

 

2.2. Experimental Design -  

Twelve breeding pairs (N=24 parents) were used. All tests were conducted when 

pairs were housed with their third litter. Each parent was tested for pup discrimination on 

postpartum days (PPD) 3, 7, 16, and 28 between 1300 and 1500 h. Pairmates were tested 

on the same day in randomized order.  

 

2.3. Discrimination Test -  

Mice were tested in a sound-reduced environmental chamber lit by a ceiling lamp. 

Tests were conducted in a clean polycarbonate cage, identical to the home cage, 

containing aspen shaving and cotton. Two stainless steel, wire mesh tea balls were 

suspended in opposite, diagonal corners of the cage from a transparent plastic cage lid 

(Fig. 1). Pups were placed in tea balls to ensure their safety in case a focal animal 

behaved aggressively as well as to prevent older pups from moving towards or away from 

the focal animal. For tests on PPD 3 and 7 we used balls that were 5.1 cm in diameter, 

and for tests on PPD 16 and 28 we used balls that were 7.6 cm in diameter. Clean cotton 
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was added to each tea ball to provide warmth for the pups and therefore to reduce pup 

vocalizations, as low temperatures increase vocalizations in rodent pups (Blumberg and 

Alberts 1990; Szentgyörgyi et al. 2008).  

At the beginning of each test, one parent was placed in the test cage for a 15-min 

habituation period. We then briefly removed the parent and placed a pup from the 

parent’s litter (“kin”) in one tea ball and an unrelated pup (“non-kin”) in the other ball. 

The two pups were born within two days of each other and were similar in size, although 

we did not weigh pups before each test. The locations of the two pups were randomized 

across tests. The parent was immediately returned to the test cage and allowed to explore 

the tea balls for 10 min before being reunited with its mate and offspring in its home 

cage. After the test, all animals were returned to their home cages. One hour later, the 

second parent was tested identically in a clean test cage with fresh cotton and bedding. 

When possible, different stimulus pups were used with the two parents on a given test 

day. We were unable to control whether the same non-kin stimulus pups were used across 

consecutive tests days. All trials were video-recorded using a GoPro Hero-6 camera 

(GoPro; San Mateo, California, USA) suspended above the test cage.  

 

2.4. Video Analysis -  

Videos were analyzed using TopScan tracking software (CleverSys, Reston, VA, USA) 

to track the movement of the parent throughout each trial. TopScan generated two 

concentric circular regions centered on each tea ball: a smaller arena with a radius of 

approximately one head length (25.4 mm) and a larger arena with a radius of 
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approximately one body length (101.6 mm); Fig. 1) (Merritt 1978). Time spent in the 

smaller arena was used an index of physical contact with or olfactory investigation of the 

stimulus (ball + pup), and time spent in the larger arena, but outside the smaller one, was 

used as an index of interest in the stimulus. TopScan logged each occasion on which the 

nose of the mouse entered each arena. The following behaviors were scored for each 

stimulus:  latency to approach (i.e., to enter the larger arena), latency to interact (i.e., to 

enter the smaller arena), duration of time spent in the larger arena, and duration of time 

spent in the smaller arena. We also recorded which stimulus the adult subject interacted 

with first. All videos were scored by a single observer who was blind to the identity of 

the test subjects and the location of the kin and non-kin pups. 

 

2.5. Data Analysis -  

The data were not normally distributed and variances were not homogeneous; 

therefore, we used nonparametric statistical tests. Data were analyzed using SPSS version 

24.0 (IBM 2016). For each time point we used exact Wilcoxon signed-rank and 

McNemar’s tests to compare behaviors between mothers and fathers and to compare 

behaviors directed towards the non-kin and kin balls. We used Friedman and Cochran’s 

Q tests to evaluate longitudinal changes in each behavior, both for each sex individually 

and for the sexes combined. Following significant tests, we performed post-hoc analyses 

using the method recommended by Sokal and Rohlf (1995) for Friedman tests and 

McNemar’s test for Cochran’s Q, respectively. We set alpha at 0.05 (two-tailed). 
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3. Results 

One mother died from dehydration on PPD 25 due to a faulty water bottle that was 

introduced five days prior to her death; thus, data from this animal and her mate were 

analyzed only for PPD 3, 7, and 16. Another female remained stationary during the entire 

test session on each of the four test days. Therefore, she and her mate were excluded from 

analyses of sex differences, and the female was also excluded from all other analyses. 

Finally, data from four tests (two from PPD7, one from PPD16, and one from PPD28) 

could not be used as a result of technical problems during testing. Final sample sizes are 

shown in Table 1. 

 When parents were placed in the test cage following introduction of the two 

stimuli, they typically approached and investigated one of the balls within 2 minutes. For 

the remainder of the test, most animals moved frequently between the two balls, spending 

most of their time sniffing the stimuli. Several animals handled the balls and appeared to 

try to remove the pups. However, this behavior did not occur frequently enough to be 

scored. 

 To determine whether the order of testing (i.e. whether the mother or father of a 

pair was tested first) had an effect on the parents’ behavior during the test, we performed 

exact Wilcoxon and McNemar’s tests comparing data from parents that were tested first 

and those tested second for each test day. On PPD 16, animals that were tested first had 

shorter latencies to approach the non-kin ball than animals that were tested second (T+ = 

40, p = 0.039). No other significant differences were found. 
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3.1. Responses to Kin vs. Non-Kin -  

When analyzed separately, neither mothers nor fathers showed differential behavioral 

responses to the kin and non-kin balls on any test day (Table 1). When data from mothers 

and fathers were pooled, however, the latency to approach the non-kin ball was 

significantly shorter than latency to approach the kin ball on PPD 16 (T+ = 162, p = 

0.033, Wilcoxon test). Similarly, parents were more likely to first approach the non-kin 

ball rather than the kin ball on PPD 16 (χ2 = 5.000, p = 0.025, McNemar’s test). No other 

significant differences between responses to the two balls were observed using the 

combined data from both parents (Table 1). 

 

3.2. Sex Differences -  

No significant sex differences were observed in any behaviors on PPD 3, 7, or 16 (Table 

1). On PPD 28, fathers entered the larger arena around the non-kin ball sooner (T+ = 34, 

p = 0.023, Wilcoxon test) and more frequently than mothers (T+ = 34, p = 0.023, 

Wilcoxon test). No other significant differences between mothers and fathers were 

observed on PPD 28 (Table 1). 

 

3.3. Longitudinal Changes -  

Fathers showed a significant change in latency to approach (χ2 = 8.696, p = 

0.034) and interact with (χ2 = 10.050, p = 0.018) the non-kin ball. These latencies were 

lowest on PPD 7 and 16 compared to PPD 3 and 28; however, post-hoc analyses did not 

yield any significant pairwise comparisons for either variable. A significant longitudinal 
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change was also found in which ball the fathers approached first (Q = 10.111, p = 0.018, 

Cochran’s Q): more fathers approached the unrelated pup first on PPD 7 than on PPD 3 

(χ2 = 0.750, p = 0.028, McNemar’s test). No changes across test days were observed in 

mothers. 

When we analyzed mothers and fathers together, we found a significant change in 

latency to approach (χ2 = 14.493 p = 0.002, Friedman test) and latency to interact with 

(χ2 = 12.200, p = 0.007) the ball containing the non-kin pup. Animals approached and 

interacted with the non-kin ball earliest on PPD 16 compared to the other test days, but 

post-hoc analyses for the latency to approach did not yield any significant pairwise 

comparisons. Examining the latency to interact, we observed that on PPD 28, animals 

took significantly longer to interact with the ball containing the non-kin pup than they did 

on PPD 16 (U = 193, p < 0.005; Fig. 2) but not on PPD 3 or 7. 

Significant longitudinal changes were also observed in which stimulus the parents 

interacted with first (Q = 9.000, p = 0.029, Cochran’s Q). Pairwise comparisons revealed 

that more animals interacted with the non-kin ball first on PPD 16 than on PPD 3 (χ2 = -

0.500, p = 0.044, NcNemar’s test, Fig. 3). Significant changes over time were not 

observed for any other measure with the pooled data set from mothers and fathers. 

 

4. Discussion 

In this study we tested the hypothesis that California mouse parents discriminate 

their own offspring from unrelated young, and that mothers display greater levels of 

offspring discrimination than fathers. Overall, we observed no sex differences in behavior 
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towards either pup-containing tea ball on individual test days. Fathers, but not mothers, 

displayed significant longitudinal changes in behaviors directed towards the non-kin ball, 

but these changes did not follow a consistent pattern.  

 

4.1. Offspring Discrimination in California Mice -  

On postpartum day 16, parents approached the ball containing an unfamiliar pup sooner 

than the ball containing their own pup and, correspondingly, were more likely to 

approach the non-kin ball first. However, no other significant differences were found in 

behaviors directed towards the two balls, suggesting that offspring discrimination is not 

pronounced in California mice. This result might be explained by the natural history of 

our study species. California mice are highly territorial and monogamous, although 

extrapair copulation may occasionally occur (Gubernick and Nordby 1993). The 

differences in behavior toward kin and non-kin on day 16 coincide with the increase in 

pup motility at that age (Gubernick and Alberts 1987). However, under natural 

conditions, pups do not disperse from the natal home range until approximately 35 days 

of age (Ribble 1992). Therefore, our results are consistent with Gubernick’s (1981) 

hypothesis that offspring discrimination is more likely to evolve in highly social, 

polygamous species with motile young than in monogamous, territorial species with 

immotile young. 

We did not assess pup recognition per se in this study, which leaves open the 

possibility for offspring recognition without display of offspring discrimination. Our test 

subjects might not have been motivated to behave differently towards the two pups 
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because we used a relatively small experimental setup; the two balls were close to each 

other, allowing animals to move easily between them. Additionally, we did not allow the 

animals to physically interact with the pups. Permitting the parents to have physical 

contact with the stimulus pups and measuring more nuanced behavioral variables might 

reveal subtle differences in how adults respond to their own vs. unrelated pups. 

Moreover, for logistical reasons, we were not able to account for the sexes of either kin or 

non-kin pups. Therefore, we cannot determine whether or to what extent the parents’ 

behavior was affected by the pups’ sexes. Finally, we note that our sample sizes were 

relatively small, especially by PPD 28, which reduced our statistical power to detect 

offspring discrimination. 

 

4.2. Longitudinal Changes in Parents’ Responses to Pups -  

We found significant longitudinal changes in the latency to approach and interact with 

the non-kin ball and in which stimulus the animals interacted with first: when mothers 

and fathers were analyzed together, they had shorter latencies to approach and interact 

with the non-kin ball on PPD 16 compared to the other three test days. Additionally, 

more parents interacted with the non-kin ball before the kin ball on PPD 16 than on PPD 

3. The same three longitudinal patterns were observed in fathers alone, but not in mothers 

alone. 

These longitudinal changes might suggest that California mouse fathers become more 

interested in investigating non-kin pups over time. Previous studies in prairie voles and 

cooperatively breeding Belding’s ground squirrels (Spermophilus beldingi) found that 
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mothers discriminate between own and unrelated weanlings, but not between own and 

unrelated younger pups (Holmes and Sherman 1982; Hayes et al. 2004). However, we 

observed that data from PPD 16, but not PPD 28 (i.e., age of weaning), differ from those 

on other days. It is unclear why the results from PPD 28 did not differ from those of 

earlier test days. 

It is possible that increasing discrimination between own and unrelated offspring 

across the developmental period might not be adaptive per se but might simply reflect an 

increase in parents’ ability to discriminate between offspring, if, for example, individual 

differences in offspring vocalizations or odors emerge with age (Beecher et al. 1981; 

Jovanovic et al. 2000; Mateo 2006). Prior to weaning, California mouse pups spend 

virtually all their time attached to the mother’s nipples, at least in a lab setting, which 

might eliminate the parents’ ability to discriminate among individual pups. We also 

cannot discount the possibility that increased interest in the non-kin pup over time was 

related to the novelty of the pup, rather than to social or parental motivation. Rodents are 

attracted to novelty (Mitchell 1976), which may explain why all significant results in this 

study involved behaviors directed towards the non-kin ball. 

Another possible explanation for the longitudinal changes we observed is related 

to territorial defense and/or parental aggression in California mice. In this species, males 

and females defend territory from intruders, and both pairmates display similar levels of 

aggress ion, regardless of intruder sex (Ribble and Salvioni 1990; Rieger and Marler 

2018; Rieger et al. 2019). Possibly, parents in this study approached unrelated pups 



 

 
 

35 

sooner on later test days because the older pups were perceived as potentially infanticidal 

intruders. 

