
 

 
 

EFFECTS OF SENESCENCE ON REPRODUCTION AND BEHAVIOR IN 
BOTTLENOSE DOLPHINS 

 
 
 
 
 
 

A Dissertation 
submitted to the Faculty of the  

Graduate School of Arts and Sciences  
of Georgetown University  

in partial fulfillment of the requirements for the  
degree of  

Doctor of Philosophy  
in Biology  

 
 
 
 
 
 
 
 

By 
 
 
 
 
 
 
 

Caitlin Burgess Karniski, B.S. 
 
 
 
 
 
 
 
 
 

Washington, DC 
July 29, 2019 



 ii 

 
Copyright 2019 by Caitlin Burgess Karniski 

All Rights Reserved 
 

  



 iii 

 
EFFECTS OF SENESCENCE ON REPRODUCTION AND BEHAVIOR IN 

BOTTLENOSE DOLPHINS 
 

Caitlin Burgess Karniski, B.S. 
 

Thesis Advisor: Janet Mann, Ph.D. 
  
 

ABSTRACT 
 

Senescence is the degenerative change in function of all organ systems with age 

and is accompanied by precipitous declines in survival and fertility. In a few species, 

reproductive senescence culminates in menopause, the complete cessation of 

reproduction and a significant post-reproductive lifespan. Adaptive hypotheses for the 

evolution of menopause have gained recent attention. Investigating whether pathways 

essential to these hypotheses are also found in non-menopausal species will reveal 

whether these processes exclusively drive the evolution of menopause. Using a 35-year 

study of the bottlenose dolphins of Shark Bay, Australia, I investigate how aging affects 

reproduction and behavior in the context of these evolutionary hypotheses. 

 In Chapter 1, I examine two components of reproductive senescence: fertility and 

maternal-effect senescence. With increasing maternal age, calf survival decreased, while 

lactation period increased. Interbirth intervals increased regardless of calf mortality, 

indicating interactions between fertility and maternal-effect senescence. Of calves that 

survived to weaning, last-born calves weaned latest, evidence of terminal investment. 

 In Chapter 2, I investigate whether senescence impacts behavior in late adulthood. 

While time spent cycling increases in late adulthood, time spent with adult males does 

not change, nor do activity budgets, time spent alone, or average group sizes. Time spent 
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socializing decreases in late adulthood when females have a dependent calf, suggesting 

that aging mothers regulate energy budgets in late adulthood. 

 In Chapter 3, I explore the nature of intergenerational relationships in the context 

of the “grandmother” and “reproductive conflict” hypotheses for the evolution of 

menopause. Females do not affect survival or weaning of grandoffspring or reproductive 

success of daughters. However, they accelerate their daughters’ maturation, with an 

earlier age of first birth, dependent on grandoffspring survival. Second-generation 

offspring born into reproductive conflict exhibit reduced survival. These results indicate 

that matrilineal investment and reproductive conflict occur simultaneously in a non-

menopausal species, suggesting that these processes alone do not drive the evolution of 

menopause. This work demonstrates how aging impacts mammalian reproduction and 

behavior and contributes to our understanding of the evolution of reproductive life 

histories. 
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INTRODUCTION 

 

Senescence has commonly been understood as the “progressive decline within 

adult organisms of the functional capacity of most, if not all, organ systems, resulting in 

an age-specific increase in mortality rate and a decline in fertility” (Kirkwood and 

Shanley 2010). Prominent hypotheses for the evolution of senescence are fundamentally 

non-adaptive including the mutation accumulation (Medawar 1952; Hamilton 1966), 

antagonistic pleiotropy (Williams 1957), and disposable soma (Drenos and Kirkwood 

2005) theories. In a few species, reproductive senescence, the age-related decline in 

reproductive output and success, culminates in menopause, which is marked by a 

complete cessation of reproduction and a significant post-reproductive lifespan. In 

contrast to theories of general senescence, menopause has prompted several adaptive 

explanations for its evolution. Of these, the “grandmother” and “reproductive conflict” 

hypotheses have received most attention in recent years. 

The “grandmother” hypothesis (Hawkes et al. 1998) uses Charnov’s life history 

model (Charnov 1991) to explain how older female mammals who provide food to their 

offspring and/or grandoffspring would increase their own inclusive fitness by enhancing 

their daughters' reproductive rate and grandoffspring survival (Hamilton 1963, 1964). 

Supplementing daughters and/or grandoffspring (Hawkes et al. 1998) would promote 

earlier weaning of nursing grandoffspring, a decrease in the daughter’s interbirth interval, 

an increase in her reproductive success, and thus an increase in inclusive fitness of the 

grandmother. Through these processes, grandmother-grandoffspring provisioning would 

select for an extended post-reproductive lifespan. 
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In contrast, the reproductive conflict hypothesis focuses on reproductive 

competition between females of different generations. A key component of this 

hypothesis is relatedness asymmetry, where older females are more closely related to 

members of their group on average than are younger females (Cant and Johnstone 2008; 

Johnstone and Cant 2010). This asymmetry favors higher reproductive investment by 

younger females relative to older females, who generally bear more of the fitness costs of 

reproductive conflict through increased infant mortality (Cant and Johnstone 2008; 

Lahdenperä et al. 2012; Croft et al. 2017). Resource competition and relatedness 

asymmetries among matrilineal kin result in reproductive conflict and select against late-

life reproduction, sufficient to allow for the evolution of menopause.  

As both the “grandmother” and “reproductive conflict” hypotheses have clear 

pathways to the evolution of menopause (matrilineal investment and reproductive 

competition respectively), investigating whether non-menopausal species also exhibit 

similar phenomena, will help us understand to what extent these processes exclusively 

drive the evolution of menopause. Exploring these dynamics in closely related non-

menopausal species will not only shed light on the evolution of menopause, but also 

demonstrate how components of senescence interact to affect the behavior and 

reproduction in mammals. Accordingly, in this dissertation I study how aging affects the 

reproduction and behavior of bottlenose dolphins Tursiops aduncus in the context of 

these evolutionary hypotheses. 

Bottlenose dolphins are an excellent study system for this aim because they are 

long-lived and bisexually philopatric (Tsai and Mann 2013), meaning their generations 

overlap in space and time. Additionally, they have extensive maternal investment and are 
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highly social, with high levels of individual variability facilitated by their fission-fusion 

society. Lastly, they are closely related to the only other menopausal species (Marsh and 

Kasuya 1984; Foote 2008; Photopoulou et al. 2017; Ellis et al. 2018) aside from humans, 

providing an excellent comparative perspective. This dissertation capitalizes on the 35+ 

year longitudinal study of the bottlenose dolphins of Shark Bay, Western Australia to 

investigate how senescence impacts reproduction and behavior in the context of adaptive 

hypotheses for the evolution of menopause. 

 In Chapter 1 (Karniski et al. 2018), I evaluate an emerging perspective that 

divides reproductive senescence into two discrete components. Reproductive senescence 

specifically is considered the age-related decline of reproductive output and success, yet 

Moorad and Nussey (2016) introduce fertility senescence and maternal-effect senescence 

as distinct components of this phenomenon. Fertility senescence is considered to be the 

aging of reproductive physiology (for example through a decrease in primordial follicles, 

Atkins et al. 2014), while maternal-effect senescence pertains to the declining capacity to 

provision and rear surviving offspring due to age (Hayward et al. 2013). As such, this 

chapter investigates how maternal investment changes across the female lifespan. 

In addition to providing a working definition of maternal-effect senescence, this 

chapter examines how senescence impacts reproduction and maternal investment through 

three parameters: calf survival, interbirth interval (IBI), and lactation period. Calves born 

to older mothers had lower survival than predicted by birth order, and lactation period 

and IBIs increased with maternal age. IBIs increased regardless of calf mortality, 

indicating interactions between fertility and maternal-effect senescence. Of calves that 

survived to weaning, last-born calves weaned later than earlier-born calves, evidence of 
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terminal investment, a mitigating strategy given reduced reproductive value caused by 

either components of reproductive senescence. 

Given that senescence impacts reproduction (Karniski et al. 2018) and physiology 

(Venn-Watson et al. 2011) in bottlenose dolphins, I predict senescence to also have 

impacts on behavior. I expect these behavioral changes to occur either in the activity 

budget to accommodate fluctuating energetic demands with age (Broggi et al. 2010), or 

specifically with social behavior, as both intra- and intersexual dynamics may be 

influenced by the shifting strategies of maternal investment with age. As such, In Chapter 

2 I investigate whether shifting maternal investment strategies caused by reproductive 

senescence could also accompany senescence-related behavioral changes in late 

adulthood. I found that while time spent cycling increases in late adulthood, time spent 

with adult males does not change, nor do activity budgets, time spent alone, or average 

group sizes. When females have a dependent calf however, time spent socializing 

decreases in late adulthood. Changes in cycling in late adulthood is likely due to 

maternal-effect senescence, as increased offspring mortality and longer nursing periods 

with age contribute to prolonged cycling periods. Socializing rates of lactating females in 

late adulthood are likely influenced by physiological senescence, such that condition-

compromised females may reduce socializing in favor of activities like foraging or 

resting that have more vital and immediate impacts on condition. 

 Finally, in Chapter 3 I explore the nature of intergenerational relationships within 

a matriline in the context of the “grandmother” and “reproductive conflict” hypotheses 

for the evolution of menopause. While females do not affect the survival or weaning of 

their grandoffspring, or the reproductive success of their daughters, they accelerate their 
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daughters’ maturation, with an earlier age of first birth. This effect depends upon 

grandoffspring survival, suggesting that grandmothers might influence the survival of 

grandoffspring by mediating the timing of their daughter’s first reproduction. Second-

generation offspring born into reproductive conflict, when both mother and daughter give 

birth within 2 years, exhibit reduced survival. These results suggest that intergenerational 

matrilineal investment and reproductive conflict may operate concurrently and that 

strategies hypothesized to explain the evolution of menopause occur in closely related 

non-menopausal species. 

 Cumulatively, this dissertation demonstrates how multiple components of 

senescence impact reproduction and behavior in a long-lived mammal with extensive 

maternal care. As these results show how reproductive and behavioral strategies shift 

throughout adulthood, they demonstrate fluctuating pressures individuals face with age. 

By investigating these dynamics through the lens of evolutionary hypotheses for 

menopause, this work contributes to our understanding of how both menopause and 

mammalian reproductive life histories evolved. 
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CHAPTER I 

 

Senescence impacts reproduction and maternal investment in bottlenose dolphins1 

 

INTRODUCTION 

 

Reproductive senescence, the age-related decline of reproductive output and 

success, is intrinsically linked to life history theory from an evolutionary perspective. 