An important caveat is that parents in our study were often tested with pups from 

the same unrelated litter across test days due to constraints on animal availability. 

Therefore, parents likely encountered the same non-kin pup during multiple 10-minute 

tests, which would have reduced the novelty of these pups. Unfortunately, we were not 

able to statistically compare responses to non-kin pups on the first versus subsequent 

encounters because we were unable to identify individual pups over the course of the 

study. Moreover, because almost all parents were exposed to pups from the same non-kin 

litter in multiple tests, sample sizes for these analyses would have been insufficient. 

 

4.3. Sex Differences in Parents’ Responses to Pups -  

In biparental species, sex differences in the types and amount of parental care 

provided and in the neuroendocrine processes that mediate social recognition might lead 

to differences in offspring discrimination between mothers and fathers. However, we 

found little evidence for sex differences in offspring discrimination on individual test 

days. Behavior differed between mothers and fathers only on PPD 28, when fathers 

approached the ball containing the non-kin pup sooner and more frequently than did 

mothers. Thus, fathers appeared to be more attracted to non-kin pups than mothers when 

their offspring reached the age of weaning.  

As described above, fathers, but not mothers, showed a decrease in latency to 

approach the non-kin ball over time, as well as an increase in likelihood of approaching 
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the non-kin ball first. Male rats and house mice display more social investigation (Thor 

1980; Karlsson et al. 2015), as well as more pronounced habituation to novelty (i.e. 

greater decline in investigatory behavior over multiple exposures), compared to females 

(Frick and Gresack 2003; Reeb and Tang 2005). On the other hand, Agarwal et al. (2020) 

observed that female California mice have greater object recognition memory than males 

and that this sex difference is most apparent when the two stimulus objects are similar 

(Agarwal et al. 2020). Thus, the differences we observed between mothers’ and fathers’ 

responses to kin and non-kin over time might reflect sex differences in recognition of and 

attraction to stimuli.  

In summary, adult California mice showed relatively few differences in their 

behavioral responses to their own and unfamiliar pups. In the second half of the 

lactational period, however, fathers showed greater interest in or attraction to unrelated 

pups than to their own offspring, whereas no such pattern was seen in mothers. These 

findings contrast with our prediction that offspring discrimination would be more 

pronounced in mothers than in fathers. However, our results are consistent with our 

expectation that parents display more discrimination during the latter part of the 

lactational period than earlier. The mechanisms underlying these sex- and time-dependent 

changes in offspring discrimination, possibly including experiential, neuroendocrine, and 

sensory changes, await further study. 
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 Figure 1.1. Photograph of test setup showing the test subject (parent) in the center of the 
cage and two wire mesh tea balls suspended from the cage lid in opposite corners, with 
each ball containing cotton and a kin (offspring) or non-kin pup. Computer-generated 
circles around each tea ball indicate the smaller and larger regions created in TopScan as 
proxies for interaction with and interest in the stimuli, respectively. 
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Figure 1.2. Latency to interact with the kin and non-kin ball by California mouse parents 
(mothers and fathers combined). Circles represent individual animals and bars represent 
medians. Mice had significantly higher latency to approach the ball containing the non-
kin pup on PPD 28 than on PPD 16 (p < 0.005). Data were used only from mice that had 
data available from all four test days (n = 7 mothers, 8 fathers). 
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Figure 1.3. Proportion of California mouse parents (mothers and fathers combined) that 
approached the kin and non-kin ball first. Number inside each bar indicates the number of 
animals that approached the respective ball first. Significantly more animals approached 
the non-kin ball before the kin ball on PPD 16 than on PPD 3 (p = 0.044). Data were used 
only from mice that had data available from all four test days (n = 6 mothers, 8 fathers). 
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Chapter 2 

Effects of age at first fatherhood on parental behavior and offspring outcomes in the 

biparental California mouse 

 

Abstract 

According to life history theory, older animals should invest more in current 

reproduction than younger animals because the likelihood of future reproduction 

decreases with age. Therefore, older parents may provide more and/or higher-quality 

parental care than younger parents. However, the ability of older animals to provide 

parental care may decline due to physiological senescence. We examined how fathers’ 

age at first paternity affects biparental care and offspring in the biparental California 

mouse (Peromyscus californicus). We paired reproductively naïve males with 7-month-

old females in either early (4 months) or late (16 months) adulthood. Age did not affect 

males’ responses to unfamiliar pups shortly before pairing, days from pairing until 

parturition, litter composition, or pup development. We also compared fathers’ behavior 

in an open field before and after the introduction of a pup into the arena. When alone, old 

fathers travelled longer distances than young fathers, but no age effects were observed in 

behavior towards pups. In observations of undisturbed families in their home cages, we 

found few differences in parental and non-parental behaviors between old and young 

fathers and their mates. However, mates of young males nursed their pups more than 

those of old males. Our results suggest little effect of age on paternal behavior in both 

sexually naïve and breeding males, within the age range studied.  
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1. Introduction 

Life history theory predicts that in iteroparous species, older individuals should 

invest more in current reproduction than younger individuals due to the decline in 

residual reproductive value with age; as organisms age, the likelihood of future 

reproduction decreases (Fisher, 1930). In many species, one form of investment in 

current reproductive effort is parental care (Clutton-Brock, 1991). Thus, older parents are 

predicted to display more and/or higher-quality parental care towards offspring than 

younger parents. However, physiological senescence due to advanced age may negatively 

affect neuroendocrine processes underlying parental care as well as the physical 

capability to provide care (Lemaître & Gaillard, 2017). For example, older animals may 

be less efficient foragers than younger animals (Lecomte et al., 2010) or have impaired 

immune function due to age (Vleck, Vleck, & Palacios, 2011), potentially hindering older 

parents’ ability to care for offspring. 

Previous studies comparing caregiving behaviors of old and young parents have 

yielded conflicting results. One potential reason is that these studies have often compared 

older animals that have previously bred to younger, first-time parents, such that age is 

confounded with parity and experience (Benowitz, Head, Williams, Moore, & Royle, 

2013; Cameron et al., 2000; Ericsson, Wallin, Ball, & Broberg, 2001; Reale & Bousses, 

1995; Sasvári, Hegyi, Csörgõ, & Hahn, 2000; Wilcoxen, Boughton, & Schoech, 2010). 

However, studies that controlled for parity have generally supported the prediction that 

older parents provide greater amounts of care than younger parents. For example, in a 
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study of Mongolian gerbils (Meriones unguiculatus), older mothers were more likely to 

retrieve and spend time nursing or in physical contact with their offspring, associated 

with faster pup growth, compared to younger mothers (Clark, Moghaddas, & Galef, 

2002). Similarly, in the biparental (i.e., both parents provide care to offspring) burying 

beetle (Nicrophorus vespilloides), older mothers provide longer total durations of care 

during acute observations compared to younger mothers (Houslay, Kitchener, & Royle, 

2020). In the same species, older fathers were found to continue care until offspring were 

older, compared to younger fathers (Benowitz et al., 2013). 

The ages of both parents can influence not only the quality and amount of parental 

care but also the survival and quality of offspring. These effects may be sex-biased, with 

the age of one parent having a greater impact than that of the other (Angell, Janacek, & 

Rundle, 2022; Cholewa et al., 2021; Fay, Barbraud, Delord, & Weimerskirch, 2016; 

Lemaître & Gaillard, 2017; Sparkman et al., n.d.; Tidière et al., 2018). For example, in 

biparental species, the amount of investment by one parent may be influenced by the 

perceived attractiveness of its mate (Burley, 1988). In species in which females prefer 

older mates, mothers mated to older males might provide more parental care than those 

mated to younger males (Johnson & Gemmell, 2012; Monaghan, Maklakov, & Metcalfe, 

2020). Moreover, mothers may behave more maternally to compensate if their mates 

provide inadequate care (reviewed in Houston, Székely, & McNamara, 2005). Therefore, 

if paternal age influences paternal care and/or attractiveness of fathers, we may expect 

mothers to alter their care of offspring depending on their mate’s age. However, the 
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effects of paternal age on parental behavior and reproductive outcomes have received 

little attention, especially in mammals (Roff, 1992).  

To further our understanding of age effects in mammalian fathers, we examined 

how fathers’ age at first reproduction affects biparental care and offspring outcomes in 

the California mouse (Peromyscus californicus). This species is socially monogamous in 

both captive and wild settings (Gubernick, 1988; Gubernick & Addington, 1994; 

Gubernick & Nordby, 1993), and mothers and fathers provide the same caregiving 

behaviors, except that only mothers nurse young (Gubernick & Alberts, 1987; Ribble, 

1991). We hypothesized that although older fathers would produce pups that are lower in 

quality when young, old fathers would provide more paternal care than young fathers, 

resulting in equal pup quality between old and young fathers. However, testosterone 

influences paternal behavior in California mice (Trainor & Marler, 2001), and its 

production declines with age in rodents (Hardy & Schlegel, 2004). Therefore, it is 

possible that older fathers may instead provide less care than younger fathers. 

 

2. Methods 

2.1. Animals –  

All animals were descended from California mice purchased from the Peromyscus 

Genetic Stock Center (University of South Carolina, Columbia, SC, USA) and were bred 

and housed at the University of California, Riverside (UCR). Mice were housed in 

polycarbonate cages (44 x 24 x 20 cm) under a 14:10 light:dark cycle (lights on at 05:00 

h, lights off at 19:00 h) at approximately 22°C and 60-70% humidity. Aspen shavings 
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and cotton were used for bedding and nesting material, respectively. Animals were 

provided food (Purina 5001 Rodent Chow, LabDiet, Richmond, IN, USA) and water ad 

lib. Animal health and births were checked twice each day, and cages were changed 

weekly.  

Mice were removed from their natal families at 27-31 days of age, prior to the 

birth of younger siblings, and housed in groups of 2-4 same-sex animals until they were 

paired with a mate. In the wild, California mice can live at least 18 months, and 

approximately 40% of animals survive past their first year (McCabe & Blanchard, 1950; 

Merritt, 1978; Ribble, 1992b). Sexual maturity occurs by 3 months (Gubernick, 1988; 

Gubernick & Laskin, 1994; Gubernick & Nordby, 1992), but wild animals typically do 

not breed until approximately 8 months (Ribble, 1990). Therefore, we randomly assigned 

males to be paired with females at either 16 months (old males) or 4 months of age 

(young males). When they reached the appropriate ages, males were pair-housed with a 

female (~ 7 months of age) to whom they were no more closely related than first cousins. 

Males were weighed immediately before pairing, and all animals were subsequently 

weighed twice per week until parturition to monitor pregnancy in females and to 

habituate the animals to handling. A total of 49 pairs (24 old-male and 25 young-male) 

were formed. A timeline of the experimental design is provided in Figure 1. 

 

2.2. Parental-behavior Test –  

One week before forming breeding pairs, we tested each male’s response to an 

unfamiliar pup between 10:00 and 12:00h. First, the male was placed in a clean cage 
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identical to the home cage, containing a thin layer of fresh bedding, for a 15-minute 

habituation period, after which an unrelated, 2- to 5-day-old pup was introduced into the 

cage. The animals were observed and video-recorded for 1 hour unless the pup was 

attacked, in which case the test was terminated immediately and the pup was euthanized. 

Animals were returned to their home cages after the test. A trained observer, blind to 

condition (i.e., old versus young), used Behavioral Observation Research Interactive 

Software (BORIS, Friard & Gamba, 2016) to score the latency to approach the pup, 

latency to initiate parental behavior (i.e. grooming, huddling over, or carrying the pup), 

and durations of huddling over the pup, licking/grooming the pup, nestbuilding, general 

locomotion, autogrooming, and inactivity. 

 

2.3. Postpartum Behavioral Observations –  

Starting on the second day after the birth of the first litter (postpartum day [PPD] 

2), we video-recorded each family under undisturbed conditions in their home cage three 

times per week until the pups reached weaning age (PPD 28). Each week, families were 

recorded for 4 h once at each of three times of day: 10:00 – 14:00h (lights on), 17:00 – 

21:00h (transition from lights on to lights off), and 03:00 – 07:00h (transition from lights 

off to lights on). For observations during the dark phase of the light cycle, a red lamp was 

placed at each end of the cage for illumination. 

Behaviors of both parents were scored by trained observers who were blind to the 

male’s age group, using instantaneous sampling in BORIS. Approximately one third of 

the videos were scored at 15-minute intervals; however, for logistical reasons, we scored 
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the remaining videos at 20-minute intervals. To account for this difference in sampling 

frequency, we analyzed the data as percent of total scan samples. At each scan, we 

recorded which of the following behaviors each parent was engaged in: passive nursing 

(mothers only), huddling over at least one pup (fathers only), grooming pups, 

nestbuilding, retrieving pups, in physical contact with at least one pup (excluding passive 

nursing, grooming, huddling, and retrieving), locomotion, eating, drinking, jumping, 

resting, autogrooming, or in physical contact with the mate but not pups. All behaviors, 

with the exception of the pairmates being in physical contact with each other, were 

scored as mutually exclusive. We scored mothers as “passive nursing” if any pups’ faces 

were in contact with the mother’s ventrum without her engaging in other behaviors; 

however, we recognize that the pups may have been attached to and possibly nursing 

from their mother while she performed other scored behaviors. In this species, pups 

tenaciously attach themselves to their mother’s nipples and are not easily dislodged, even 

while she is moving (Gilbert, 1995). 

 

2.4. Open-field Pup Test –  

The open-field test takes advantage of rodents’ aversion to open spaces and is a 

common method for measuring anxiety-like behavior (Ohl, 2003). By combining the 

open-field and parental-behavior tests, we can assess both anxiety-like behavior and 

responses to a pup under anxiogenic conditions (Perea-Rodriguez, Zhao, Harris, 

Raqueno, & Saltzman, 2018).  



 

 
 

56 

On PPD 11, between 10:00 and 12:00, a father was placed in an acrylic open-field 

arena (1m x 1m x 0.4m), illuminated from above by two lamps at 1400 lx (Perea-

Rodriguez et al., 2018), for 10 minutes. A 2- to 5-day-old unfamiliar pup was then placed 

in the center of the open field for an additional 10 minutes; the test was terminated 

immediately if the pup was attacked. Both portions of the test were video recorded from 

above. For the first half of the test, the duration of time the animal spent in the center 

50% of the field, the duration of time spent along the edges (i.e., outer 50%) of the field, 

the number of entries into and out of the center, and total distance traveled were scored 

using TopScan video-tracking software (CleverSys, Reston, VA, USA). For the second 

half of the test, latency to approach the pup, latency to contact the pup, and durations of 

contact with the pup, huddling over the pup, carrying the pup, inactivity, and general 

movement were scored by a trained observer, blind to paternal age, using BORIS. 

 

2.5. Pup Development –  

To compare pup development between litters from old and young fathers, pups 

were weighed once per week at 6- to 7- day intervals from PPD 3 through PPD 28 

(weaning age). On PPD 28, we also characterized body composition (lean and fat mass) 

using MRI (EchoMRI-100, Echo Medical Systems, Houston, TX, USA; Zhao et al., 

2017). This is a non-invasive procedure that does not require sedation or anesthesia and 

lasts approximately 2 minutes. Starting at PPD 11, pups were checked daily for eye 

opening. 

 



 

 
 

57 

2.6. Analysis –  

Due to technical issues, approximately one quarter of the home-cage observations 

could not be scored. We accounted for this by performing multiple imputation by 

predictive mean matching based on male age and observation week using the mice (van 

Buuren & Groothuis-Oudshoorn, 2011) and miceadds (Robitzsch, Grund, Henke, & 

Robitzsch, 2017) packages in R (v.4.2.3, R Core Team, 2023). For the postpartum period, 

we compared home-cage behavior of both parents between old-male and young-male 

pairs using generalized linear mixed models (GLMM) using the glmmtmb (Brooks et al., 

2017) package in R . We chose beta regression GLMMs because our data consisted of 

proportions between 0 and 1. To account for the zeros in our data from animals that were 

not observed performing a given behavior during a particular observation period, we 

included zero-inflated components in our models. For all models, we included male age 

and week of observation as fixed effects and pair ID as a random effect. We verified 

model fit, normality of residuals, and heterogeneity of variances using the DHARMa 

package in R (Hartig & Hartig, 2017). Post-hoc analyses were performed using ANOVAs 

and pairwise comparisons from the car package (Fox & Weisberg, 2011). Data from 

mothers and fathers were analyzed separately, as were data from the 17:00 – 21:00h 

(transition from lights on to lights off) and 03:00 – 07:00h (transition from lights off to 

lights on) observation periods. When scoring the observations conducted at 10:00 – 

14:00h, we noticed that most animals spent nearly the entire period resting. We therefore 

excluded these observations from our analyses. 
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We compared offspring survival and development between old-male and young-

male pairs using Mann-Whitney U tests. We also used Mann-Whitney tests to compare 

behavior of old and young males in the parental-behavior tests and the open-field pup 

test. To compare the body masses of old and young males prior to being paired with a 

mate, we transformed the data logarithmically to achieve normality and performed an 

independent samples t-test. All statistical analyses were interpreted using a critical P 

value of 0.05 (2-tailed). 

 

3. Results 

3.1. Male Body Mass 

 Immediately before being paired with females, old males (log body mass, 1.72 ± 

0.02g) had significantly higher body mass than young males (log body mass, 1.59 ± 

0.09g , t-test, T = 4.867, p < 0.001). We did not weigh fathers following the birth of their 

offspring to avoid handling animals more than necessary (Fig. 2). 

 

3.2. Reproductive Outcomes 

 Eighteen of the 24 old-male and 18 of the 25 young-male pairs produced pups 

within 40 days after being paired. In three old-male pairs and 6 young-male pairs, the 

entire first litter died within the first week after parturition with no obvious cause of 

death. Of the pairs that produced a litter, 15 old-male pairs and 15 young-male pairs 

produced a second litter. The entire second litters of four old-male pairs and two young-

male pairs died within the first week after parturition with no apparent cause of death. We 
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did not find any significant differences between old-male and young-male pairs in the 

timing from pairing to the birth of the first litter, pup survival past the first week in either 

the first or the second litter, size of either litter, interbirth interval, or litter sex ratio of 

first litters (Mann-Whitney U tests, Table 1). We did not determine the sexes of pups in 

second litters. 

 

3.3. Pup Development 

 We performed nested ANOVAS to analyze pups’ weekly body mass across the 4-

week pup-rearing period as well as fat and lean mass at weaning age. The proportion of 

male pups in each litter was used as a covariate because in this species, female pups tend 

to weigh more than male pups (Cantoni, Glaizot, & Brown, 1999). On PPD 28, per-pup 

body mass was significantly higher in litters of old fathers than those of young fathers (F 

= 4.59, p = 0.037); however, this difference was no longer significant when corrected for 

the proportion of male pups (F = 2.47, p = 0.095). Finally, all pups within a litter opened 

their eyes on the same day, and age at which the pups first opened their eyes did not 

differ between pups of old and young males (Table 2). 

 

3.4. Parental-behavior Test 

 In the parental-behavior tests, conducted one week prior to pair formation, the 

proportion of males that performed parental behavior, attacked the pup, or neither did not 

differ significantly between old and young males (Chi-square, p > 0.05). Thirteen of the 

24 sexually naive old males performed parental behavior (i.e., huddling, licking, and/or 
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nest building), 6 attacked the pup, and 5 performed neither parental nor aggressive 

behavior. Among the 25 sexually naive young males, 12 responded parentally, 3 attacked, 

and 10 were neither parental nor aggressive.  

 Old and young males did not differ significantly in their latencies to touch or 

initiate parental behavior towards the pup, although old males tended to sniff the pup 

more quickly than young males (Mann-Whitney, U = 395.50, p = 0.056; Table 3). The 

two groups also did not differ in the duration of any pup-directed behaviors or in the total 

time spent in parental behavior. Young males spent more time resting without any 

movement than old males (Mann-Whitney, U = 422.00, p = 0.015, Table 3); no other 

non-pup-directed behaviors differed between the groups. 

 

3.5. Open-field Pup Test 

 In the first 10 minutes of the open-field pup test (PPD 11), prior to introduction of 

the pup, old fathers traveled longer distances in both the outer half (Mann-Whitney, U = 

56.00, p = 0.011) and the center half (Mann-Whitney, U = 59.00, p = 0.016) of the arena. 

Old and young fathers did not differ in the duration of time spent in either the outer or 

center half. We found no significant differences between age groups in either pup-

directed or non-pup-directed behavior during the second half of the test, following 

introduction of the pup (Table 4). 
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3.6. Home-cage Behaviors 

 At 17:00 – 21:00h (transition from lights on to lights off), we observed significant 

effects of postpartum week (Type III Wald χ2 test, χ2 = 18.77, p < 0.001) and a significant 

interaction between postpartum week and paternal age (Type III Wald χ2 test, χ2 = 12.73, 

p = 0.005) in the number of scan samples in which fathers huddled over their pups (Fig. 

3). Young fathers, but not old fathers, huddled over pups more often during postpartum 

week 1 than during postpartum weeks 3 (Tukey HSD, p = 0.030) and 4 (Tukey HSD, p = 

0.002). During postpartum week 2, old fathers huddled over pups more frequently than 

old (Tukey HSD, p = 0.008) or young fathers during postpartum week 4 (Tukey HSD, p 

= 0.006). Among mothers, mates of young fathers showed a non-significant tendency to 

eat more than mates of old fathers (Type III Wald χ2 test, χ2 = 3.52, p = 0.061). We did 

not find any other significant differences between old and young fathers or their mates 

(Table 5). 

At 03:00 – 07:00h (transition from lights off to lights on), we found a marginally 

significant interaction between paternal age and postpartum week in physical contact 

between mates (Type III Wald χ2 test, χ2 = 7.69, p = 0.053): young fathers tended to be in 

contact with their mates more during postpartum week 2 than postpartum week 4, but this 

was not observed in old fathers (Fig. 4). We additionally observed that mothers mated to 

young fathers spent significantly more time nursing their pups compared to mothers 

mated to old fathers (Type III Wald χ2 test, χ2 = 5.359, p = 0.021, Fig. 5). Duration of 

nursing also showed a marginally significant interaction between paternal age and 

postpartum week (Type III Wald χ2 test, χ2 = 7.726, p = 0.052). However, post-hoc tests 
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did not reveal any significant pairwise differences across weeks for either group analyzed 

separately or between groups at any given time point. Finally, we found a significant 

interaction between paternal age and postpartum week in the frequency of eating 

observed in mothers (Type III Wald χ2 test, χ2 = 11.681, p = 0.009), as well as significant 

main effect of paternal age (Type III Wald χ2 test, χ2 = 11.106, p = 0.011) and postpartum 

week (Type III Wald χ2 test, χ2 = 7.742, p = 0.005). During postpartum week 1, mates of 

young fathers ate more compared to mates of old fathers during postpartum weeks 2 

(Tukey HSD, p = 0.020) and 3 (Tukey HSD, p = 0.018, Fig. 6). No other significant 

effects of paternal age or postpartum week were observed at this time of day (Table 6).  

 

4. Discussion 

 In this study, we examined the behavioral and reproductive consequences of 

delayed reproduction in male California mice to test the hypothesis that old first-time 

fathers provide more care to their offspring than young first-time fathers. However, we 

found little evidence of differences in paternal behavior between old and young fathers, 

and the few significant effects of paternal age that we did observe suggest that old fathers 

may provide less, rather than more, paternal care than young fathers. We also observed 

that mates of young fathers nursed their pups more than those of old fathers, but no other 

differences in maternal behavior. 
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4.1.1. Effects of Paternal Age on Paternal Behavior 

 We did not find any significant differences between the pup-directed behaviors of 

old and young fathers during the home-cage observations. Thus, our results do not 

support life history theory’s prediction that older parents will invest more in offspring 

(i.e., provide parental care) than young parents. We previously found a similar lack of 

differences in pup-directed behaviors between old and young sexually naïve adult males; 

however, the age difference between old and young males in that study (266.4 ± 4.1 vs 

136.8 ± 2.3 days respectively; Nguyen, Zhao, & Saltzman, 2020) was smaller than in the 

present study (Old males:  481.0 ± 0.841 days, Young males: 117.0 ± 1.07). Similarly, 

Kenkel et al. (2019) found no effects of age on paternal behavior in prairie voles. In that 

study, however, all males had previously sired several litters, whereas in our study, males 

in both age groups were first-time fathers. 

Prior to being housed with a female, old and young males in the present study 

showed no significant differences in pup-directed behaviors; however, old sexually naïve 

males tended to sniff unfamiliar pups in paternal-behavior tests sooner than young males. 

This difference might indicate age effects on exploration, anxiety-like behavior, and/or 

neophobia. Old sexually naïve males in our study also spent less time resting without 

movement than young males during the parental-behavior test. In some strains of house 

mice, older adults are more exploratory in novel environments than younger adults 

(Miyamoto, Kiyota, Nishiyama, & Nagaoka, 1992). Additionally, old fathers in our study 

traveled more in an empty open field than young fathers, indicating lower levels of 

anxiety-like behaviors and/or higher levels of exploratory behavior in the former. 