Theories on reproductive senescence generally stem from non-adaptive arguments for the 

evolution of general somatic senescence, defined by the degenerative change in function 

of all organ systems (Smith 1962; Kirkwood and Shanley 2010). These (non-mutually 

exclusive, non-exhaustive) theories for the evolution of senescence include (i) mutation 

accumulation, where the strength of selection decreases with age due to extrinsic 

mortality (Medawar 1952; Hamilton 1966), allowing for the accumulation of deleterious 

late-acting mutations in a population, (ii) antagonistic pleiotropy, in which alleles that are 

beneficial to survival early in life are detrimental to later reproduction (Williams 1957), 

and (iii) the disposable soma theory (Drenos and Kirkwood 2005), in which early 

reproduction comes at an energetic cost of somatic maintenance, resulting in 

physiological senescence. These theories for both reproductive and somatic senescence 

are driven by life history tradeoffs including the tradeoff between reproduction and 

somatic investment, and the tradeoff between early- and late-life reproduction (Stearns 

 
1 Published: Karniski C, Krzyszczyk E, Mann J (2018) Senescence impacts reproduction and maternal 

investment in bottlenose dolphins. Proc R Soc B 285:20181123 
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1992). Given the high costs of reproduction (Williams 1966; Emery Thompson 2013), 

early reproductive investment may come at the expense of late-life fertility, as 

demonstrated in longitudinal field studies (Nussey et al. 2006; Reed et al. 2008). This 

tradeoff in particular can impact the rate of senescence (Nussey et al. 2006), so 

examining senescence in the context of these factors can shed light on these evolutionary 

theories. 

Here we examined reproductive senescence in a novel way: through two of its 

interacting components, fertility senescence and maternal-effect senescence. Further, we 

applied this model in wild bottlenose dolphins, a long-lived species with prolonged 

maternal care. We examined the effects of senescence on prenatal factors (through the 

interaction between fertility and maternal-effect senescence) and postnatal maternal care 

(maternal-effect senescence). Both prenatal and postnatal impacts of senescence have 

profound effects on individual reproductive value (Hayward et al. 2013) and population 

dynamics (Boonstra 1994), thus impacting evolutionary processes. 

 Reproductive senescence is common across mammalian species (Packer et al. 

1998; Nussey et al. 2009; Sharp and Clutton-Brock 2010; Hayward et al. 2013), and 

studies of reproductive senescence in wild and captive populations use physiological (e.g. 

histological examination of the reproductive tract to infer pregnancy and ovulation rates 

(Marsh and Kasuya 1986), and endocrine analyses to measure progesterone levels 

(DelGiudice et al. 2007)) and demographic (e.g. increase in reproductive failure and 

decrease in fecundity (Bérubé et al. 1999; Sparkman et al. 2007) metrics. Recently, 

Moorad and Nussey (2016) proposed a novel perspective that divides reproductive 

senescence into discrete (yet interacting) components: fertility senescence and maternal-
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effect senescence. Fertility senescence is considered to be the aging of reproductive 

physiology (for example through a decrease in primordial follicles, Atkins et al. 2014), 

while maternal-effect senescence pertains to the declining capacity to provision and rear 

surviving offspring due to age (Hayward et al. 2013). Considering each of these 

components is important, as evolutionary theories on reproductive senescence might miss 

the role somatic aging plays in reproduction, particularly when it comes to maternal 

provisioning and care. However, differentiating between what qualifies as maternal-effect 

senescence is not straightforward. Here we discuss some of the main difficulties in 

identifying maternal-effect senescence and offer a modified operational definition. 

 

Observing and defining maternal-effect senescence 

 

While investigations of fertility senescence are more common in the literature due 

to the relative ease of histological observation in lab-reared or deceased wild specimens, 

identifying maternal-effect senescence in a natural population is arguably more 

challenging. Fertility senescence in wild animals can be determined with cross-sectional 

physiological data when age is discernable from deceased individuals (Weber Rosas and 

Monteiro-Filho 2002), however maternal-effect senescence is more difficult to observe in 

natural populations because it involves longitudinal and behavioral monitoring of 

individuals and their offspring (Bouwhuis et al. 2010; Torres et al. 2011). Longitudinal 

data are essential because individual variation may obscure population-level patterns of 

senescence due to differential survival or “selective disappearance” (McCleery et al. 

2008; Bouwhuis et al. 2009; Hayward et al. 2013). Yet, the dearth of studies of maternal-
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effect senescence is particularly noticeable for long-lived mammals given that decades of 

research may be necessary to document somatic and reproductive senescence.  

Furthermore, while a recent study examined the senescence of maternal effects in 

birds (Beamonte-Barrientos et al. 2016), observing maternal-effect senescence in 

viviparous species is more complex because fertility and maternal-effects are inextricably 

linked in utero. For example, prenatal androgen transmission is typically considered a 

maternal effect (Dloniak et al. 2006), yet the dysregulation of the hypothalamic-pituitary-

ovarian axis that controls maternal androgen levels may be caused by oocyte depletion, a 

consequence of fertility senescence (O’Connor et al. 1998; Lemaître and Gaillard 2017). 

Because these two components interact heavily in utero, disentangling the two for the 

purpose of an operational definition is difficult. Maternal effects are defined as non-

genetic vertical transmission that affects offspring phenotype (Bonduriansky and Day 

2009). Thus, for the purpose of this paper we propose refining the definition of maternal-

effect senescence as when somatic senescence impacts the mother’s ability to care for 

and provision offspring (both pre- and postnatally), such that the offspring’s phenotype 

(such as size, condition, and viability) is altered. This includes maternal care, a type of 

postnatal maternal effect encompassing lactation, infant carrying, provisioning, socio-

ecological information transfer, and protection from conspecifics and predators. Although 

maternal-effect senescence indicates a decrease in offspring fitness with maternal age, 

this does not preclude increased maternal investment as a compensatory strategy given a 

decreased ability to provide care. 

Bottlenose dolphins are an excellent study species to explore this because they 

have among the longest, and most variable periods of direct maternal care of mammals 
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(Mann et al. 2000; De Magalhães and Costa 2009) (see results, this paper), allowing 

researchers to readily observe the extent to which maternal care may be affected by 

senescence. Furthermore, bottlenose dolphins belong to the family Delphinidae, and are 

closely related to the only nonhuman species with documented menopause (Marsh and 

Kasuya 1984; Foote 2008; Photopoulou et al. 2017). Because there are relatively sparse 

data on basic reproductive life history parameters in delphinids, a better understanding of 

reproductive senescence in bottlenose dolphins can provide context for how post-

reproductive lifespans (PRLS) evolved in other delphinid species. 

Though bottlenose dolphins (Tursiops truncatus and T. aduncus) are one of the 

best-studied cetaceans, research on somatic senescence is limited to a captive population 

of T. truncatus managed by the United States Navy Marine Mammal Program (Venn-

Watson et al. 2011) and one free-living T. truncatus population in Sarasota Bay, Florida 

(Hall et al. 2007). Reproductive senescence in T. truncatus has been suggested 

qualitatively from longitudinal (Robinson et al. 2017) and capture-mark-recapture (Fruet 

et al. 2015) data with small sample sizes, captive animals (O’Brien and Robeck 2012), 

and from drive fisheries data (Marsh and Kasuya 1986), yet little work has been done to 

empirically demonstrate reproductive senescence among free-ranging individuals. 

Previous work on age-specific foraging performance of T. aduncus in Shark Bay, 

Australia found a decreased likelihood of lactation past the age of 25 in a small subset of 

the population (Patterson et al. 2016), yet an assessment of the reproductive trends with 

age of the population at-large is needed. Conversely, a few short-term studies suggest no 

relationship between maternal age and reproduction in T. truncatus (Agusto et al. 2012; 

Brough et al. 2016). While this would be the first study to empirically investigate 
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reproductive senescence in wild bottlenose dolphins, few mammalian studies have 

examined maternal-effect senescence, specifically, age-related changes in maternal care. 

Several studies do address the effect of maternal age on maternally-mediated traits of 

offspring (Lock et al. 2007; Torres et al. 2011; Hayward et al. 2013; Descamps et al. 

2016), but none have empirically modeled how fertility and maternal-effect senescence 

may independently or interactively affect offspring. To our knowledge this study is the 

first to examine the extent and interaction of two components of reproductive senescence 

on maternally-mediated parameters with a wild, longitudinal dataset. 

 

Study objectives and predictions 

 

The objective of this study was to examine how senescence impacts reproduction 

and maternal investment in bottlenose dolphins using 34+ years of longitudinal data on 

229 adult females and their 562 calves. We evaluated this through three parameters: calf 

survival, interbirth interval (IBI), and lactation period. Our hypothesis was that maternal-

effect senescence impacts maternal ability to care for offspring from birth to weaning; as 

such, we predicted a decline in calf survival, defined as survival to age 3, with maternal 

age. Consistent with life history theory and Trivers’ parental investment theory (Trivers 

1974), our second hypothesis was that both fertility and maternal-effect senescence 

interact to increase IBIs and lactation period with maternal age. We predicted that IBIs 

would increase with maternal age as a result of both pre- and post-conception factors. For 

example, IBIs may increase because of failure to ovulate, conceive, and/or because of 

decreased attractivity (fertility senescence) as well as spontaneous abortions and 
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stillbirths (interactions between fertility and maternal-effect senescence). We predicted 

that lactation period will increase with maternal age, particularly for the last offspring, as 

a mitigating strategy in light of a reduced reproductive value caused by either 

components of reproductive senescence (Trivers 1974). Finally, we predicted later 

weaning for daughters than for sons because in our population, daughters maintain a 

stronger bond with their mothers more than sons (Tsai and Mann 2013), daughters are 

more likely to adopt maternal foraging tactics (Sargeant et al. 2005; Mann et al. 2008), 

and mothers adjust their diving behavior to accommodate daughters more than sons 

(Miketa et al. 2018). In species with extensive maternal care, mothers confer reproductive 

value to the matriline (a maternal effect) through daughters (Leimar 1996). 

 

METHODS 

 

Subject details 

 

Longitudinal demographic and reproductive data on 741 unique wild bottlenose 

dolphins (Tursiops aduncus) in Shark Bay, Western Australia were used in analyses for 

this paper. These 741 individuals included 229 adult females, for which their 

reproductive history of 562 total calves were included in analyses. These counts reflect 

totals used across all analyses. Some individuals were used in analyses when they were 

both a mother and a calf. Each analysis used a subset of these totals based on data 

restrictions we applied, and most individuals were used in more than one analysis. These 

data are a part of a larger longitudinal database maintained by the Shark Bay Dolphin 
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Research Project, initiated in 1984. Data were collected from boat-based behavioural 

surveys and focal follows (Karniski et al. 2015). Dolphins were individually identified 

through dorsal fin markings and calf ages were determined by (1) distinctive physical 

features of new calves upon first sighting (Mann and Smuts 1999), (2) body size, and (3) 

sightings of the mother before and after calf birth (Mann et al. 2000). Females who were 

already adults when first sighted were aged by the degree of speckling, which begins in 

the genital area around the onset of sexual maturity (8-12 years), spreads ventrally, and 

eventually to the dorsal side and fin by mid-20s (Krzyszczyk and Mann 2012) (J Mann 

2018, unpublished data). Birthdates for dolphins first sighted as juveniles were based on 

body size, refined with body speckling data, and are accurate within 1-3 years. Adult 

females with birthdate estimates that were greater than three years of precision were not 

used in analyses. Maternities were known by consistent observation of infant position and 

mother-calf association (Mann et al. 2000). When genetic data were available, all 

maternity assignments were confirmed by DNA (Frère et al. 2010). Weaning ages were 

determined as in Mann et al. (2000), by taking a midpoint between the date of the last 

sighting of the calf in infant position (from which all nursing occurs) and the date at 

which the calf last associated with its mother for 80% of sightings. Interbirth intervals are 

the time in between births, so this encompasses any failed conceptions and pregnancies 

between the first estrous cycle after the first calf and the birth of the second.  
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Statistical analyses 

 

All analyses were performed in R version 3.4.0 (R Core Team 2017), and figures were 

generated using packages “survival” (Therneau and Grambsch 2000), “ggplot2” 

(Wickham 2009), and “sjPlot” (Lüdecke 2017). 