 

 
 

64 

Similarly, Kenkel et al. (2019) observed that older prairie vole fathers displayed fewer 

anxiety-like behaviors in an open field. Our lab previously found greater sensitivity to 

dexamethasone-induced negative feedback on the hypothalamic-pituitary-adrenal (HPA) 

axis, but no other differences, in old versus young sexually naïve adult male California 

mice, indicating that the HPA axis is more easily suppressed in older males than younger 

males (Harris & Saltzman, 2013). It is possible, therefore, that the behavioral differences 

between old and young males in the present study may be mediated by differences in 

HPA activity. Considering that both the cage in the parental behavior test and the open-

field arena are novel environments, a potential stressor, the present findings suggest that 

male California mice become more exploratory and/or less anxious with age across 

adulthood. 

One possible reason why we observed few differences between old and young 

fathers is that, although we selected ecologically relevant ages for old and young males, 

our old fathers may not have yet reached a senescent age. California mice can live at least 

5 years in captivity (Havighorst, Crossland, & Kiaris, 2017); therefore, we might see 

stronger effects of paternal age if we repeated this study using even older males.   

 

4.1.2. Effects of Paternal Age on Maternal Behavior 

Females mated to young fathers ate more frequently than those mated to old 

fathers. Mates of young fathers also nursed their pups more frequently than mates of old 

fathers during the transition between the dark and light phase. Possibly, mothers may 

have adjusted the amount of time spent passively nursing in response to mate quality; 
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younger males being perceived as higher or lower quality than older males  (Mashoodh, 

Franks, Curley, & Champagne, 2012; Sheldon, 2000). However, in the absence of 

differences between the paternal behaviors of old and young fathers or in body mass and 

body composition of their pups, we do not have sufficient evidence to conclude that 

mothers responded to any potential effects of paternal age on mate quality. 

 

4.2 Effects of Paternal Age on Reproductive and Offspring Outcomes  

 We found no differences in reproductive outcomes (e.g., litter size, litter sex ratio, 

interbirth interval, pup survival) between old and young fathers. These results are 

consistent with those of previous studies in other rodents (Caballero-Campo et al., 2018; 

García-Palomares, Pertusa, et al., 2009); however, Caballero-Campos et al (2018) found 

that time to conception increases with paternal age in house mice.  

We found no effects of paternal age on reproduction or offspring growth and 

development. This might be because our study was conducted in a captive setting, in 

which animals were provided food and water ad lib, temperature was held constant within 

the animals’ thermoneutral zone, and mice did not have to compete with conspecifics, 

defend territories, or evade predators. Our results align with those of previous studies in 

California mice that suggest fathers might increase offspring survival and accelerate 

offspring development only in natural environments or in energetically challenging 

captive conditions, such as when mice are housed at low temperatures or are required to 

work for food (Dudley, 1974; Gubernick & Teferi, 2000; Vieira & Brown, 2003; Wright 

& Brown, 2002). 
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 We did not examine the behavior or reproductive success of offspring. In other 

rodents, advanced paternal age has detrimental effects on offspring’s motor development 

(García-Palomares, Pertusa, et al., 2009), learning ability (Auroux, 1983; García-

Palomares, Pertusa, et al., 2009), social and exploratory behavior (R. G. Smith et al., 

2009), reproduction (Caballero-Campo et al., 2018; García-Palomares, Navarro, et al., 

2009), and lifespan (García-Palomares, Navarro, et al., 2009; Xie et al., 2018). 

Furthermore, in other rodents, pups that receive higher levels of caregiving from mothers 

(Champagne, 2008; Stolzenberg & Champagne, 2016) or fathers (Ahern et al., 2010; 

Gromov, 2009; Jia, Tai, An, & Zhang, 2011) provide more caregiving, as adults, to their 

own offspring. In human and non-human animals, age-related changes to the germ line 

mediate many of the effects of advanced paternal age on offspring behavior and health 

(reviewed in Carrageta et al., 2022 and Momand, Xu, & Walter, 2013). Therefore, 

although we did not observe differences in paternal behavior or reproductive outcomes 

between old and young fathers, advanced paternal age might have long-term 

consequences for offspring into adulthood. 

 Overall, our findings do not support our hypothesis that older first-time fathers 

provide more paternal care compared to younger first-time fathers. Instead, our results 

suggest little effect of age on paternal behavior in both sexually naïve and breeding male 

California mice, and only small effects on maternal behavior. It is possible, however, that 

additional studies using old and young males with a greater age difference, or 

experiments examining mice under environmentally challenging conditions, might reveal 
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more pronounced effects of paternal age on parental care, maternal care, and/or 

reproductive outcomes.  
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Tables and Figures 
 
Table 2.1. Reproductive measures (medians, first and third quartiles) of the first and 
second litters born to each focal family and results of Mann-Whitney U tests comparing 
old and young fathers. 

    Old Fathers Young Fathers Mann-Whitney 
    N = 24 N = 25 U P 

First 
Litter 

Number of pairs 
that produced first 
litter 

18 18 
  

Days from pairing 
until parturition 

35.50 
(34.75, 41.50) 

36.50 
(34.75, 37.75) 

136.50 0.415 

Number of pups 
per litter 

2 
(2, 2) 

2 
(1, 3) 

156.00 0.835 

Number of pups 
that survived past 1 
week 

2 
(2, 2) 

2 
(1, 3) 

125.00 0.220 

Proportion of male 
pups 

0.50 
(0.00, 1.00) 

0.33 
(0.00, 0.63) 

56.00 0.393 

Second 
Litter 

Number of pairs 
that produced 
second litter 

15 15 
  

Interbirth interval 
(days) 

34.00 
(32.00, 36.00) 

35.00 
(33.00, 38.00) 

84.00 0.228 

Number of pups 
per litter 

3 
(1, 3) 

2 
(1, 3) 

104.50 0.726 

Number of pups 
that survived past 1 
week 

2 
(0, 3) 

2 
(1, 3) 

96.50 0.488 



 

 
 

82
 

 T
ab

le
 2

.2
.  

W
ee

kl
y 

bo
dy

 m
as

s, 
le

an
 a

nd
 fa

t m
as

s a
t w

ea
ni

ng
 a

ge
 (p

os
tp

ar
tu

m
 d

ay
 [P

PD
] 2

8)
, a

nd
 a

ge
 o

f e
ye

 o
pe

ni
ng

 o
f 

of
fs

pr
in

g 
of

 o
ld

 a
nd

 y
ou

ng
 fa

th
er

s (
m

ea
n 

± 
SE

). 
W

ith
in

 e
ac

h 
lit

te
r, 

al
l p

up
s o

pe
ne

d 
th

ei
r e

ye
s o

n 
th

e 
sa

m
e 

da
y.

 R
es

ul
ts

 o
f 

A
N

O
V

A
s, 

ne
st

ed
 b

y 
lit

te
r, 

co
m

pa
rin

g 
pu

ps
 fr

om
 o

ld
 a

nd
 y

ou
ng

 fa
th

er
s, 

ar
e 

sh
ow

n 
bo

th
 w

ith
 a

nd
 w

ith
ou

t t
he

 m
od

el
 

co
rr

ec
te

d 
us

in
g 

th
e 

pr
op

or
tio

n 
of

 m
al

e 
pu

ps
 a

s a
 c

ov
ar

ia
te

. p
-v

al
ue

s <
 0

.0
5 

ar
e 

in
 b

ol
d,

 a
nd

 p
-v

al
ue

s >
 0

.0
5 

an
d 

<0
.1

 a
re

 
ita

lic
iz

ed
.

  
  

Bo
dy

 M
as

s (
g)

 
PP

D
 2

8 
Bo

dy
 C

om
po

sit
io

n 
(g

) 
A

ge
 a

t E
ye

 
O

pe
ni

ng
 

(D
ay

s 
Po

stp
ar

tu
m

) 
  

N
 

(li
tte

rs
) 

N
 

(p
up

s)
 

PP
D

 7
 

PP
D

 1
4 

PP
D

 2
1 

PP
D

 2
8 

Le
an

 
M

as
s 

Fa
t M

as
s 

O
ld

 F
at

he
rs

 
16

 
21

 
4.

71
 ±

 0
.1

7 
8.

75
 ±

 0
.3

5 
13

.6
5 

± 
0.

70
 

18
.1

1 
± 

1.
09

 
13

.8
4 

± 
2.

58
 

1.
82

 ±
 1

.0
4 

16
.1

7 
± 

0.
51

 

Yo
un

g 
Fa

th
er

s 
15

 
28

 
4.

61
 ±

 0
.1

7 
7.

71
 ±

 0
.3

8 
11

.8
3 

± 
0.

70
 

15
.0

0 
± 

0.
95

 
12

.6
4 

± 
2.

93
 

1.
53

 ±
 0

.9
6 

16
.0

8 
± 

0.
49

 

p 
(O

ld
 F

at
he

rs
 v

s Y
ou

ng
 F

at
he

rs
) 

0.
70

4 
0.

05
2 

0.
06

8 
0.

03
7 

0.
31

8 
0.

44
8 

0.
89

8 

F 
0.

14
6 

3.
96

8 
3.

47
0 

4.
59

1 
1.

17
5 

0.
81

8 
0.

01
7 

p 
(O

ld
 F

at
he

rs
 v

s Y
ou

ng
 F

at
he

rs
, 

co
rre

ct
ed

 fo
r p

ro
po

rti
on

 o
f m

al
e 

pu
ps

) 

0.
92

9 
0.

14
1 

0.
16

9 
0.

09
5 

0.
13

9 
0.

29
8 

0.
90

0 

 
0.

07
4 

2.
03

9 
1.

83
6 

2.
47

3 
3.

36
3 

1.
10

8 
0.

10
6 

Trina Elerts
      

Trina Elerts
82



 

 
 

83
 

T
ab

le
 2

.3
.  

B
eh

av
io

r (
m

ed
ia

ns
, f

irs
t a

nd
 th

ird
 q

ua
rti

le
s)

 o
f s

ex
ua

lly
 n

aï
ve

 m
al

es
 in

 th
e 

pa
re

nt
al

-b
eh

av
io

r t
es

t a
nd

 re
su

lts
 o

f 
M

an
n-

W
hi

tn
ey

 U
 te

st
s c

om
pa

rin
g 

ol
d 

an
d 

yo
un

g 
m

al
es

. W
e 

de
fin

ed
 p

ar
en

ta
l b

eh
av

io
r a

s g
ro

om
in

g 
th

e 
pu

p,
 h

ud
dl

in
g 

ov
er

 
th

e 
pu

p,
 a

nd
/o

r n
es

t b
ui

ld
in

g.
 F

or
 a

ll 
la

te
nc

ie
s, 

an
im

al
s t

ha
t d

id
 n

ot
 p

er
fo

rm
 th

e 
be

ha
vi

or
 w

er
e 

as
si

gn
ed

 a
 la

te
nc

y 
of

 3
60

0s
 

(th
e 

m
ax

im
um

 d
ur

at
io

n 
of

 th
e 

te
st

). 
P-

va
lu

es
 <

 0
.0

5 
ar

e 
in

 b
ol

d,
 a

nd
 p

-v
al

ue
s 0

.0
5 

> 
an

d 
< 

0.
01

 a
re

 it
al

ic
iz

ed
. 

  
  

O
ld

 M
al

es
 

Yo
un

g 
M

al
es

 
M

an
n-

W
hi

tn
ey

 
  

  
N

 =
 2

4 
N

 =
 2

5 
U

 
P 

Pa
re

nt
al

 B
eh

av
io

r 
La

te
nc

y 
to

 In
iti

at
e 

Pa
re

nt
al

 B
eh

av
io

r (
s)

 
83

3.
78

  
(1

96
.3

0,
 3

60
0.

00
) 

65
6.

45
  

(2
16

.3
8,

 3
60

0.
00

) 
31

4.
00

 
0.

76
7 

 

D
ur

at
io

n 
of

 H
ud

dl
in

g 
Pu

p 
(s

) 
15

1.
72

  
(0

.0
0,

 1
76

2.
95

) 
0.

00
  

(0
.0

0,
 1

91
6.

66
) 

29
7.

00
 

0.
94

9 
  

D
ur

at
io

n 
of

 G
ro

om
in

g 
Pu

p 
(s

) 
62

9.
24

  
(0

.0
0,

 1
76

2.
95

) 
5.

15
  

(0
.0

0,
 8

28
.2

1)
 

25
8.