 

a) Effects of maternal age on calf survival 

 

We used generalized linear mixed models (GLMMs) to determine the effects of 

maternal age on calf survival for 423 calves of known survival born to 153 females. 

Analyses were performed with package lme4 (Bates et al. 2015). Calf survival was 

binomial, and a calf was determined to have survived when sighted at or past 3 years of 

age. Calves of unknown survival to weaning were excluded from the dataset. This 

occurred if there was a gap in sightings around the average weaning age and neither 

mother nor calf were sighted again. Thus, we were unable to determine if this calf died 

before or after weaning. Maternal age was included as a fixed, continuous factor. In this 

population 22% of first births were at age 11 and 42% by age 12 (Wallen et al. 2016). 

Thus in order to ensure our data capture the beginning of reproductive years for females, 

we only used females in our analyses that were sighted often before their 11th birthday 

and during the years of early first reproduction (ages 11-16). This is a conservative cut-

off because females that had their first calf later would have to be sighted often every 

year to be sure we didn’t miss a consortship with males, pregnancy or birth. We also 

carefully documented sightings of females in consortships with adult males. For example, 
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if a female was sighted with adult males at age 12, but no calf (or evidence of pregnancy) 

was seen the following year, she would be excluded from our first-born analyses. Thus, 

we are confident that our data capture the beginning of reproductive years for as many 

females as possible. 

In order to control for early calf mortality due to residual complications that 

occurred in utero as a result of the mother’s fertility senescence, we ran the model 

excluding neonatal mortalities (calves that died prior to their 4th month birthday, 

Appendix A, table A.1). Additionally, to control for calves that died as a result of 

maternal death (10 of 423 births, 2.36%), we ran the model excluding orphaned calf 

deaths (Appendix A, table A.2). Both of these results mirrored that of the model with all 

calves included, so the complete dataset is presented in the results this paper. 

Individual variation in senescence may obscure population-level patterns of 

senescence if individuals with reduced reproductive performance also have lower 

longevity for example, and vice versa, rendering models vulnerable to a ‘selective 

disappearance’ bias (McCleery et al. 2008; Bouwhuis et al. 2009; Hayward et al. 2013). 

Thus, maternal ID was included as a random factor in order to control for individual 

variation. Though a quadratic relationship with age was predicted (Bérubé et al. 1999; 

Nussey et al. 2009; Sharp and Clutton-Brock 2010), the model with a linear age term was 

found to be the best-fit model by Akaike Information Criterion and marginal R2 values. 

All GLMM models were created with a binomial or poisson error structure and logit or 

log link function respectively. Model fit was confirmed with likelihood ratio tests. 
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b) Residual analyses 

 

Though both maternal age and birth order were found to affect calf survival in 

initial GLMM models as continuous and categorical factors respectively, much of this is 

due to a predicted high collinearity between maternal age and number of calves. In order 

to explore the relative importance of these two factors, we extracted the residuals of 

models with either birth order or maternal age only as fixed factors, then plotted these 

residuals against the other factor. Next we ran linear models of these residuals and the 

corresponding factors with package lme4 (Bates et al. 2015). We found no relationship 

between birth order and the residuals of the model with only maternal age (Appendix A, 

figure A.1), suggesting that birth order alone does not explain the variation in calf 

survival when maternal age is accounted for. However, maternal age and the residuals of 

the model with only birth order were negatively correlated (Appendix A, figure A.2), 

suggesting that when birth order is accounted for, maternal age is a robust predictor of the 

variation in calf survival. Because of birth order as a confounding factor and the lack of 

the relationship between birth order and the residuals of the model with only maternal 

age, birth order was removed from all subsequent analyses that include maternal age. 

 

c) Cox proportional hazards mixed effects models 

 

For our IBI and lactation period analyses we used Cox Proportional Hazards 

Mixed Effects Models with package “coxme” (Therneau 2015). These models are 

typically used in survival analyses to examine how time to an event (death) is predicted 
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by covariates, with the inclusion of a random effect to account for multilevel nested data 

(Austin 2017). We modified these models to determine how maternal age affects (1) the 

time between births (n = 199 females and a total of 469 calves), and (2) time to weaning 

(n = 95 calves born to 64 females). Because multiple calves are nested within 1 mother, 

we used maternal ID as a random factor, or “shared frailty term” (Austin 2017) to 

account for within-mother homogeneity that could result in increased or decreased 

hazards for a given matriline. For the IBI model, maternal age and calf mortality were 

included as fixed factors (continuous and binomial, respectively). IBIs were determined 

from females for which there was no greater than a 2-year sighting gap between the 

weaning or death of a calf and the birth of the following calf. This was to ensure no 

surviving calf could have been missed, although limited pre-natal or peri-natal mortality 

was still possible. Intervals were right-censored if the mother was still alive and had not 

yet had another calf at the time of the analysis, or the mother died (hereafter referred to as 

“terminal intervals”). In order to account for declining health prior to death, terminal 

intervals were excluded from analyses (Appendix A, figure A.3). With these models 

maternal age was not a robust predictor of IBIs (Appendix A, table A.3), indicating that 

the effect seen with the complete dataset is primarily driven by a decline in maternal 

condition in the years before death.  

For the weaning model, lactation period was measured by calf age at weaning. 

This model included only calves that survived to weaning, and also used maternal age as 

a fixed factor, and maternal ID as a random factor. 
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d) Effects of birth order on weaning age 

 

Finally, to determine relative levels of reproductive investment throughout a 

female’s life, we examined the effects of birth order on the weaning ages of her offspring. 

For 136 calves that survived to weaning, GLMMs were used to model the effects of birth 

order on weaning age with package lme4 (Bates et al. 2015). Weaning ages were known 

with a precision of ± 6 months, but typically ± 3 months. Birth order was included as a 

fixed factor and was categorically defined as “first,” “middle,” or “last.” “Middle” birth 

order encompassed any calves that were not the first or last calves of their mother. Calf 

sex was included as a fixed factor in the model to examine any sex effects on weaning in 

addition to a potential interaction between birth order and calf sex on weaning. Maternal 

ID was included as a random factor. Only calves with confirmed, known birth order, 

weaning age, and sex were included in analyses. Calves that became independent as a 

result of their mother’s death were excluded from analyses. 

 

RESULTS 

 

First, we examined the effects of maternal age on calf survival. Maternal ages at 

the time of birth ranged from 10.95 to 41.81 years. Of the 153 mothers used in analyses, 

33 (21.57%) never had a surviving calf. However, this percentage does not include 

females who were never observed pregnant or with a calf, so this value underestimates 

the number of females with no calving success. We found that calves born to older 

mothers had higher mortality than calves born to younger mothers (Figure I.1, GLMM, 
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Estimate = -0.06325, SE = 0.02015, z = -3.140, p < 0.005). Additionally, there was a 

negative correlation between maternal age and the residuals of the model with birth order 

only included (LM: Estimate = -0.02049, SE = 0.00825, t = -2.484, p < 0.05, Appendix 

A, figure A.2), indicating that maternal age likely explains the variation in the calf 

survival model for which birth order is accounted. Next, we found that IBIs increased 

with maternal age (Figure I.2.a, Cox model, Estimate = -0.05107, SE = 0.01786, z = -

2.86, p < 0.005). While IBIs were predictably shorter when calves died (Cox model, 

Estimate = -1.71018, SE = 0.48299, z = -3.54, p < 0.0005, see Appendix A, figure A.4 

for IBIs of surviving calves only), the interaction between maternal age and calf mortality 

on IBIs was not significant (p = 0.930). 

Weaning ages ranged from 2.56 to 8.59 years, with a mean of 3.98 years. 

Lactation period increased with maternal age (Figure I.2.b, Cox model, Estimate = -

0.05397, SE = 0.02726, z = -1.98, p < 0.05) and last-born calves nursed for longer 

periods of time (Figure I.3, GLMM, Estimate = 0.15403, SE = 0.07329, z = 2.10, p < 

0.05) than earlier-born calves. However, we found no effect of calf sex on weaning age (p 

= 0.37), nor an interaction between birth order and calf sex on lactation time (p = 0.44). 

 

DISCUSSION 

 

Results from our survival models demonstrated clear evidence for reproductive 

senescence, and that maternal age was a significant predictor of calf survival while birth 

order was not. Birth order explained little variation of the model when maternal age is 

accounted for (Appendix A, figure A.1), but maternal age was negatively correlated with 
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the residuals from the model with only birth order included (Appendix A, figure A.2). 

This indicates that maternal age is a more robust predictor of calf survival than birth 

order. The negative relationship between maternal age and calf survival (Figure I.1) 

showed that calves born to older mothers had higher mortality than calves born to 

younger mothers. Further, the relationship between maternal age and the residuals of the 

model with only birth order included indicates that younger females had calves with 

higher than expected survival as predicted by birth order, and vice versa—that older 

females had calves with lower than expected survival as predicted by birth order alone. 

Similar to evidence of reproductive senescence in other mammals (e.g., olive baboons 

Papio Anubis, Packer et al. 1998; red deer Cervus elaphus, Nussey et al. 2009; meerkats 

Suricata suricatta, Sharp and Clutton-Brock 2010), these results show reproductive 

senescence in this population. We attribute the decline in calf survival with maternal age 

primarily to maternal-effect senescence because even after excluding neonatal mortality, 

which could be a consequence of fertility senescence, calves born to older mothers were 

more likely to die by age 3. This result suggests that older mothers have reduced ability 

to care for offspring due to senescence. 

Surprisingly, in contrast to other mammalian species (Paul and Kuester 1996; 

Zedrosser et al. 2009), first-born mortality was not higher in our population than later-

born, and birth order was not a significant predictor of calf survival. At other Tursiops 

study sites, Sarasota, Florida (Wells et al. 2005), and Moray Firth, Scotland (Robinson et 

al. 2017) first-born mortality is high, consistent with terrestrial mammals, yet the 

discrepancy between our results could be due to the extent in which anthropogenic 

contaminants play a role. Wells et al. (2005) found that mothers offloaded toxins through 
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lactation to their first-born calves, contributing to their significantly higher mortality than 

later-born calves. In contrast, Shark Bay is a relatively pristine environment, with few 

pollutants that may adversely affect first-born survival. Further, given that juvenile 

females frequently interact with calves and their mothers (Gibson and Mann 2008) for up 

to 10 years prior to producing their first calf, and that calves are physiologically precocial 

(Dearolf et al. 2000), adult maternal experience in a relatively undisturbed population 

may be less critical for calf survival than other factors (e.g., social and ecological, Mann 

et al. 2000; Frère et al. 2010). This may partly explain why a linear model, rather than 

quadratic, was superior in explaining the decline in calf survival with maternal age. 