00
 

0.
37

5 
  

D
ur

at
io

n 
of

 N
es

t B
ui

ld
in

g 
(s

) 
0.

00
  

(0
.0

0,
 2

9.
47

) 
0.

00
  

(0
.0

0,
 9

8.
38

) 
31

4.
00

 
0.

75
3 

  

To
ta

l D
ur

at
io

n 
of

 P
ar

en
ta

l B
eh

av
io

r (
s)

 
12

84
.0

0 
 

(0
.0

0,
 3

07
3.

16
) 

5.
15

 
(0

.0
0,

 3
04

9.
07

) 
30

0.
00

 
1.

00
0 

  

O
th

er
 P

up
-d

ir
ec

te
d 

Be
ha

vi
or

 
La

te
nc

y 
to

 S
ni

ff 
Pu

p 
(s

) 
36

.2
8 

(1
9.

65
, 2

35
.0

9)
 

93
.6

5 
 

(5
3.

65
, 1

96
.1

5)
 

39
5.

50
 

0.
05

6 
  

La
te

nc
y 

to
 C

on
ta

ct
 P

up
 (s

) 
21

1.
76

  
(3

9.
82

, 1
58

1.
77

) 
19

1.
81

  
(8

8.
53

, 3
60

0.
00

) 
35

9.
00

 
0.

23
4 

  

D
ur

at
io

n 
of

 S
ni

ffi
ng

 P
up

 (s
) 

63
.5

0 
 

(3
1.

88
, 1

83
.6

3)
 

63
.7

5 
 

(3
8.

50
, 1

44
.0

0)
 

29
1.

50
 

0.
86

5 
  

D
ur

at
io

n 
of

 C
on

ta
ct

 w
ith

 P
up

 (s
) 

21
.6

3 
 

(0
.0

0,
 7

8.
27

) 
15

.7
5 

(0
.0

0,
 7

4.
88

) 
29

3.
50

 
0.

89
5 

  

N
on

-p
up

-d
ir

ec
te

d 
Be

ha
vi

or
 

D
ur

at
io

n 
of

 L
oc

om
ot

io
n 

(s
) 

18
5.

63
  

(3
8.

94
, 5

08
.3

4)
 

12
4.

75
  

(3
1.

87
, 1

02
7.

87
) 

30
1.

50
 

0.
97

6 
  

D
ur

at
io

n 
of

 A
ut

og
ro

om
in

g 
(s

) 
17

2.
50

  
(1

8.
50

, 3
03

.0
8)

 
52

.5
0 

 
(2

0.
78

, 2
66

.2
6)

 
25

4.
00

 
0.

35
6 

  

D
ur

at
io

n 
of

 R
es

tin
g 

(s
) 

26
.2

5 
 

(1
.5

7,
 1

43
.6

9)
 

11
5.

50
  

(5
8.

37
, 5

20
.3

9)
 

42
2.

00
 

0.
01

5 
  

To
ta

l D
ur

at
io

n 
of

 N
on

-p
up

-d
ire

ct
ed

 B
eh

av
io

r (
s)

 
36

1.
76

  
(2

05
.1

2,
 1

68
8.

05
) 

43
7.

01
  

(1
82

.6
2,

 3
14

2.
05

) 
33

7.
00

 
0.

45
9 

  

Trina Elerts
      

Trina Elerts
83



 

 
 

84
 

T
ab

le
 2

.4
.  

B
eh

av
io

rs
 (m

ed
ia

ns
, f

irs
t a

nd
 th

ird
 q

ua
rti

le
s)

 o
f f

at
he

rs
 in

 a
n 

op
en

-f
ie

ld
 a

re
na

 fo
r 1

0 
m

in
ut

es
 b

ef
or

e 
(to

p)
 a

nd
 1

0 
m

in
ut

es
 a

fte
r t

he
 in

tro
du

ct
io

n 
of

 a
n 

un
fa

m
ili

ar
 p

up
 (b

ot
to

m
) a

nd
 re

su
lts

 o
f M

an
n-

W
hi

tn
ey

 U
 te

st
s c

om
pa

rin
g 

ol
d 

an
d 

yo
un

g 
fa

th
er

s. 
Fo

r a
ll 

be
ha

vi
or

s, 
an

im
al

s t
ha

t d
id

 n
ot

 p
er

fo
rm

 th
e 

be
ha

vi
or

 w
er

e 
as

si
gn

ed
 a

 la
te

nc
y 

of
 6

00
 s,

 th
e 

m
ax

im
um

 
du

ra
tio

n 
of

 th
e 

te
st

. P
-v

al
ue

s <
0.

05
 a

re
 in

 b
ol

d 
  

  
O

ld
 F

at
he

rs
 

Yo
un

g 
Fa

th
er

s 
M

an
n-

W
hi

tn
ey

 
  

  
N

 =
 1

6 
N

 =
 1

5 
U

 
P 

Be
fo

re
 In

tr
od

uc
tio

n 
of

 P
up

 
D

ur
at

io
n 

in
 C

en
te

r o
f A

re
na

 (s
) 

90
.4

5 
 

(4
9.

75
, 2

75
.6

8)
 

20
2.

83
 

 (3
4.

13
, 5

67
.3

3)
 

12
6.

00
 

0.
83

0 
 

D
ur

at
io

n 
in

 E
dg

es
 o

f A
re

na
 (s

) 
50

0.
77

 
 (3

21
.8

5,
 5

50
.0

3)
 

44
1.

37
  

(3
2.

70
, 5

82
.5

0)
 

11
7.

00
 

0.
92

2 
  

D
ist

an
ce

 T
ra

ve
le

d 
in

 C
en

te
r (

m
) 

17
.4

4 
 

(3
2.

70
, 5

82
.5

0)
 

6.
28

  
(0

.8
6,

 1
2.

03
) 

59
.0

0 
0.

01
5 

  

D
ist

an
ce

 T
ra

ve
le

d 
in

 P
er

ip
he

ry
 (m

) 
43

.6
5 

 
(1

4.
51

, 8
4.

56
) 

9.
31

  
(3

.3
2,

 3
3.

53
) 

56
.0

0 
0.

01
1 

  

A
fte

r 
In

tr
od

uc
tio

n 
of

 P
up

 
La

te
nc

y 
to

 A
pp

ro
ac

h 
Pu

p 
(s

) 
6.

98
  

(3
.9

9,
 6

4.
63

) 
24

.0
3 

 (3
.1

5,
 1

99
.7

8)
 

15
3.

00
 

0.
20

2 
  

La
te

nc
y 

to
 C

on
ta

ct
 P

up
 (s

) 
7.

88
  

(4
.9

3,
 6

5.
70

) 
25

.2
8 

(6
.6

5,
 2

32
.5

3)
 

15
7.

00
 

0.
15

1 
  

D
ur

at
io

n 
of

 L
oc

om
ot

io
n 

(s
) 

30
5.

03
  

(1
9.

96
, 4

00
.4

2)
 

79
.6

4 
(2

2.
00

, 2
30

.7
5)

 
14

0.
00

 
0.

26
4 

  

D
ur

at
io

n 
in

 C
on

ta
ct

 w
ith

 P
up

 (s
) 

21
2.

38
 

(1
57

.8
4,

 4
71

.2
9)

 
36

9.
35

  
(1

12
.7

5,
 5

19
.6

0)
 

13
3.

00
 

0.
62

6 
  

D
ur

at
io

n 
of

 R
es

tin
g 

(s
) 

8.
75

  
(0

.2
5,

 4
1.

36
) 

13
.5

0 
 

(0
.0

0,
 2

50
.2

8)
 

91
.0

0 
0.

44
6 

  

. 
 

Trina Elerts
84

Trina Elerts
      

Trina Elerts
      



 

 
 

85
 

T
ab

le
 2

.5
. R

es
ul

ts
 o

f T
yp

e 
II

I W
ar

d 
te

st
s e

xa
m

in
in

g 
th

e 
ef

fe
ct

s o
f p

os
tp

ar
tu

m
 w

ee
k,

 p
at

er
na

l a
ge

, a
nd

 th
ei

r i
nt

er
ac

tio
n 

on
 

be
ha

vi
or

 o
f f

at
he

rs
 in

 th
e 

ho
m

e 
ca

ge
 u

nd
er

 u
nd

is
tu

rb
ed

 c
on

di
tio

ns
.  

p-
va

lu
es

 <
 0

.0
5 

ar
e 

in
 b

ol
d,

 a
nd

 p
-v

al
ue

s >
 0

.0
5 

an
d 

< 
0.

1 
ar

e 
ita

lic
iz

ed
. 

   
  

G
ro

om
in

g 
Pu

p 
H

ud
dl

in
g 

ov
er

 
Pu

p 
Ph

ys
ic

al
 

C
on

ta
ct

 w
ith

 
Pu

p 

G
en

er
al

 
Lo

co
m

ot
io

n 
Ea

tin
g 

Ph
ys

ic
al

 
C

on
ta

ct
 w

ith
 

M
at

e 
Ti

m
e 

of
 D

ay
 

  
χ2

 
p 

χ2
 

p 
χ2

 
p 

χ2
 

p 
χ2

 
p 

χ2
 

p 

03
:0

0 
- 0

7:
00

 
Po

stp
ar

tu
m

 W
ee

k 
0.

15
9 

0.
60

3 
1.

27
5 

0.
73

5 
1.

60
4 

0.
65

8 
0.

85
1 

0.
83

7 
5.

65
0 

0.
13

0 
1.

48
5 

0.
68

6 
Pa

te
rn

al
 A

ge
 

4.
05

8 
0.

38
3 

0.
36

0 
0.

54
9 

0.
03

2 
0.

57
0 

0.
09

5 
0.

75
8 

0.
58

4 
0.

44
5 

0.
22

5 
0.

63
5 

Po
stp

ar
tu

m
 W

ee
k 

* 
Pa

te
rn

al
 A

ge
 

3.
01

7 
0.

71
4 

0.
92

1 
0.

82
0 

7.
06

6 
0.

07
0 

2.
29

8 
0.

51
3 

2.
56

6 
0.

46
4 

7.
69

0 
0.

05
3 

17
:0

0 
- 2

1:
00

 
Po

stp
ar

tu
m

 W
ee

k 
1.

54
2 

0.
67

3 
18

.7
68

 
< 

0.
00

1 
2.

17
8 

0.
53

6 
2.

22
0 

0.
52

8 
4.

74
2 

0.
19

2 
1.

29
9 

0.
72

9 
Pa

te
rn

al
 A

ge
 

0.
20

0 
0.

65
5 

1.
17

5 
0.

18
6 

0.
22

7 
0.

63
4 

0.
09

9 
0.

75
3 

0.
28

4 
0.

59
4 

0.
06

6 
0.

79
7 

Po
stp

ar
tu

m
 W

ee
k 

* 
Pa

te
rn

al
 A

ge
 

0.
49

8 
0.

91
9 

12
.7

31
 

0.
00

5 
0.

26
1 

0.
96

7 
1.

56
4 

0.
66

8 
2.

91
3 

0.
40

5 
2.

01
3 

0.
57

0 

  
 

Trina Elerts
      

Trina Elerts
85



 

 
 

86
 

T
ab

le
 2

.6
. R

es
ul

ts
 o

f T
yp

e 
II

I W
ar

d 
te

st
s e

xa
m

in
in

g 
th

e 
ef

fe
ct

s o
f p

os
tp

ar
tu

m
 w

ee
k,

 p
at

er
na

l a
ge

, a
nd

 th
ei

r i
nt

er
ac

tio
n 

on
 

be
ha

vi
or

 o
f m

ot
he

rs
 in

 th
e 

ho
m

e 
ca

ge
 u

nd
er

 u
nd

is
tu

rb
ed

 c
on

di
tio

ns
.  

p-
va

lu
es

 <
 0

.0
5 

ar
e 

in
 b

ol
d,

 a
nd

 p
-v

al
ue

s >
 0

.0
5 

an
d 

<0
.1

 a
re

 it
al

ic
iz

ed
.

  
  

G
ro

om
in

g 
Pu

p 
Pa

ss
iv

e 
N

ur
sin

g 
G

en
er

al
 

Lo
co

m
ot

io
n 

Ea
tin

g 

Ti
m

e 
of

 
D

ay
 

  
χ2

 
p 

χ2
 

p 
χ2

 
p 

χ2
 

p 

03
:0

0 
- 

07
:0

0 
Po

stp
ar

tu
m

 
W

ee
k 

4.
32

1 
0.

22
9 

1.
65

2 
0.

64
8 

2.
22

5 
0.