Direct maternal experience appears to be less important in this population, indicated by 

the highest rates of calf survival among young primiparous females, in contrast to the 

parabolic mid-life peak evident in other mammalian populations (Bérubé et al. 1999; 

Nussey et al. 2009; Sharp and Clutton-Brock 2010). This result was also surprising given 

the higher levels of inbreeding (Frère et al. 2010) and aggression received from males 

(Watson-Capps 2005) for young females compared to older. 

The increase in IBIs with maternal age is indicative of a slowing reproductive rate 

with age, and serves as evidence for reproductive senescence in this and other species 

(e.g., chimpanzees Pan troglodytes, Emery Thompson et al. 2007; Barbary macaques 

Macaca sylvanus, Paul et al. 1993; Hamadryas baboons Papio hamadryas, Sigg et al. 

1982). The lack of an interaction between maternal age and calf mortality on IBI 

indicates that time between births increased with age regardless of offspring survival. 

Nevertheless, some of the increase in IBIs could be due to an increase in spontaneous 

abortions or unobserved stillbirths as a result of fertility senescence, thereby contributing 
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to the longer time periods between births. Additionally, the fact that maternal age does 

not predict IBIs when excluding terminal intervals, but predicts IBIs with the full dataset 

indicates that prolonged interbirth intervals are largely driven by the decline in maternal 

condition, which also diminishes her ability to conceive or complete another pregnancy 

before her death. 

Further, lactation length increased with maternal age, exceeding eight years in 

some cases for last-born offspring. Because female bottlenose dolphins often become 

pregnant in the final year of lactation and tend to wean about six months into the next 

pregnancy (Mann et al. 2000), in-utero death due to fertility senescence might result in 

sustained nursing of the existing calf. Changes in attractivity may also cause an increase 

in lactation period with age if successful matings do not occur. While males of some 

species prefer older females over younger females (Muller et al. 2006) potentially due to 

maternal experience, this may not be the case for bottlenose dolphins because parity is 

not a significant predictor of calf survival (see results, this chapter). While age-specific 

mate choice has not been explicitly examined in bottlenose dolphins, Watson-Capps’ 

(2005) finding that younger females received more aggression from males than older 

females did is an indication of male preference for females with higher calving success. 

Further, male-female association patterns during estrous suggest males can detect female 

receptivity (Wallen et al. 2017) indicating that older females may be less receptive and in 

turn, less attractive to males. Fetal loss and lower attractivity due to fertility senescence 

might help explain why older females nurse offspring for longer than younger females, 

and highlight the interaction in fertility and maternal-effect senescence in affecting IBIs 

and lactation period. In addition to being indicative of maternal-effect senescence, the 
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tendency for mothers to nurse calves longer as they age may also represent a shift in the 

cost-benefit ratio of parent-offspring conflict (Trivers 1974). An ability to conceive or 

carry another offspring would lessen the cost of prolonged nursing of the current 

offspring. 

While maternal-effect senescence reduces a female’s ability to care for offspring, 

it might also favor increased investment for the last-born offspring. Because very old 

females likely wouldn’t survive caring for a future calf, it would benefit these individuals 

to “hedge their bets” and nurse their current and final offspring for as long as possible. At 

an average of 4.87 years, final-born calves in Shark Bay have among the longest lactation 

periods for any mammal (see De Magalhães and Costa 2009). The duration of lactation is 

predicted to increase with maternal age, particularly for the last offspring prior to 

maternal death, indicative of terminal investment (Clutton-Brock 1984). As milk fat 

content is very high at peak yield and declines closer to weaning (Oftedal 1997), the 

tradeoff between producing another calf with costly high-fat milk, and nursing the 

existing calf at a relatively lower energetic cost to ensure survival results in enhanced 

investment in the last calf. Because lactation is so energetically costly, lactation period is 

also closely linked with maternal condition (Arnbom et al. 1997). While the relationship 

between parity and milk composition has been studied in primates (Hinde 2009; 

Bernstein and Hinde 2016), the effect of maternal age on milk composition has received 

comparably less attention, and conclusions vary (Dewey et al. 1991; Landete-Castillejos 

et al. 2005; Breakey 2015). As such, the effect of maternal age on milk composition, a 

maternal effect, needs further study.  
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While reduced reproductive performance due to senescence and longer lactation 

periods present a paradox, given that energetic investment of lactation is linked to future 

reproductive value (Fedak et al. 1996), terminal investment can be considered a 

mitigating strategy to increase maternal investment when reproductive potential is low. 

Additionally, Shark Bay dolphins are bisexually philopatric, where mothers continue to 

associate with juvenile sons and daughters after weaning (Tsai and Mann 2013; Wallen et 

al. 2017), so nursing the final offspring longer may be a strategy to invest more in 

offspring that won’t have the advantage of their mother’s presence after weaning. 

As such, it is important to note the proportion of late-weaning calves that served 

as their mother’s final surviving offspring: Of calves that nursed for longer than 4.87 

years (average weaning age for last-born offspring), 31.82% (7/22) of their mothers had a 

subsequent calf survive to weaning compared to 90.63% (87/96) of mothers that nursed 

calves for less than 4.87 years. While seemingly counterintuitive, previous studies in 

Barbary macaques, Macaca sylvanus (Paul et al. 1993), rhesus macaques, Macaca 

mulatta (Hoffman et al. 2010), and wandering albatrosses, Diomedea exulans (Froy et al. 

2013) show that terminal investment and reproductive senescence may not be mutually 

exclusive (Weladji et al. 2010).  

Collectively, these results are clear indicators of reproductive senescence in this 

population. The reduction in calf survival with maternal age is consistent with maternal-

effect senescence, yet the lengthening of lactation periods and IBIs with maternal age are 

likely evidence of both fertility and maternal-effect senescence. These components of 

reproductive senescence likely interact, although teasing apart the contribution of 

maternal-effect and fertility senescence to these reproductive parameters remains a 
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challenge. As Moorad and Nussey (2016) demonstrate that selection may act on these 

components separately, we hope that discussing ways that they may interact biologically 

and the consideration of these interactions will benefit the ability of future studies to 

observe these components and consider them in an evolutionary context. 

Cetaceans are valuable taxa for comparative aging research given their extreme 

life history traits. For example, despite having a maximum lifespan of well over a century 

(George et al. 1999; George and Bockstoce 2008), bowhead whales do not appear to 

exhibit menopause. Furthermore, the fact that delphinids include the only other species 

outside of humans to definitively undergo menopause makes this group especially 

significant. Close examination of reproductive life history characteristics of cetaceans 

may help unravel why some species of this group have evolved a PRLS while others have 

not. Specifically, as some evolutionary theories for the evolution of a PRLS center on 

extended maternal care (Williams 1957; Hawkes et al. 1998), examining how senescence 

impacts maternal care in a non-menopausal species may contribute to the understanding 

of a threshold of care required in order for menopause to evolve. For example, both the 

stop-early hypothesis (Williams 1957) and the grandmother hypothesis (Hawkes et al. 

1998) focus on how mothers continue investment in existing offspring after weaning, 

including toward reproductive daughters. In bisexually philopatric species such as Shark 

Bay dolphins, but also species that show PRLS, mothers continue to invest directly and 

indirectly in offspring well after weaning (Kasuya and Marsh 1984; Foster et al. 2012). In 

essence, following fertility senescence and maternal-effect senescence, menopausal 

females extend pronounced maternal care to existing offspring, similar to increased 

investment in the final offspring in this species. 
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Bottlenose dolphins in particular may be a valuable comparative model for 

understanding human aging given similarities in age-related changes of hematological 

and serum chemistry (Venn-Watson et al. 2011), extensive maternal care, and 

phylogenetic relatedness to species with PRLS. Given this species’ place in the family 

Delphinidae, the results of this study are especially relevant in the broader context of 

mammalian reproductive life histories. As the first empirical study of fertility and 

maternal-effect senescence and their interactions in a long-lived mammal with extensive 

maternal care, these results will help lend a greater understanding to the relative 

contributions of these components to reproductive senescence and the evolution of these 

reproductive life histories. 
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FIGURES 

 

 

Figure I.1. Partial effects of maternal age on calf survival. The probability of a calf 

surviving to age 3 decreased with maternal age (Estimate = -0.06325, SE = 0.02015, z = -

3.140, p < 0.005). 
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Figure I.2. Cox proportional hazards for interbirth intervals (a) and time to 

weaning (b) according to maternal age. (a) Curves reflect the probability of completing 

an interval by giving birth to another calf. Females are binned according to their ages at 

the start of the interval (≥ 25 years or < 25 years) for visualization purposes though 

maternal age was analyzed as a continuous factor in the model. IBIs increased with 
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maternal age (Estimate = -0.05107, SE = 0.01786, z = -2.86, p < 0.005), thus older 

females had a lower likelihood of closing the interval by birthing another calf. (b) Curves 

reflect the probability of completing an interval by weaning off a calf. Females are 

binned according to their ages at the start of the interval (≥ 25 years or < 25 years) for 

visualization purposes though maternal age was analyzed as a continuous factor in the 

model. Lactation period increased with maternal age (Estimate = -0.05397, SE = 0.02726, 

z = -1.98, p < 0.05), thus older females had a lower likelihood of closing the interval by 

weaning their calf. 
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Figure I.3. Average weaning age of calves by birth order. Results of a GLMM 

indicate that last-born calves wean later than earlier-born calves (Estimate = 0.15403, SE 

= 0.07329, z = 2.10, p < 0.05). 
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CHAPTER II 

 

Behavioral effects of aging throughout adulthood in bottlenose dolphins2 

 

INTRODUCTION 

 

Senescence is well understood as the degenerative change in function of all organ 

systems with age and is accompanied by precipitous declines in survival and fertility 

(Kirkwood and Shanley 2010). Research on physiological senescence in wild mammals is 

relatively scarce, however there is evidence for senescence-related declines in skeletal 

muscle function (Hindle et al. 2009a, b), bone density (Mellish et al. 2011), and 

hematological parameters (Jégo et al. 2014) in several wild species. These physiological 

declines can be associated with reduced exploratory and problem-solving behaviors 

(Almeling et al. 2016), and can result in an individual’s reduction in space use (Froy et al. 

2018), affecting access to and ability to exploit resources, social partners, and mates. 

Given that senescence has a fundamental impact on fitness, understanding how 

aging affects behavior in wild animals is critically important. The few studies that do 

specifically investigate the impact of senescence on behavior in wild mammals are 

generally restricted to few taxa and topics such as sociality in primates (Corr 2003; 

Almeling et al. 2016, 2017), space use in ungulates (Montgomery et al. 2013; Hayward et 

al. 2015; Froy et al. 2018), or predatory behavior in carnivores (MacNulty et al. 2009). 

Froy et al. (2018) offer several hypotheses for senescence-related changes in space use 

 
2 Authorship for paper: Caitlin Karniski, Janet Mann 
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including a) reduced exploratory behavior due to increased foraging efficiency and 

habitat selectivity, b) physiological declines that restrict full utilization of space, and c) 

social factors that could either expand or constrain access to habitats given changes in 

dominance or competitive exclusion with age. However, few studies consider these 

senescence hypotheses in the context of behaviors other than ranging patterns, and fewer 

still investigate behavioral changes with respect to reproductive or maternal-effect 

senescence (Moorad and Nussey 2016). Further, research has shown that older females in 

particular possess socioecological knowledge (McComb et al. 2001, 2011; Brent et al. 

2015), and transmit fitness benefits to offspring and grandoffspring (Pavelka et al. 2002; 

Foster et al. 2012; Lahdenperä et al. 2016a,b). Thus, a more comprehensive examination 

of the behavior of wild, senescent individuals is needed to understand the driving factors 

and mechanisms behind these fitness tradeoffs. 

Because the effects of senescence can vary considerably between individuals 

(McCleery et al. 2008; Hayward et al. 2013; Zhang et al. 2015), longitudinal research is 

crucial to examine the fine-scale effects of aging for an individual throughout the course 

of a lifespan. Such longitudinal datasets for long-lived mammals are especially 

challenging to acquire because of the extensive time and resources needed to capture 

entire lifespans of individuals (Mann and Karniski 2017). The dataset provided by the 

Shark Bay Dolphin Research Project (Shark Bay, Australia) provides an ideal framework 

to investigate the behavioral effects of aging because it holds over 30 years of behavioral 

data encompassing the entire adult lives for many individual bottlenose dolphins. This 

system is ideal for examining behavioral senescence because bottlenose dolphins are 

long-lived and socially complex, with long-term bonds, high fission-fusion dynamics 
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(Connor 2007; Strickland et al. 2017; Galezo et al. 2018; Miketa 2018), and considerable 

heterogeneity in hunting and social behavior (Sargeant and Mann 2009a; Mann et al. 

2012). 

 While the maximum lifespan of this population is yet to be determined, 

physiological senescence is responsible for two components of reproductive senescence 

that affect reproductive output and maternal investment late in life: fertility senescence 

and maternal-effect senescence. These changes are manifest in a reduced offspring 

survival rate, as well as longer interbirth intervals and nursing periods with maternal age, 

particularly for the final offspring (Karniski et al. 2018). Given that senescence impacts 

reproduction (Karniski et al. 2018) and physiology (Venn-Watson et al. 2011) in 

bottlenose dolphins, we predict senescence to also have impacts on behavior. We expect 

these behavioral changes to occur either in the activity budget to accommodate 

fluctuating energetic demands with age (Broggi et al. 2010), or specifically with social 

behavior, as both intra- and intersexual dynamics may be influenced by shifting strategies 

of maternal investment with age or tradeoffs between information and disease 

transmission. This would be especially true of age-specific male-female association if 

reproductive senescence affects receptivity and attractivity. Males prefer to mate with 

older females in chimpanzees, Pan troglodytes (Muller et al. 2006), and male banded 

mongooses, Mungus mungo increase their reproductive success by mate guarding older 

females (Nichols et al. 2010), indicating an increase in female attractivity with age. 

However, these species have hierarchies in which dominance rank typically increases 

with female age (Pusey et al. 1997; Kahlenberg et al. 2008) and older females come into 

estrus earlier and have larger litters (Cant 2000) respectively. Female bottlenose dolphins, 
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however, have no such hierarchy. The effect of female age on attractivity would be an 

important consideration in species where female parity positively correlates with 

reproductive success (Anderson 1986), but maternal age is a stronger predictor of 

offspring survival than parity in this population (Karniski et al. 2018), so an investigation 

into how age affects female attractivity in this system is needed. 

Shark Bay bottlenose dolphins live in highly dynamic fission-fusion social system, 

characterized by sex segregation and mostly solitary foraging. This presents an ideal 

system to examine the tradeoffs of senescence – as individual females join and leave 

groups at will, thus ‘choosing’ their associates and allocating their activity budget 

accordingly. Previous research in this population found that three metrics of performance 

for a specialized foraging tactic utilizing tools (Patterson and Mann 2011) continued to 

improve into adulthood, but peaked at age 25, after which they plateaued or slightly 

declined (Patterson et al. 2016). While there have been no studies examining a link 

between physiological aging and tool-use performance in bottlenose dolphins, laboratory 

tests on chimpanzees (Pan troglodytes) show that older chimpanzees experience a 

performance decline in tasks requiring spatial memory and an impaired ability to improve 

in object manipulation of a fine motor task performance relative to younger individuals 

(Lacreuse et al. 2014). While it’s unclear whether an analogous pattern would also exist 

in bottlenose dolphins, physiological senescence of locomotor performance, spatial 

memory, or cognitive functioning could also limit increases in foraging efficiency beyond 

middle age. 

To investigate whether senescence could impact behavior in late adulthood we 

compare early- and late-adulthood behavior of 60 individual females in the following 
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areas: i) time spent cycling and time spent with adult males, ii) general activity budgets, 

and activity budgets exclusively while lactating, and iii) time spent alone and average 

group sizes (throughout the adult period and exclusively while lactating).   

We predict age-related changes in behavior from early to late adulthood. Because 

older females have lower offspring survival rates and longer lactation periods with 

increased age (Karniski et al. 2018), we predict more time spent cycling in late 

adulthood. However, because maternal experience is not correlated to offspring survival, 

and offspring survival is negatively correlated with maternal age, we would expect 

female attractivity, measured as time spent with adult males while cycling, to decrease in 

late adulthood. 

Following the “peak foraging efficiency” model, we expect behavioral changes to 

be most pronounced with foraging behavior: If individuals are no longer at peak foraging 

efficiency, we predict time spent foraging to increase in late adulthood to compensate for 

this reduced efficiency. In contrast, older individuals are less likely to be lactating 

relative to younger individuals (Patterson et al. 2016), so this could represent a reduced 

energetic demand on a population level in older age. These contrasting patterns could 

counterbalance one another such that foraging levels remain comparable between early 

and late adulthood, or result in higher or lower foraging levels in late adulthood 

depending on the strength of each driving factor. 

Although older females are less likely to lactate due to reproductive failure, those 

that do successfully calve nurse offspring for longer as they age (Karniski et al. 2018). 

While the energetics of lactation in conjunction with maternal age have not been 

investigated in cetaceans, lactation appears to be more energetically costly with age in 
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humans (Adair and Popkin 1992) and rhesus macaques, Macaca mulatta (Hinde 2009); 

thus we would expect foraging to increase in late adulthood among lactating female 

dolphins.  

We predict that time spent socializing will decrease in late adulthood. We expect 

sociality to be influenced by an age-specific tradeoff between information and disease 

transmission. While social living provides benefits of cooperation, social learning, and 

protection from predation, it also comes at the costs of increased competition of resources 

and mates, and increased exposure to disease. These tradeoffs may be particularly 

pronounced during senescence, when the cost of disease given reduced immune function 

and parasite resistance with age (Lavoie et al. 2007; Hayward et al. 2009; Moret and 

Schmid-Hempel 2009; Peters et al. 2019) could outweigh the benefits provided by close 

association with others. Further, information transfer may be of little benefit to older 

individuals who have already maximized socially-transmitted skills related to 

reproduction or survival. We would expect this tradeoff to affect all females at older ages, 

but the benefits of social exposure may change particularly when an older female has a 

dependent calf. The cost of disease transmission may be especially high for a calf born to 

a senescent mother, especially if the immunosenescence of the mother affects the passive 

immunity provided to the offspring through colostrum and milk (Claus et al. 2006). 

However, socializing is especially important for calf development because it can affect 

the development of social bonds, network position, and consequently survival (Stanton 

and Mann 2012), so rates of socializing for older mothers may be especially sensitive to 

this tradeoff. Likewise, we expect group size and time spent alone to mirror predicted 
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changes in socializing, with more time spent alone and lower average group sizes in late 

adulthood. 

 

METHODS 

 

Study population and data collection 

 

This study utilizes data collected in part of the Shark Bay Dolphin Research 

Project, which has maintained demographic, reproductive, and behavioral data on over 

1800 individual bottlenose dolphins (Tursiops aduncus) in the eastern gulf of Shark Bay, 

Western Australia since 1984. Birth dates are determined from behavioral and physical 

characteristics if an individual is first observed as a calf (Mann and Smuts 1999), or body 

size and presence and quantity of ventral speckling (Krzyszczyk and Mann 2012) if the 

individual is first sighted when a juvenile or older. Sexes are determined by the 

continuous presence of a dependent calf, observation of the genitals, and confirmed with 

DNA (Krützen et al. 2004). Behavioral data consists of two mutually exclusive forms: 

surveys and focal follows. Surveys are opportunistic, and initiated upon the sighting of 

any dolphins. Surveys last from 5-30 min, and detail group composition and predominant 

group activities (Karniski et al. 2015). Group composition is determined by the 10-m 

chain rule (Smolker et al. 1992), in which an individual is considered to be in the group if 

it is within 10 m of any other group member. Focal follows are performed on a priori 

individuals, in which the activity and group composition of the focal individual (or 

individuals, in the cases where a mother-calf pair are followed) are recorded at discrete 
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intervals. This study uses both survey and focal follow data from 1988-2018 of 60 

individual female bottlenose dolphins with ages known within 3 years accuracy. All 

behavioral data are compared between early and late adulthood, defined as below or 

above age 25 years respectively. We chose to bisect adulthood at 25 years, the age of 

peak foraging efficiency (Patterson et al. 2016), with ages 10-25 representing “early 

adulthood” and ages 25+ representing “late adulthood.” As only 2.1% of focal follows 

(see Methods, data collection) are performed on individuals above the age of 40, for most 

individuals these categories typically encompass 15 years spent in each of the early and 

late adulthood age classes. 