52
7 

11
.1

06
 

0.
01

1 

Pa
te

rn
al

 A
ge

 
0.

67
9 

0.
41

0 
5.

35
9 

0.
02

1 
0.

72
3 

0.
39

5 
7.

74
2 

0.
00

5 
Po

stp
ar

tu
m

 
W

ee
k 

* 
Pa

te
rn

al
 

A
ge

 

2.
09

8 
0.

55
2 

7.
72

6 
0.

05
2 

0.
72

3 
0.

86
8 

11
.6

81
 

0.
00

9 

17
:0

0 
- 

21
:0

0 
Po

stp
ar

tu
m

 
W

ee
k 

0.
56

4 
0.

90
5 

5.
55

5 
0.

13
5 

0.
83

3 
0.

84
2 

2.
71

0 
0.

43
9 

Pa
te

rn
al

 A
ge

 
0.

12
4 

0.
72

4 
0.

37
8 

0.
53

9 
0.

10
7 

0.
74

4 
3.

51
7 

0.
06

1 
Po

stp
ar

tu
m

 
W

ee
k 

* 
Pa

te
rn

al
 

A
ge

 

2.
88

7 
0.

40
9 

3.
12

8 
0.

37
2 

0.
41

0 
0.

93
8 

1.
67

0 
0.

64
4 

Trina Elerts
      

Trina Elerts
86



 

 
 

87 

Figure 2.1. Timeline of experiment. Procedures and tests performed on fathers are 
indicated by *. 
 

 
Figure 2.2. Log-transformed body masses of old (n = 24) and young (n = 25) 
reproductively naïve males one week prior to being paired with a female. Circles 
represent data from individual animals. Old males had significantly higher body mass 
than young males (p < 0.001).   
  



 

 
 

88 

 
Figure 2.3. Proportions of scan samples in which old (n = 16) and young (n = 16) fathers 
huddled over their pups across the four-week pup-rearing period, during home-cage 
observations at 1700 – 2100 h (transition from lights on to lights off). Circles represent 
data from individual animals. During postpartum week 2, old fathers huddled over pups 
more frequently than old (p = 0.008) or young fathers during postpartum week 4 (p = 
0.006). Young fathers huddled over pups more often during postpartum week 1 than 
during postpartum weeks 3 (p = 0.030) and 4 (p = 0.002).  
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Figure 2.4. Proportions of scan samples in which fathers were in physical contact with 
their mate across the four-week pup-rearing period, in home-cage observations at 0300 – 
0700 h (transition from lights off to lights on). Circles represent data from individual 
animals. Young fathers (n = 16) tended to be in contact with their mates more during 
postpartum week 2 than postpartum week 4 (p = 0.07). 
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Figure 2.5. Proportions of scan samples in which mothers were passively nursing pups, 
during home-cage observations at 0300 – 0700 h. Circles represent data from individual 
animals. Mates of young fathers (n = 16) nursed pups more than mates of old fathers (n = 
16, p = 0.021). 
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Figure 2.6. Proportions of scan samples in which mothers consumed food across the 
four-week pup-rearing period, during home-cage observations at 0300 – 0700 h. Circles 
represent data from individual animals. Mates of young fathers (n = 16) ate more during 
postpartum week 1 compared to mates of old fathers (n = 16) during postpartum weeks 2 
(p = 0.020) and 3 (p = 0.018). 
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Chapter 3 

Effects of Overlapping Litters on Family Dynamics and Offspring Development 

Abstract 

 Early social environment can influence physiological and behavioral 

development, potentially affecting survival and reproductive success in adulthood. Much 

of the previous research in non-human animals has focused on interactions between 

parents and offspring or among littermates, but animals may also interact with siblings 

from previous or subsequent litters. Siblings may provide alloparental care or compete 

with each other, and parents may alter their behaviors in response. While many studies 

have identified long-term effects of alloparenting experience on older siblings, the effects 

of receiving alloparental care on younger siblings, competition between different-aged 

siblings, and parents’ responses to offspring interactions have received little attention. In 

this study, we investigated the effects of overlapping litters on family dynamics and 

physiological and behavioral development in the California mouse (Peromyscus 

californicus). We found evidence that the presence of overlapping litters improves 

maternal condition but decreases body mass in older pups reared with younger siblings. 

Behaviorally, older offspring from overlapping litters may have heightened anxiety 

compared to older offspring living alone with their parents. Additionally, males reared 

with younger siblings are more parentally motivated than males that were not. Together, 

our results highlight potential costs and benefits of rearing overlapping litters in a 

biparental rodent. 
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1. Introduction 

Early social environment has been shown to influence both physiological and 

behavioral development in animals, potentially affecting survival and reproductive 

success (Creel, Dantzer, Goymann, & Rubenstein, 2013; Hudson, Bautista, Reyes-Meza, 

Montor, & Rödel, 2011; Rödel, Von Holst, & Kraus, 2009). Much of this work has 

focused on interactions with parents or littermates (e.g. intrauterine position (Ryan & 

Vandenbergh, 2002), play behavior (Kross & Nelson, 2013), thermoregulatory huddling 

(González-Mariscal, Caba, Martínez-Gómez, Bautista, & Hudson, 2016), nursing 

competition (Hudson & Trillmich, 2008), but animals in some species may also interact 

with siblings from previous or succeeding litters. Overlapping litters, in which parents 

interact with offspring from consecutive bouts of reproduction concurrently, provide 

opportunities to investigate alloparental care, sibling competition, and parent-offspring 

conflict and their impact on offspring development.  

In cooperative breeders, older siblings commonly provide alloparental care to 

younger siblings, which can have long-term consequences for the alloparent’s anxiety-

like behavior (Greenberg, van Westerhuyzen, Bales, & Trainor, 2012; Pillay & Rymer, 

2015; Wu, Song, Tai, An, et al., 2013), exploration (Pillay & Rymer, 2015; Wu, Song, 

Tai, An, et al., 2013), ability to pair-bond with mates (Kenkel, Paredes, Yee, Bales, & 

Carter, 2012), and parental behavior towards their own offspring (Salo & French, 1989; 

Stone, Mathieu, Griffin, & Bales, 2010). In addition to behavioral effects, older siblings 

can benefit from providing alloparental through inclusive fitness. According to 

Hamilton’s rule, animals should behave altruistically in proportion to the relatedness 
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between themselves and those receiving the altruistic behavior and the costs and benefits 

of altruism (Hamilton, 1964). Although the genetic relatedness between an individual and 

both its full siblings and offspring is 0.5, providing care to offspring requires the 

appropriate resources to finding a mate and having young, while providing care to 

siblings does not involve this cost. 

Younger siblings may benefit from receiving care in addition to that provided by 

parents (Wu, Song, Tai, An, et al., 2013). On the other hand, older and younger siblings 

may compete for resources (e.g., food, milk, thermoregulation, grooming) from their 

parents, potentially leading to detrimental effects on the younger animals, such as 

decreased growth and survival (Hudson & Trillmich, 2008). but the effects of interacting 

with older siblings in younger siblings have received little investigation.  

Parents may discourage competition between offspring or mitigate the negative 

effects of sibling competition in order to maximize their own fitness (Trivers, 1974). In 

some biparental birds, parents divide caregiving between high- and low-quality offspring 

so that one type (e.g., low-quality) receives more care than the other (Royle, Smiseth, & 

Kölliker, 2012), although this was not examined in offspring from separate reproductive 

bouts. Parents can also attempt to encourage caregiving behavior in their older offspring. 

In common marmosets (Callithrix jacchus) and cotton-top tamarins (Saguinus oedipus) 

(Snowdon & Ziegler, 2007), parents have been observed to reward alloparents with 

grooming, while in meerkats (Suricata suricatta) (Clutton-Brock, 2004) and naked mole-

rats (Heterocephalus glaber) (Reeve, 1992), parents behave aggressively towards non-

breeders that perform low levels of alloparental care. 
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Mediating interactions among older and young offspring may lead to parent-

offspring conflict. The optimal levels of parental care provided after weaning may differ 

between offspring and their parents (Trivers, 1974), and this conflict is likely to be 

exacerbated in the presence of younger offspring. Studies on birds and fish suggest that 

parents may alter their own levels of care in response to the presence of alloparents 

(Boheemen, Richardson, Burke, Komdeur, & Dugdale, 2019; Pike, Ashton, Morgan, & 

Ridley, 2019; Zöttl, Fischer, & Taborsky, 2013). In contrast, adjustments to parental 

behavior in the presence of alloparents have received little attention in mammals. 

Gestation and lactation are two energetically demanding processes performed in 

mammals; thus, alloparents can allow mothers to spend more time replenishing resources 

(Rosenbaum & Gettler, 2018). Therefore, mothers may reduce their levels of care when 

they have helpers (Clutton-brock, 2004; Crick, 1992). However, we have little empirical 

data on how mammalian fathers respond to the presence of helpers. 

 We investigated the effects of overlapping litters on family dynamics (parent-

offspring and sibling-sibling interactions) and on physiological and behavioral 

development of offspring in California mice (Peromyscus californicus). Under field and 

laboratory conditions, this species is socially monogamous and biparental (Gubernick, 

1988; Gubernick & Addington, 1994; Gubernick & Nordby, 1993), with both mothers 

and fathers providing care to litters of one to four pups (Gubernick & Alberts, 1987; 

Ribble, 1991). In the wild, weanlings disperse at 40 to 90 days of age, while gestation is 

approximately 30 days (Gubernick, 1988; Ribble, 1992a). Thus, given that postpartum 

estrus and conception occur in this species, it is possible for a new litter to be born before 
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the previous litter disperses. Weanlings in this species have been observed interacting 

with their younger siblings and providing alloparental care to unfamiliar neonates, in an 

experimental context, until approximately 55 days of age (Gubernick & Laskin, 1994). 

However, alloparental care and sibling-sibling interactions have received very little 

attention compared to parental care in this species. We tested two hypotheses: H1) older 

siblings will provide alloparental care due to benefits from inclusive fitness, and parents 

will reduce their own caregiving in response, and H2) older and younger pups from 

overlapping litters will be of higher quality than pups raised in the absence of another 

litter. Alternatively, older and younger siblings could compete for resources from their 

parents, leading to detrimental effects on the physical and behavioral development of 

offspring from overlapping litters. 

 

2. Methods 

2.1.1. Animals -  

We used California mice descended from animals purchased from the Peromyscus 

Genetic Stock Center (University of South Carolina, Columbia, SC, USA). Mice were 

bred and housed at the University of California, Riverside (UCR) in polycarbonate cages 

(44 x 24 x 20 cm) under a 14:10 light:dark cycle (lights on at 23:00 h, lights off at 13:00 

h) at approximately 22°C and 60-70% humidity. Aspen shavings and cotton were used 

for bedding and nesting material, respectively. Animals were provided food (Purina 5001 

Rodent Chow, LabDiet, Richmond, IN, USA) and water ad lib. We checked animal 

health and births twice each day and changed cages weekly. 
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2.1.2. Experimental Design - 

The experimental design is illustrated in Fig. 1. Parents in this study were weaned 

from their natal families at 27-31 days of age, housed in same-sex groups of 2-4 age-

matched mice, and paired with an age-matched mate at 90-120 days of age. Pair mates 

were no more closely related than first cousins. Breeding pairs were housed in double 

cages, consisting of two standard cages connected by a curving, transparent plexiglass 

tunnel (5 cm diameter, 10 cm length; Fig. 2).  

To evaluate the effects of overlapping litters on offspring behavior and 

development, we compared 1) first-born litters that were housed without (L1) or with 

(L1+) younger siblings, as well as 2) second-born litters that were housed without (L2) or 

with (L2+) older siblings. Thus, we formed three types of families: overlapping litters 

(OL families), first litter only (Litter 1 families), and second litter only (Litter 2 families). 

In the OL families, pups from the first litter remained with their parents during the 

rearing of the second litter, until the second litter was weaned at 27-31 days of age. OL 

families therefore contained first litters housed with younger siblings (L1+) as well as 

second litters reared with older siblings (L2+). To form Litter 1 families, we permanently 

removed the second litter on the day of birth (approximately 35 days after the birth of the 

first litter). Therefore, litters in Litter 1 families were raised without younger siblings 

present (i.e., L1). To form Litter 2 families, we permanently removed the first litter at 

postpartum day (PPD) 27, before the birth of the second litter; litters in Litter 2 families 

were therefore raised without older siblings present (i.e., L2). L1+ animals were housed 
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with their families until the subsequent litter reached 27 days of age (approximately PPD 

65); L1 animals were removed from their families at a matched time point. After 

weaning, focal offspring were housed in same-sex groups of 2-4 juveniles until paired 

with an opposite-sex mate at 90 days of age. In total, we formed 13 Litter 1 families, 12 

Litter 2 families, and 13 OL families. Final numbers of pups in each condition are listed 

in Table 1. 

 

2.2. Mass and Body Composition of Parents -  

Starting one week after the mother’s second parturition, we weighed both parents and 

measured their body composition (fat and lean mass) using MRI (EchoMRI-100, Echo 

Medical Systems, Houston, TX, USA; Zhao et al., 2017) once per week at 7-day intervals 

for the first four weeks after the birth of their second litter. This is a non-invasive method 

that lasts approximately 2 minutes and does not require anesthesia or sedation.  

 

2.3. Pup Development -  

Pups of all focal litters were weighed individually and had their body composition 

assessed using MRI once per week. We weighed and measured body composition starting 

at weaning age (i.e., 27 – 31 days of age) for L1+ and L1 juveniles and starting at 2 

weeks of age for L2+ and L2 pups. L2+ and L2 pups were checked daily for eye opening 

starting at PPD 11 (Dudley, 1974). 
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2.4. Open-field Test on Offspring - 

Early social environment, particularly the levels of care received, can influence 

the response to an acute stressor (Birnie, Taylor, Cavanaugh, & French, 2013; Francis, 

Champagne, Liu, & Meaney, 1999; Rödel, Meyer, Prager, Stefanski, & Hudson, 2010). 

Therefore, we tested all focal offspring in an open field, a common method of testing 

anxiety-like behavior in rodents (Ohl, 2003). At 42 days of age, approximately the age of 

dispersal in wild California mice (Ribble, 1992a), each focal animal was placed in an 

opaque, black acrylic open-field arena lined with white paper (1m x 1m x 0.4m) at 1400 – 

1500 h for 10 minutes. The arena was illuminated from above by two lamps at 1400 lx 

(Perea-Rodriguez et al., 2018). A trained observer, blind to litter (i.e., L1+, L2+, L1, or 

L2) and family type (i.e., OL, Litter 1, or Litter 2), scored the duration of time the animal 

spent in the center 50% of the field and along the edges (i.e., outer 50%) of the field, the 

number of entries into and out of the center, and total distance traveled using TopScan 

video-tracking software (CleverSys, Reston, VA, USA, Perea-Rodriguez et al., 2018 ). 

 
2.5. Parental-behavior Test on Offspring 

After animals reached sexual maturity (approximately PPD 90), we tested parental 

responsiveness in a parental-behavior test between 1000 and 1100 h. California mice 

were removed from their home cage and placed in a clean standard cage with a thin layer 

of fresh bedding. After a 15-minute habituation period, an unrelated, unfamiliar 3- to 5-

day-old pup was placed in the cage. The animals were video recorded for one hour unless 

the pup was injured, at which point the test was immediately terminated and the pup was 

euthanized. All animals were returned to their home cages after the test. Trained 
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observers, blind to litter and family type, used BORIS (Friard & Gamba, 2016) to score 

the latency to approach the pup, latency to initiate parental behavior (i.e., grooming, 

huddling over, or carrying the pup), and durations of huddling over the pup, 

licking/grooming the pup, nestbuilding, general locomotion, autogrooming, and 

inactivity. 

 

2.6. Statistical Analysis -  

All analyses were performed in R (v.4.3.1, R Core Team, 2023). Body mass, fat 

mass, and lean mass of parents and offspring were transformed logarithmically prior to 

analysis. We compared body mass and composition (i.e., fat mass and lean mass) 

between parents from the three family types using repeated-measures ANCOVAs. 

Mothers and fathers were analyzed separately, and body mass was used as a covariate in 

analyses of fat and lean mass. Growth curves of focal offspring’s total body, fat, and lean 

masses were compared between L1 and L1+ offspring and between L2 and L2+ offspring 

using linear mixed models. Condition (i.e., L1, L1+, L2, L2+), sex, and condition*sex 

were included as fixed effects, and individual animals were nested by litter using family 

ID as a random effect. For fat and lean mass, body mass was used as a covariate.  

We compared behavior in the open-field test between L1+ and L1 litters and 

between L2+ and L2 litters using generalized linear mixed models (GLMM) using the 

glmmtmb package (Brooks et al., 2017). Condition and sex were included as fixed effects 

and family ID as a random effect to account for animals nested in the same litter. We 

used the DHARMa package in R (Hartig & Hartig, 2017) to check model fit, normality of 
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residuals, and heterogeneity of variances and the car package (Fox & Weisberg, 2011) 

for posthoc analyses using pairwise comparisons. We used a critical P value of 0.05 (2-

tailed) for all analyses. 

Behavior during the parental-behavior test was analyzed using glmmtmb to 

compare L1+ to L1 litters and L2+ to L2 litters. Female and male focal offspring were 

analyzed separately, and we included litter type as a fixed effect and family ID as a 

random effect. For all behaviors, we first examined only animals that performed a given 

behavior to account for zeroes in the data; we then analyzed whether the number of 

animals that did and did not perform the behavior differed between litter types. We used 

gamma distributions to analyze the latencies to approach the pup, touch the pup, and 

initial parental behavior (licking and/or grooming). All other behaviors were divided by 

the maximum time for the parental behavior test (3600 s) in order to use a beta-family 

distribution for our models. 

 

3. Results 

3.1 Reproductive Outcomes 

 Total numbers of focal offspring produced by Litter 1, Litter 2, and OL families 

are listed in Table 1. Interbirth interval did not differ significantly between the three 

family types (Mean ± SE - L1: 39.0 ± 2.5 days, L2: 33.9. ± 0.8 days, OL: 36.2 ± 1.3 days, 

Kruskal-Wallis test, χ2 = 4.89, p = 0.09). Comparing second litters housed with (L2+) and 

without (L2) older siblings, we found no differences in litter size (T-test, t = -0.144, p = 

0.91) or the ratio of males to females (Chi-Square test, χ2 = 0.15, p = 0.70). 
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3.2 Parental Body Mass and Composition 

 We recorded weekly body mass and body composition, starting from the birth of 

the second litter, from parents of 12 Litter 1 families, 8 Litter 2 families, and 13 OL 

families. We were unable to collect full sets of data from the other families due to 

technical issues (e.g., MRI machine malfunction). In mothers, body mass was 

significantly affected by family type (F = 5.745, p < 0.01, repeated-measures ANOVA) 

and week (F = 4.408, p = 0.02) but not the interaction between family type and week 

(Table 2). Post hoc comparisons revealed that OL mothers were significantly heavier than 

Litter 1 mothers (p < 0.01, pairwise-t-test with Bonferroni adjustment, Fig 3). We found 

no effects of family type or week on fathers’ body mass (Fig 4). Fat and lean mass did 

not differ between family type for mothers or fathers when body mass was used as a 

covariate (Tables 2 and 3). 

 

3.3 Pup Growth and Development 

We recorded weekly body mass and body composition for 23 L1 (11 females and 

12 males from a total of 13 litters) and 20 L1+ (7 females and 13 males from a total of 13 

litters) focal offspring (Table 4), for the four weeks following the birth of their younger 

siblings. As expected, body mass increased progressively across weeks (Type III Wald χ2 

test, χ2 = 74.9670, p < 0.01). We also found a significant interaction between litter type 

and week (Type III Wald χ2 test, χ2 = 16.5270, p < 0.01, Fig 5). Body mass of L1 

offspring increased significantly between weeks 1 and 2 (T-test, t = -4.790, p < 0.01) and 
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between weeks 2 and 3 (T-test, t = -4.245, p < 0.01). In contrast, body mass of L1+ 

offspring increased significantly only between weeks 1 and 2 (T-test, t= -3.285, p = 0.03) 

and marginally significantly between weeks 2 and 3 (T-test, t = -2.975, p = 0.07). No 

other significant effects of litter type, sex, week, or any interaction among them were 

observed for body mass of older offspring (Table 4). 

We found a marginally significant effect of sex on fat mass in L1 and L1+ 

offspring: Female offspring, regardless of litter type and week, tended to have higher fat 

mass than male offspring (T-test, t = 1.864 p = 0.07). Conversely, male offspring tended 

to have higher lean mass than female offspring (T-test, t = -1.81. p = 0.07). Offspring 

lean mass also increased weekly (Type III Wald χ2 test, χ2 = 6.41, p < 0.01). No other 

effects of sex, condition, week, or interactions among them were found on fat or lean 

mass of older offspring (Table 4).  

Weekly mass and body composition were collected from 19 L2 pups from 8 litters 

and 32 L2+ pups from 12 litters. Body mass of all younger offspring increased 

progressively across weeks (Type III Wald χ2 test, χ2 = 264.25, p < 0.01). However, body 

mass was not significantly influenced by litter type or the interaction between litter type 

and week. Fat mass, in contrast, was significantly affected by an interaction between 

week and litter type (Type III Wald χ2 test, χ2 = 3.50, p < 0.03). L2+ offspring showed a 

significant gain in fat mass between Weeks 2 and 3 (t = 2.96, p = 0.04), whereas no other 

pairwise comparisons between weeks were significant for either L2 or L2+ offspring. We 

did not find any significant effects of litter type or week on lean mass of younger 
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offspring (Table 5). L2 and L2+ offspring also did not significantly differ in the age at 

which their eyes first opened (T-test, t = 1.86, p = 0.08). 

 

3.4 Open-field Test 

 All focal offspring were tested in the open-field test at approximately 42 days of 

age. L1 offspring traveled greater distances in the center of the open field than L1+ 

offspring (Type III Wald χ2 test, χ2 = 3.84, p = 0.05, Fig. 6). In addition, males traveled 

greater distances in the outer portion and in total than females, regardless of family type 

(Type III Wald χ2 test, χ2 = 4.54, p = 0.03). No other behaviors differed significantly 

between males and females or between L1 and L1+ offspring, and none differed between 

L2 and L2+ offspring (Table 6 and 7). 

 

3.5. Parental-behavior Test 

 At approximately 90 days of age, we tested each focal animal with an unfamiliar 

pup. Of the 37 female offspring that were tested, 11 behaved parentally (i.e., licked or 

huddled) toward the pup, 5 attacked the pup, and 21 behaved neutrally (i.e., neither 

behaved parentally nor attacked) toward the pup (Table XXX). Of the 35 male offspring 

tested, 22 behaved parentally, 4 attacked the pup, and 9 behaved neutrally (Table 

XXX).  The proportion of offspring that behaved parentally, aggressively, or neutrally 

did not differ among litter types in either sex (χ2 test, p > 0.05). Additionally, the number 

of animals that did and did not perform a given behavior (i.e. XXX) did not differ among 

litter type in either sex (χ2 tests, p > 0.05) 
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We found no significant differences in behavior between L1+ and L1 females or 

L2+ and L2 females (Table 8). In males, we found a significant effect of litter type on the 

latency to approach the pup (Type III Wald χ2 test, χ2 = 4.88, p = 0.03) and touch (Type 

III Wald χ2 test, χ2 = 4.42, p = 0.04). Males that had been reared with younger siblings 

(i.e., L1+ males) approached (z-test, z = -2.21, p = 0.03) and touched (z-test, z = -2.10, p 

= 0.03) the pup more quickly than males reared without younger siblings (i.e., L1 males). 

We also observed a significant effect of litter type on bedding manipulation (Type III 

Wald χ2 test, χ2 = 10.175, p < 0.01). Litter type had no other significant effects on 

behaviors of L1 versus L1+ males (Table 9). Numbers of males in younger litters for 

which parental-behavior test data were available were insufficient for statistical analysis.  

4. Discussion 

 In this study, we explored the effects of overlapping litters on within-family 

dynamics and behavioral and physiological development of offspring. To do this, we 

tested the hypotheses that, in California mice, 1) older siblings will provide alloparental 

care and 2) older and younger siblings will both benefit from being raised together. 

Overall, we found some evidence to suggest the presence of alloparental care in this 

species and some positive and negative effects of overlapping litters on offspring growth 

and behavior as adults. 

4.1. Effects of Overlapping Litters on Parents 

 We found no significant differences between fathers from different Litter 1, Litter 

2, and Overlapping Litters (OL) families. However, OL mothers were heavier than Litter 

1 mothers, suggesting an effect of presence of younger offspring. Possibly, L1+ offspring 
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provided alloparental care to their younger siblings in OL families, allowing their 

mothers more time and energy to devote to foraging and other self-maintenance 

behaviors (Crick, 1992). On the other hand, the difference in body mass between OL and 

Litter 1 mothers might be explained by L1 offspring continuing to solicit and receive 

resources from their mothers. California mouse pups have tenacious nipple attachment 

(Gilbert, 1995), and we have observed ~28-31-day-old offspring still latched on to their 

mothers’ teats despite being able to consume solid food (personal observations). 