 

Attractivity analyses 

 

 Attractivity analyses were performed with survey data on adult females that had 

been sighted for at least 5 years and 15 surveys while cycling in both early and late 

adulthood age classes. Female bottlenose dolphins are polyestrous, experiencing 3-4 

estrus cycles from 21-42 days in duration within a cycling season (Schroeder 1990; 

Robeck et al. 2005; O’Brien and Robeck 2012). Cycling periods were designated from 

age 10 (the earliest known conception, Karniski et al. 2018; Mann 2019, with one 

exception, based on over 800 pregnancies) to the conception of their first calf, and from 

age 2 of an existing offspring to the conception of a following offspring. As gestation is 

determined to be ~12 months (O’Brien and Robeck 2012; Wallen et al. 2017), conception 

dates were assigned as 1 year prior to the birth of a calf. Calves are often weaned while 

their mother is mid-pregnancy of her following calf (Mann et al. 2000) and earliest 
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known weaning age is 2.56 years (Karniski et al. 2018), so cycling would resume at least 

2 years post-parturition. Without hormonal data we cannot confirm that females are 

cycling for the entirety of a lactation period that extends past the modal weaning age at 

age 3. However, prolonged nursing durations due to fertility senescence suggest that 

females extend nursing periods past what is required to wean a calf either because of 

failed pregnancy or failure to conceive, and in these cases females often resume cycling 

quickly. In order to ensure accurate coverage of cycling periods, we only included 

females that we had confirmation of their first parturition, and who had no more than a 1-

year sighting gap between the weaning or death of their calf and the birth of their 

following calf. 

 Percent time cycling was measured for 55 adult females from 9,585 total surveys 

by calculating the percentage of surveys in which they were sighted while cycling. In 

order to determine changes in attractivity with age, percent time spent with adult males 

were calculated for 32 individual females in each age period. A female was considered to 

be “with males” when she was sighted in a group with two or more adult males. Time 

spent with males was calculated from 8,336 total surveys, and time spent with adult 

males exclusively during cycling periods was calculated from 4,800 total surveys. Age at 

first known paternity is assigned at 10 years, however average first paternity is achieved 

in the early 20s (Krützen et al. 2004). Analyses were performed with “adult” males 

designated both from age 10 and age from 20, with consistent results, so results from 

analyses with adult male designation at age 10 are presented here. 
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Activity budget analyses 

 

 Activity budgets for 25 adult females were calculated using focal follow data as in 

Karniski et al. (2015). Females were included in analyses if they had 5 or more hours of 

focal observation (Gibson and Mann 2009; Stanton et al. 2011; Karniski et al. 2015) in 

which they were 10 years of age or older. Focal follows of adult females included those 

with and without dependent calves. Prior to 1997, activities for focal individuals were 

recorded by predominant-activity sampling (PAS) at 2.5 min intervals, in which the 

activity was recorded that the individual performed over 50% of the sampling interval, 

and after 1997 by 1-minute point sampling. Activity samples were weighed by their 

sampling type in which a point sample would receive a weight of 1 and a PAS would 

receive a weight of 2.5, in order for that activity to proportionally represent the time spent 

performing that activity. Activities were assigned to the following activity states: 

foraging, resting, socializing, traveling (see Karniski et al. 2015 for full ethogram). In 

cases when two activities were assigned to one sampling interval, either in cases of 

uncertainty or transition between two activities (i.e., an individual was deemed to either 

be foraging or traveling), or the interval was split between 2 activities (i.e., an individual 

was deemed to rest and socialize in an interval), each activity was given a certainty 

weight of 0.5, to ensure equal representation of both activities for that sampling interval. 

Sampling and certainty weights were multiplied for a total weight for each sampling 

interval. Activity budgets were created for each individual by summing the total weights 

of each activity category. “Other” or “unknown” activity samples represented 1.33% and 

0.62% of samples respectively, and were excluded from activity budget calculations. 
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Maternal activity budgets were also calculated for 18 adult females with 5 or more follow 

hours during the time at which they had a dependent calf. 

 

Time alone and group sizes 

 

 Time spent alone and average group sizes were calculated for 25 females from 

2210.53 total follow hours, and for 18 females with dependent offspring from 1846.97 

total follow hours. Group composition was recorded by 1-minute point samples. 

Individuals were determined to be in the group according to the 10-m chain rule (Smolker 

et al. 1992) and were considered to be alone if there are no other individuals (excluding a 

dependent offspring) within 10-m. Average female group sizes differ between surveys 

and focal follows (Karniski et al. 2015), likely because surveys are biased against 

discovering lone individuals, whereas focal follows encompass much more time of an 

individual, including after they leave a group. Therefore, focal follow data will provide a 

much better indicator of time spent alone than survey data. Because group sizes can be 

highly activity-dependent, all group composition samples with corresponding activity 

data were also parsed according to activity. 

 

Statistical analyses 

 

 All analyses were performed with paired permutations in R version 3.6.0 (R Core 

Team 2019) with package coin (Hothorn et al. 2008). Each analysis was performed with 

stage of adulthood as the independent variable, female ID as blocking factor to control 
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for repeated measures on an individual, and with 10,000 permutations. In the cases of 

activity budget analyses where multiple tests were performed on the same dataset, p-

values are presented as Bonferroni-adjusted values. As some p-values may exceed 1.0 

after correction, any values greater than 0.80 are designated as p > 0.80. 

 

RESULTS 

 

Attractivity 

 

Females in late adulthood were sighted significantly more while cycling than in 

early adulthood (Figure II.1, z = -3.1276, p = 0.0015), with an average of 46.2% survey 

sightings occurring during cycling periods under the age of 25, compared to 60.8% of 

surveys above the age of 25. Proportion of sightings with adult males did not change for 

females between early and late adulthood (z = -0.0198, p = 0.9828), with 30.0% of 

sightings with adult males in both age classes, nor did the percentage of time spent with 

adult males while cycling change for females between early and late adulthood (z = 

1.0663, p = 0.295), with an average of 39.2% of cycling surveys with adult males when 

under the age of 25 and 35.5% of cycling surveys with adult males above the age of 25. 

 

Activity budgets 

 

 Activity budgets were not significantly different for females from early to late 

adulthood with regard to foraging (z = 0.5597, p > 0.80), resting (z = 0.0935, p > 0.80), 
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socializing (z = -1.5453, p = 0.5092), and traveling (z = -0.3723, p > 0.80) activities 

(Figure II.2). Activity budgets for females with dependent offspring (Figure II.3) did not 

change between early and late adulthood with regard to foraging (z = -0.9200, p > 0.80), 

resting (z = 0.3190, p > 0.80), or traveling (z = 1.8359, p = 0.268), but older females with 

dependent calves spent on average, half as much time socializing than younger females 

with dependent calves (z = -2.5148, p = 0.02). Late-adulthood females with dependent 

calves spent 1.1% of time socializing, while early-adulthood females with calves spent 

2.45% of their time socializing. 

 

Time alone and group sizes 

 

Percent time alone did not change from early to late adulthood (46.4% to 50.1% 

respectively, z = 0.7030, p = 0.4914). Total average group sizes did not change for 

females from young to old age classes (both 4.33, z = 0.0034, p = 0.9974), nor did 

average group size of time not spent alone (6.40 to 6.44 respectively, z = 0.0819, p = 

0.9356). Group sizes between early and late adulthood did not differ when separated out 

by activity (note group sizes presented as early to late adulthood) (foraging: 2.69 to 2.21 

respectively, z = -1.5471, p = 0.1208; resting: 5.33 to 5.31 respectively, z = -0.0528, p = 

0.961; socializing: 5.72 to 5.19 respectively, z = -0.5357, p = 0.6; traveling: 4.37 to 4.45 

respectively, z = 0.1538, p = 0.8867). Likewise, for females with dependent offspring, 

percent time alone did not change from young to old age classes (48.7% to 56.4% 

respectively, z = 1.265, p = 0.2059), nor did total average group size (4.12 to 4.10 

respectively, z = -0.0513, p = 0.9591) or average group size of time not spent alone (6.24 
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to 6.37 respectively, z = 0.2581, p = 0.7963). When separated by activity, average group 

sizes for females with dependent offspring did not change from young to old age classes 

for foraging (2.61 to 2.33 respectively, z = -1.0423, p >0.80), resting (5.14 to 4.96 

respectively, z = -0.3172, p >0.80), socializing (5.55 to 466 respectively, z = -0.7347, p > 

0.80), and traveling (4.22 to 3.95 respectively, z = -0.5725, p > 0.80). 

 

DISCUSSION 

 

 Females showed changes in cycling from early adulthood to late adulthood, with 

females spending more time cycling in late adulthood relative to early adulthood. 

Increased time cycling in late adulthood can be attributable to reproductive senescence. 

Older mothers have calves with increased pre-weaning mortality, nurse for longer periods 

of time, and have longer interbirth intervals (Karniski et al. 2018), so they resume cycling 

more quickly after their calf dies relative to a younger female whose calf survives to 

weaning. Furthermore, longer nursing periods also means more time cycling before the 

conception of the next calf. Whether longer interbirth intervals are due to spontaneous 

abortions, unobserved stillbirths, or failed conceptions (Karniski et al. 2018), these would 

all result in more time spent in estrus with increased age.  

We failed to find observable changes in attractivity throughout the adult period. 

No change in attractivity between early and late adulthood was unexpected, as older 

females have reduced reproductive success. The fact that males still consort with females 

at comparable rates throughout adulthood suggests that females are in fact continuing to 

cycle throughout late adulthood, male preference for females does not change with 
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female age, and that female reproductive senescence likely has little influence on pre-

copulatory cues to males. Rather, reduced reproductive success with female age could be 

driven by factors influencing fertilization and pre- and post-natal maternal care, 

indicative of both fertility and maternal-effect senescence. Additionally, the adult sex 

ratio in Shark Bay is 1:1 (Manlik et al. 2016). This means that when considering the 

operational sex ratio, availability of females is the limiting factor for males, who likely 

cannot afford to discriminate against older females, or shift to associate more with older 

females when younger females are unavailable. 

We failed to detect any changes in general activity budgets from early to late 

adulthood, suggesting minimal age effects on overall activity patterns. The fact that there 

was no change in foraging in particular throughout adulthood, despite the “peak foraging 

efficiency” model, could mean that this peak is only applicable to individuals employing 

this specialized tool-using tactic. Other individuals that use more general foraging 

techniques could be less susceptible to physiological declines. Alternatively, cumulative 

foraging efficiency could be leveling off after age 25, and less indicative of a decline 

attributable to senescence that would be reflected in activity patterns. This effect would 

mirror that of some seabirds, which experience reproductive senescence and terminal 

investment (Froy et al. 2013), but show no accompanying age-related changes in diving 

or flight behavior in the thick-billed murre, Uria lomvia (Elliott et al. 2015) or wandering 

albatross, Diomedea exulans (Froy et al. 2015). Not only would this suggest that female 

bottlenose dolphin behavior may be less susceptible to senescence than predicted, but 

also that individual behavioral phenotypes maintain some level of consistency throughout 
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a lifetime, lending support for the importance of investigating effects of senescence on 

personality (Class and Brommer 2016). 

Alternatively, continued improvements in foraging efficiency due to accumulated 

experience could compensate for physiological declines (for example in locomotor 

function or spatial memory) such that comparable levels of foraging rates are maintained 

throughout old age (Hassrick et al. 2013). In this same way, slowed reproductive rates 

(Karniski et al. 2018) and a reduced likelihood of lactating (Patterson et al. 2016) due to 

reproductive senescence could result in lower energetic demands for an older female, 

making it possible for her to forage the same amount as in early adulthood despite 

reduced efficiency. 