However, it is important to note that suckling behavior does not necessarily mean that 

offspring are receiving milk (Cameron, 1998). 

4.2. Effects of Overlapping Litters on Offspring Development 

The growth of older offspring was impacted by the presence of younger siblings 

in that L1 offspring had a statistically significant increase in body mass between weeks 2 

and 3, but L1+ offspring only had a marginally significant increase. Given that neither L1 

nor L1+ offspring had a significant increase in body mass between weeks 3 and 4, our 

results may indicate that growth plateaus earlier in L1+ offspring than L1 offspring. If 

L1+ offspring provided alloparental care to their younger siblings, then they possibly 

spent less time foraging than L1 offspring (Heinsohn & Legge, 1999; Stead, Mucha, & 

Bădescu, 2019). Another reason for this result could be that L1+ offspring experienced 

conflicts with their young siblings in addition to littermates while L1 offspring did not. In 

Mongolian gerbils (Scheibler, Weinandy, & Gattermann, 2005) and cotton-top tamarins 

(Snowdon & Pickhard, 1999), both cooperatively breeding species, intra-family 

aggression increases after family size reaches a threshold number of individuals, which is 
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suggested to facilitate dispersal. Alternatively, L1 offspring might have obtained more 

milk from their mothers than L1+ offspring, consistent with our finding that Litter 1 

mothers weighed less than OL mothers. In some species, delaying dispersal can allow 

offspring to retain access to food, protection by parents, and other resources at the natal 

site (reviewed in Komdeur & Ekman, 2010). Postponing dispersal may, therefore, 

improve offspring survival until they can find suitable territories of their own, 

incentivizing parents to tolerate the presence of older offspring, regardless of alloparental 

care (reviewed in Komdeur & Ekman, 2010).  

Few differences were found in body, fat, and lean mass between younger 

offspring reared with and without older siblings, suggesting that the presence of older 

offspring had little effect on the physical development of pups. However, this study was 

conducted using a captive colony in which animals were given food and water ad lib, 

temperature and humidity were constant, and no predators were present. It is possible that 

effects of the presence of older siblings would be apparent under natural conditions. 

4.3 Effects of Overlapping Litters on Behavior in Adulthood 

 We observed that L1 offspring traveled greater distances in the center of the open 

field than L1+ offspring. The open-field test is commonly used to test anxiety-like 

behavior in rodents (Archer, 1975); thus, L1 offspring displayed less anxiety-like 

behavior than L1+ offspring. The age at which focal offspring were tested in the open 

field is approximately that at which wild offspring begin to disperse (Ribble, 1992). 

Similar increases in anxiety-like behavior and decreases in exploratory behavior in older 

offspring, compared to younger siblings, have been observed in other rodents (Greenberg 
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et al., 2012; Stone et al., 2010; Wu, Song, Tai, Wang, et al., 2013). Wu et al. suggested 

that due to delayed dispersal, alloparents may have had fewer opportunities or less 

necessity to explore in order to locate resources (e.g., food, suitable habitat, mates).  

Interestingly, male offspring, regardless of litter type, traveled greater distances in 

the periphery of the open field than female offspring. This contradicts findings of 

previous studies in California mice that found no sex differences in exploratory and/or 

anxiety-like behavior (Jašarević, Williams, Roberts, Geary, & Rosenfeld, 2012; Nguyen 

et al., 2020). Additionally, field studies in California mice have found that males tend to 

be philopatric to their natal site and disperse shorter distances than females which may 

suggest that they should display less exploratory behavior (Ribble, 1992a). 

 During the parental-behavior test, L1 males were slower to approach and touch 

unfamiliar pups compared to L1+ males. This result suggests that male offspring that 

interacted with younger siblings are more willing to interact with pups than male 

offspring that did not. In contrast, female focal offspring of different litter types did not 

differ in pup-directed behavior. Our lab previously found that sexually naïve males 

displayed more parental behaviors than sexually naïve females (Nguyen et al., 2020). 

Possibly, the effects of overlapping litters on response to unrelated, unfamiliar pups may 

be stronger in male than female offspring. 

We found no other differences between L1 and L1+ or between L2 and L2+ 

animals in pup-directed behavior during the parental-behavior test; therefore, we do not 

have conclusive evidence that the presence of younger siblings increases parental 

responsiveness in California mice. L1 males were observed manipulating bedding 
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material for longer durations than L1+ males. Although the manipulation of bedding 

material could be a parental behavior associated with building a nest for young, this 

behavior was performed by animals both that did and did not initiate other caregiving 

behaviors (i.e., huddling and grooming of pups). We did not, however, differentiate 

between animals that manipulated bedding while near and away from the pup.  

Overall, rearing overlapping litters improved maternal condition but had mixed 

effects on offspring. Although L1+ males, which were housed with younger siblings 

during the juvenile period, showed greater interest in pups than L1 males, L1+ offspring 

had decreased growth rate and displayed more anxiety-like behavior in the open field 

compared to L1 offspring. Unexpectedly, we found no differences between L2 and L2+ 

offspring. Our results contribute to the understanding of an unexplored aspect of 

California mouse family dynamics and warrant further investigation into the presence of 

alloparental care and its effects on parents and offspring.
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Figure 3.1. Experimental Design and Timeline. (A) Description of Litter 1, Litter 2, 
and Overlapping Litters families and focal offspring. Experimental timelines for (B) older 
pups (L1 and L1+) and (C) younger pups (L2 and L2+). 
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 Figure 3.2. Double-cage setup. Both cages contained food, water, bedding, and nesting 
material, and animals could move freely between the two cages at all times. 
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Figure 3.3. Log-transformed body masses of mothers in Litter 1 (L1, n = 12), Litter 2 
(L2, n = 8), and Overlapping Litters families (OL, n =13). Circles represent data from 
individual animals, horizontal lines represent means, and error bars represent 
1.5*Interquartile range + first and third quartile. OL mothers had significantly higher 
body mass than L1 mothers (p < 0.01). 
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Figure 3.4. Log-transformed body masses of fathers in Litter 1 (L1, n = 12), Litter 2 (L2, 
n = 8), and Overlappping Litters families (OL, n =13).  Circles represent data from 
individual animals, horizontal lines represent means, and error bars represent 
1.5*Interquartile range + first and third quartile. Fathers from different family types did 
not significantly differ in body mass. 
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Figure 3.5. Body masses of L1 females (n = 11), L1+ females (n = 7), L1 males (n = 12), 
and L1+ males (n = 13) across the four weeks following the birth of the next litter. 
Circles represent data from individual animals, horizontal lines represent means, and 
error bars represent 1.5*Interquartile range + first and third quartile. Body mass of L1 
offspring increased significantly between weeks 1 and 2 (p < 0.01) and between weeks 2 
and 3 (p < 0.01). Body mass of L1+ offspring increased significantly between weeks 1 
and 2 (p = 0.03). 
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Figure 3.6. Fat masses of L1 females (n = 11), L1+ females (n = 7), L1 males (n = 12), 
and L1+ males (n = 13). Circles represent data from individual animals. Older offspring 
from different litter types did not significantly differ in fat mass. Females tended to have 
higher fat mass than males (p = 0.07).
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Figure 3.7. Lean masses of L1 females (n = 11), L1+ females (n = 7), L1 males (n = 12), 
and L1+ males (n = 13). Circles represent data from individual animals. Males tended to 
have higher lean mass than females (p = 0.07). 
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Figure 3.8. Body masses of L2 (n = 19) and L2+ (n = 32) focal offspring. Males and 
females were not analyzed separately because we were unable to determine sex until after 
weaning. Circles represent data from individual animals. Body mass increased weekly in 
younger offspring (p < 0.01). 
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Figure 3 9. Fat masses of L2 (n = 19) and L2+ (n = 32) focal offspring. Males and 
females were not analyzed separately because we were unable to determine sex until after 
weaning. Circles represent data from individual animals. L2+ offspring, but not L2 
offspring, showed a significant gain in fat mass between Weeks 2 and 3 (p = 0.04). 

 
Figure 3.10. Lean masses of L2 (n = 19) and L2+ (n = 32) focal offspring. Males and 
females were not analyzed separately because we were unable to determine sex until after 
weaning. Circles represent data from individual animals. Neither litter type nor week 
significantly affected lean mass in younger offspring. 
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Figure 3.11. Distance traveled in the center of the open field. Circles represent data from 
individual animals. L1 offspring traveled greater distances in the center of the open field 
than L1+ offspring (p = 0.05). 
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Figure 3.12. Total distance traveled in the open field by older offspring. Circles represent 
data from individual animals. Males traveled greater distances than females (p = 0.03).  
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Figure 3.13. Latencies of L1 (n = 10) and L1+ (n = 13) males to approach the pup during 
the parental-behavior test. Circles represent data from individual animals. L1+ males 
were faster to approach than L1 males (p = 0.03). 
 
 

Figure 3.14. Latencies of L1 (n = 8) and L1+ (n = 13) males to touch the pup during the 
parental behavior test. Circles represent data from individual animals. L1+ males were 
faster to approach than L1 males (p = 0.04). 
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Figure 3.15. Duration of manipulating bedding by L1 (n = 4) and L1+ (n = 8) males 
during the parental-behavior test. Circles represent data from individual animals. L1 
males manipulated shavings more than L1+ males (p < 0.01). 
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Synthesis 

 Much of our understanding of parental care has focused on either intrinsic 

characteristics of an individual or its surrounding environment. My dissertation takes 

both into account by examining how both characteristics intrinsic to an individual and 

social environment can affect caregiving behavior in the biparental, monogamous 

California mouse. I first uncovered evidence for sex-specific patterns of offspring 

discrimination in this species across the pup-rearing period; fathers showed increased 

interest in unrelated pups during the peak periods of parental care while   mothers did not 

(Chapter 1). In addition to the effects of individual traits or social interactions alone, the 

amount and/or quality of care provided by one animal may influence how other animals 

provide care. I examined the effects of late paternity, not only on the behaviors of fathers, 

but also on those of their mates (Chapter 2). Although no difference in paternal behavior 

or offspring development were observed between old and young fathers, mothers mated 

to young fathers nursed pups more frequently than those mated to old fathers. Finally, 

considering the role that offspring might play as alloparents I studied families housed 

concurrently with two successive litters to investigate the effects of living with parents 

and older/younger siblings on offspring physical and behavioral development (Chapter 

3). Mothers housed with only their mates and older offspring had lower body mass 

compared to mothers that raised overlapping litters. The presence of younger siblings 

decreased body mass of their older siblings and increased anxiety-like behavior and 

responsiveness to unfamiliar pups. 
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Consistent with previous studies (Nguyen, Zhao and Saltzman 2020; Shaikh, Asif, 

and Saltzman, unpublished data), mothers and sexually naïve females displayed less 

interest in unfamiliar pups compared to fathers and sexually naïve males (Chapters 1 and 

3), suggesting that females may be constrained by their higher costs of providing 

maternal care in mammals. Indeed, mothers mated to younger and, possibly, higher-

quality males nursed their pups more frequently than those mated to older males (Chapter 

2), and maternal body mass was affected by the number of litters present while paternal 

body mass was not (Chapter 3). Fathers’ behavior, on the other hand, was unaffected by 

their age (Chapter 2) or the number of litters present (Chapter 3). In our laboratory 

setting, the development of pups from birth to weaning age was not influenced by 

paternal age or the presence of older siblings (Chapters 2 and 3). On the other hand, in 

older offspring, only males, but not females, living with and without their younger 

siblings differed in their willingness to interact with an unfamiliar pup.  

Altogether, my results support Trivers’ (1972) parental investment theory that 

animals should invest in young based on the benefits of providing care relative to the 

costs of care. Mammalian females inherently have a higher cost of parental care than 

males due to necessity of pregnancy and lactation, which may explain why female 

California mice were less interested in unfamiliar pups compared to males. In contrast, 

male California mice were able to maintain levels of care in spite of age or the number of 

litters present, likely because the costs of providing additional care for them are low. My 

dissertation furthers our understanding of the role of family dynamics in caregiving 

behavior in a biparental mammal, revealing new avenues of study for exploring the 
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determinants of parental and alloparental care. For example, we can examine the effects 

of environmental stressors, such as presence of predators or decrease in food sources, on 

how individual members of a family weigh the costs and benefits of providing care. 

Considering social and intrinsic factors on parental care may especially be informative 

for captive breeding programs for the conservation of endangered species. 
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