The fact that foraging rates did not change throughout adulthood when a female 

has a dependent offspring was surprising because energy expenditure is expected to be 

highest in this demographic (Adair and Popkin 1992; Hinde 2009). Similar dynamics as 

with general activity budgets (detailed above) could be driving the lactating foraging 

budget as well, or this pattern might be realized maternal-effect senescence in which 

“somatic senescence impacts the mother’s ability to care for and provision offspring 

(both pre- and postnatally), such that the offspring’s phenotype (such as size, condition 

and viability) is altered” (Karniski et al. 2018). Karniski et al. (2018) provide several 

examples of maternal-effect senescence in this population, including increased pre-

weaning mortality with maternal age. The inability to increase foraging rates or 

efficiency in late adulthood with dependent offspring could be the mechanism by which 

older mothers fail to adequately provision offspring, resulting in maternal-effect 

senescence. However, foraging time does not take into account catch rates or quality, so 
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examining foraging behavior at a finer resolution is needed to better understand energetic 

intake over time. 

No change in general socializing budgets from early to late adulthood could 

indicate that females in early adulthood navigate the information and disease 

transmission tradeoff with similar pressures as females in late adulthood. However, the 

decrease in socializing in late adulthood for females with dependent calves may indicate 

that the cost of disease transmission to a senescent female with a dependent calf may be 

particularly high, especially if the immunosenescence of the mother affects the passive 

immunity provided to the offspring through colostrum and milk (Claus et al. 2006). As 

maternal immunity against poxviruses is likely important in this population (Powell et al. 

2018), this may represent a critical shift of the information and disease transmission 

tradeoff for senescent mothers. 

Whereas immunosenescence may represent a more adaptive interpretation of this 

result, this decrease in socializing of mothers in late adulthood could also represent non-

adaptive physiological and maternal-effect senescence. As calf development is highly 

dependent on maternal energetic condition (Mann and Watson-Capps 2005; Sargeant and 

Mann 2009b), condition-compromised senescent females may reduce socializing rates in 

favor of activities like foraging or resting that have more vital and immediate impacts on 

condition. Additionally, as the social networks of calves are important for juvenile 

survival (Stanton and Mann 2012) and are influenced by maternal social networks 

(Stanton et al. 2011), older mothers that provide inadequate exposure to socializing 

behavior or diverse social partners could be risking offspring survival. However, more 

research is needed to look at the social interactions between individuals at a finer scale. 
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Cumulatively, these results show few clear impacts of aging on general late-

adulthood behavior. However, the decrease in socializing of older mothers suggests that 

females may adopt strategies to avoid heightened risks of disease transmission and 

reproductive conflict increased by having a dependent calf in late adulthood. This 

phenomenon represents how shifting behavioral strategies may be used in the face of 

fluctuating life history tradeoffs, yet more research is needed to provide a clearer picture 

of the mechanisms by which senescence affects behavior. 

For example, as females in this population exhibit terminal investment with 

considerably longer nursing periods of their final offspring before death (Karniski et al. 

2018), a pulse of energetic investment in the last remaining years of life may underpin 

behavioral senescence that is not discernable when examining adulthood on a larger 

scale. Likewise, some measures of physiological senescence do not manifest until the 

final two years before death (Nussey et al. 2011). A future focus on the energetics and 

behavior in the years before death is important to determine how energy is allocated 

towards reproductive investment in the final years of life. 

In addition to the concern of the temporal resolution of data, it is also likely that 

senescence impacts behavior on a finer scale not easily detectable from activity and 

group-level data. For example, while time spent with adult males did not change 

throughout stages of adulthood both when adult males were defined from age 10 and 

from age 20, we did not test for changes in the age composition of male partners. So 

while the amount of time with males did not change from early adulthood to late 

adulthood, it could be that younger females are being consorted by prime-aged males 

(age 20 and above), while older females are primarily being consorted by sub-prime 
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males (age 10-20). Furthermore, the fact that socializing behavior for older mothers 

decreased while average group size and time spent alone remained the same emphasizes 

the importance of examining the identities and attributes of social partners. While the 

number of individuals older females associate with remains the same throughout 

adulthood, how the composition of these social partners change across adulthood may 

reflect how females make social decisions as they age. 

It is also important to note when considering all activity budget results that these 

data only capture general trends of behavior and sociality, rather than fine-scale 

movement patterns. For example, it is possible that senescence impacts speed of 

movement, diving patterns, and space use, or other behaviors in ways that are not readily 

discernible with activity data. Additionally, female condition may also generally play a 

role in our results, as selective disappearance could cull out females of poorer condition 

by late adulthood (Nussey et al. 2011). Thus devoting more research to behavioral data at 

a finer resolution will help clarify these questions. 

The effects of senescence on foraging behavior has been investigated extensively 

in wild seabirds (Catry et al. 2006, 2011; Lecomte et al. 2010; Le Vaillant et al. 2013; 

Cunningham et al. 2017), however the research gap in mammalian species is much larger 

due to the difficulty of continuous study of wild mammals into old age. As many of the 

most socially complex mammalian species live upwards of three or four decades, only a 

handful of longitudinal studies are beginning to capture the entirety of the lifespan 

(Clutton-Brock and Sheldon 2010). Bottlenose dolphins are a prime system to investigate 

behavioral senescence because they are long-lived and socially complex, with data from 

the Shark Bay Dolphin Research Project now beginning to capture entire lifespan of 
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many individuals. While there is much work focused on the behavior of bottlenose 

dolphins as newborns (Mann and Smuts 1999), their transition to independence 

(Krzyszczyk et al. 2017), and early adulthood (Patterson et al. 2016), late-life behavior is 

an important part of the life history that is just now becoming available for study. This 

work focusing on late adulthood is important because it adds to the existing literature of 

earlier life history stages and helps construct a more complete picture of bottlenose 

dolphin behavior throughout all stages of life. Bottlenose dolphins are closely related to 

menopausal delphinoid species in which older females are post-reproductive (Marsh and 

Kasuya 1984; Foote 2008; Photopoulou et al. 2017; Ellis et al. 2018) and maintain 

socioecological knowledge (Brent et al. 2015), yet senescent females of both menopausal 

species and bottlenose dolphins display intergenerational effects on fitness and life 

history (this dissertation, chapter 3). Thus, broadening the coverage of research across the 

lifespan will help elucidate the drivers and mechanisms of these phenomena. 
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FIGURES 

 

Figure II.1. Notched box plot of percent surveys cycling of 55 females in early 

adulthood and late adulthood. The box represents the interquartile range, the line 

signifies the median, and the notches represent the 95% confidence interval of the 

median. Females were sighted significantly more while cycling in late adulthood relative 

to early adulthood (paired permutation: z = -3.1276, p = 0.0015). 
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Figure II.2. Activity budgets between early and late adulthood of 25 females. Figure 

shows mean ± SE proportion of time in each behavioral state. Females showed no 

significant differences between early and late adulthood for any activity state. 
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Figure II.3. Activity budgets between early and late adulthood of 18 females with 

dependent calves. Figure shows mean ± SE proportion of time in each behavioral state. 

Time spent socializing is significantly lower for females with dependent calves in late 

adulthood relative to early adulthood (paired permutation: z = -2.5148, p = 0.02, 

Bonferroni corrected).  
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CHAPTER III 

 

Intergenerational effects on fitness and life history in dolphins: matrilineal 

investment or reproductive conflict?3 

 

INTRODUCTION 

 

For many highly-social species, matrilineal kinship influences core facets of 

society including social structure and dominance hierarchies (Van Schaik 1989; Lukas 

and Clutton-Brock 2018), reproductive life histories (Silk 2002), cultural evolution 

(Whitehead 2017), and behavior (Sherman 1977; Lee 1987). Positive effects of 

matrilineal kin association on fitness have been shown in diverse mammalian taxa (e.g., 

red howler monkeys Alouatta seniculus, Pope 2000; Columbian ground squirrels 

Urocitellus columbianus, Viblanc et al. 2009; Asian elephants Elephas maximus, Lynch 

et al. 2019; field voles Microtus agrestis, Pusenius et al. 1998; bonobos Pan paniscus, 

Surbeck et al. 2019). In long-lived, multi-generational species, longitudinal studies have 

identified fitness effects of grandmothers (Packer et al. 1998; Pavelka et al. 2002; 

Lahdenperä et al. 2016a) and mothers (Foster et al. 2012; Andres et al. 2013; Lahdenperä 

et al. 2016b; Lee et al. 2016; Surbeck et al. 2019) on grand-offspring and weaned 

offspring respectively. These benefits may be especially important for species with 

prolonged dependency or juvenile periods in which association (Pereira 1988; Stanton et 

 
3 Authorship for paper: Caitlin Karniski, Ewa Krzyszczyk, Janet Mann 
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al. 2011) or direct allomothering by kin (Lee 1987; Whitehead 1996) is important for 

skill and social development. When considering maternal or grandmaternal effects, it is 

often difficult to parse out social and genetic components (i.e., it is difficult to distinguish 

whether living mothers provide socially-transmitted fitness benefits to offspring, or if 

living mothers posses genes that provide greater longevity and better condition to both 

her and her offspring). However, recent comparative work in primates by Surbeck et al. 

(2019), indicates that socially-transmitted benefits are at least partially responsible when 

considering maternal and grandmaternal effects. 

Alternatively, association between multiple reproductive females within a 

matriline can result in negative fitness effects for some individuals through reproductive 

conflict or reproductive suppression. At one extreme, in some cooperative breeding 

systems, reproductive suppression is enforced by dominants on subordinate females, both 

kin and non-kin, who are subject to aggression, group eviction, and infanticide (Digby 

1995; Clutton-Brock et al. 1998, 2010; Young and Clutton-Brock 2006; Saltzman et al. 

2008; Lukas and Huchard 2018). Intra-matrilineal reproductive conflict has also been 

documented in non-cooperatively breeding killer whales Orcinus orca (Croft et al. 2017), 

and red deer Cervus elaphus, where females have lower reproductive success in the 

presence of female kin (Clutton-Brock et al. 1982). Determining the nature of these 

intergenerational relationships is critical for understanding selective forces that shape 

social organization and life history; both matrilineal kin investment and reproductive 

competition have shown (positive and negative respectively) links to life-history 

characteristics such as survival (Lahdenperä et al. 2016a), reproductive success 
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(Woodroffe and Macdonald 1995; Lee et al. 2016; Surbeck et al. 2019), and rates of 

senescence (Bonduriansky et al. 2008; Sharp and Clutton-Brock 2011). 

The dynamics of these intra-matrilineal relationships are central to prominent 

arguments for the adaptive evolution of menopause, particularly the “grandmother” 

hypothesis and the “reproductive conflict” hypothesis. In this paper we investigate 

whether life history strategies essential to these hypotheses are also characteristic of 

closely related non-menopausal species. Not only will this demonstrate the extent to 

which these strategies are exclusive to menopausal species, but also reveal how 

overlapping generations within a matriline function in a highly social species with 

extended maternal care. 

The “grandmother” hypothesis (Hawkes et al. 1998) uses Charnov’s life history 

model (Charnov 1991) to explain how older female mammals who provide food to their 

offspring and/or grandoffspring would increase their own inclusive fitness by enhancing 

their daughters' reproductive rate (Hamilton 1963, 1964) and grandoffspring survival. 

Hawkes et al. (1998) provide two possible mechanisms through which this increase in 

inclusive fitness can occur: (1) food provisioning to lactating daughters and 

grandoffspring pre-weaning, and (2) directly feeding weaned grandoffspring. In both 

scenarios, supplementing daughters and/or grandoffspring would promote earlier 

weaning of nursing grandoffspring, a decrease in the daughter’s interbirth interval, an 

increase in her reproductive success, and thus an increase in inclusive fitness of the 

grandmother. Through these processes, grandmother-grandoffspring provisioning would 

select for an extended post-reproductive lifespan (PRLS). 
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While the “grandmother” hypothesis centers on the continued investment of 

matrilineal kin after weaning, the “reproductive conflict” hypothesis lies at the other end 

of the spectrum and concerns the reproductive competition between females of different 

generations. This hypothesis relies on relatedness asymmetries, where older females are 

more closely related to members of their group on average than are younger females 

(Cant and Johnstone 2008; Johnstone and Cant 2010). This asymmetry favors higher 

reproductive investment by younger females relative to older females, who generally bear 

more of the fitness costs of reproductive conflict through increased infant mortality (Cant 

and Johnstone 2008; Lahdenperä et al. 2012; Croft et al. 2017). Resource competition and 

relatedness asymmetries among matrilineal kin result in reproductive conflict and select 

against late-life reproduction, sufficient to allow for the evolution of menopause. While 

these dynamics are typically used to describe the reproductive conflict between unrelated 

females of different generations in humans (Cant and Johnstone 2008; Lahdenperä et al. 

2012), Johnstone and Cant (2010) modify this hypothesis to apply to intra-matrilineal 

competition in menopausal cetaceans because their unusual kinship dynamics result in a 

similar relatedness asymmetry. Accordingly, Croft et al. (2017) show that in the 

menopausal killer whale Orcinus orca, second-generation offspring born into 

reproductive conflict have a reduced likelihood of long-term survival. 

Because the study of multigenerational behavior requires both long-term and 

longitudinal observation, relatively few studies have examined intra-matrilineal fitness 

effects in the wild. While some species show no fitness effects of grandmothers (e.g., 

olive baboons Papio Anubis, Packer et al. 1998) and some grandmothers only convey 

fitness benefits when reproductively active (e.g., lions Panthera leo, Packer et al. 1998), 
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older females do positively impact the reproduction and/or survival of offspring and 

grand-offspring in menopausal (killer whales Orcinus orca (Foster et al. 2012) and non-

menopausal species (Asian elephants Elephas maximus, Lahdenperä et al. 2016a,b). 

Because the only menopausal species other than humans are found in the superfamily 

Delphinoidea (Marsh and Kasuya 1984; Foote 2008; Photopoulou et al. 2017; Ellis et al. 

2018) more work on closely related taxa is needed. Further, while intra-matrilineal 

reproductive competition is primarily studied in either cooperative breeders (Garber 

1997; Young and Clutton-Brock 2006; Saltzman et al. 2008; Clutton-Brock et al. 2010) 

or menopausal species (Croft et al. 2017), it has received comparatively less attention in 

species that are neither cooperatively breeding nor menopausal. 

Killer whales are the most comprehensively studied menopausal species other 

than humans, and longitudinal study demonstrates the survival benefits of offspring, 

particularly sons, interacting with post-reproductive mothers (Foster et al. 2012). 

Additionally, post-reproductive females lead group movement to foraging grounds, 

particularly in years when prey abundance is low (Brent et al. 2015). However, the 

functions of PRLS in the other four cetacean species are less understood for lack of 

longitudinal study. Bottlenose dolphins provide a valuable comparative study system for 

assessing the contributions of matrilineal kin, especially because they are closely related 

to the five delphinoid species demonstrated to exhibit menopause (the killer whale 

Orcinus orca (Foote 2008), short-finned pilot whale Globicephala macrorhynchus 

(Marsh and Kasuya 1984), false killer whale Pseudorca crassidens (Photopoulou et al. 

2017), beluga whale Delphinapterus leucas and narwhal Monodon monoceros (Ellis et al. 

2018)). Bottlenose dolphins, like most mammals, show a gradual reproductive decline 
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with senescence (Nussey et al. 2009; Sharp and Clutton-Brock 2010; Hayward et al. 

2013) but not menopause (Karniski et al. 2018), as defined by a complete cessation of 

reproduction and a PRLS. Bottlenose dolphins are long-lived and bisexually philopatric, 

and daughters continue to associate with their mothers well into adulthood (Tsai and 

Mann 2013). This means that they have overlapping generations in space and time, 

necessary for observing how intra-matrilineal interaction influences fitness. Further, their 

fluid fission-fusion societies, as opposed to stable matrilineal groups, mean that there is 

variation in association with matrilineal kin. This allows for comparisons of effects along 

the continuum of matrilineal association. Finally, whereas in some species senescent 

females may provide benefits to kin through food sharing (Wright et al. 2016) or 

allonursing (Packer et al. 1998), bottlenose dolphins do not regularly engage in either 

activity, allowing us to observe impacts exclusively transmitted through indirect 

information transfer, such as ecological knowledge of foraging grounds (Brent et al. 

2015), and defensive behaviors against predators (McComb et al. 2011) or conspecifics 

(McComb et al. 2001). Previous research in this population has demonstrated that 

foraging efficiency begins to decline in midlife (Patterson et al. 2016), so older females 

may be more susceptible to resource competition. 

 The objective of this study was to determine how coexisting generations of 

female bottlenose dolphins in Shark Bay, Australia affect the fitness and life histories of 

offspring. We observed 1) how living grandmothers impact the survival and weaning age 

of grandoffspring, 2) how a living mother affects both the lifetime reproductive success 

and age at first reproduction of her daughter, and 3) whether mother-daughter 

reproductive conflict, defined as when both mother and daughter produce offspring in a 
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two-year period, affects the survival of older-generation offspring. If there are 

grandmother effects in this population, we expect living grandmothers to improve 

grandoffspring survival, decrease grandoffspring weaning age, increase daughters’ 

reproductive success, and decrease daughters’ age at first reproduction (see Figure 

III.1.b). If there are effects of reproductive conflict in this population, we expect reduced 

likelihood of survival for a female’s offspring born within two years of her daughter’s 

offspring (see Figure III.1.c) 

 

METHODS 

 

Study population 

 

 We used longitudinal demographic and reproductive records of 319 total 

individual bottlenose dolphins in Shark Bay, Western Australia. This count reflects totals 

used across all analyses, however each analysis used a subset of these totals based on data 

restrictions we applied, and most individuals were used in more than one analysis. These 

data were collected in part of the Shark Bay Dolphin Research Project, which has been 

maintained since 1984.  

 All grandmother-grandoffspring relationships included in analyses are that of 

maternal grandmothers, as there is no paternal care or preferred paternal association in 

this population. Females begin reproduction as early as age 10 (Karniski et al. 2018; 

Mann 2019), but males are not successful in fathering offspring until their late teens or 

early 20s (Krützen et al. 2004). By this time, paternal grandmothers would be in their 30s 
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and rarely survive to see their grandoffspring. Grandmother relationships are determined 

from the Shark Bay Dolphin Research Project’s longitudinal database, in which 

maternities are assigned based on consistent observation of infant position and mother–

calf association (Mann et al. 2000) and confirmed by genetic data (Frere et al. 2010). All 

analyses were performed with generalized linear mixed models using the lme4 package 

(Bates et al. 2015) in R version 3.4.0 (R CoreTeam 2019). All model fits were confirmed 

with likelihood ratio tests. For clarity in cases where it may be ambiguous, grandmothers 

will be referred to as first generation, their daughters as second generation, and their 

grandoffspring as third generation (see generational schematic in Figure III.1.a). 

 

Grandmother effect on grandoffspring survival and weaning 

 

 In order to determine the effect of grandmothers on grandoffspring survival and 

weaning, we performed analyses on individuals of confirmed sexes with birthdates 

known within 1 year, and for which survival to age 3, minimum age of calf survival, is 

known. Initial tests with sex as a fixed factor revealed that offspring sex did not 

significantly affect calf survival or weaning age, so sex was included in subsequent 

models as a random factor to control for any additional variation sex introduces into the 

model. Models were constructed with either (i) survival to age 3 as a binomial response 

variable or (ii) weaning age as a continuous response variable. For all models, living 

grandmother was used as a categorical fixed effect (Y/N), and the following were 

included as random effects: second-generation ID to control for maternal-level variation, 

second-generation age at birth to account for age-specific maternal effects on survival or 
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care (Karniski et al. 2018), and third-generation sex. For individuals with living 

grandmothers at the time of their birth, first and second-generation association the year 

before and after the third-generation birth was incorporated as a fixed effect as a proxy 

for grandmother-grandoffspring association due to the expected collinearity between 

grandoffspring survival and grandmother association. In other words, because a 

grandoffspring must survive in order for it to associate with its grandmother, confounding 

these two variables, the association between a grandmother and her adult daughter was 

used instead. Grandmother reproductive status was also incorporated into both survival 

and weaning models for individuals with living grandmothers at the time of their birth. 

Grandmothers were designated as reproductive if they had a calf within 3 years of the 

birth of their grandoffspring, as 3 years is the minimum interbirth interval with surviving 

offspring. 

 

Reproductive success 

 

In order to determine whether a living mother affects the lifetime reproductive 

success of her daughter, we analyzed whether having a living mother at a female’s first 

birth affects her subsequent reproductive success. Reproductive success is calculated as 

the number of offspring surviving to age 3 that a female has per reproductive year. 

Models were constructed with lifetime reproductive success as a continuous response 

variable, with a living mother as a categorical fixed effect (Y/N), and with maternal ID as 

a random effect to control for individual maternal variation. 
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Age at first reproduction 

 

 We investigated whether a living mother affects the age at first reproduction 

(AFR) for her daughter in females for which we have complete reproductive histories and 

confirmed dates of first births, and whose ages are accurate within 3 years (see Karniski 

et al. 2018 for methodology). Models were constructed a) first with a living mother as the 

only fixed effect, and then b) with living mother, third-generation survival, and an 

interaction term as fixed effects. All models included first-generation ID to control for 

matrilineal variation of the grandmother. 

 

Reproductive conflict 

 

We defined reproductive conflict as cases in which a second-generation female 

gives birth within two years of her first-generation mother giving birth (see Figure 

III.1.c). A two-year interval was selected because the first two years of lactation are the 

most energetically expensive in bottlenose dolphins (Oftedal 1997), so two lactating 

females would be predicted to have the highest levels of resource competition during this 

time. Mothers included in analyses were only those for which there is either a complete 

reproductive history with no possible missed births, or in the cases of gaps in 

reproductive history, none of which could result in an adult female daughter at the time of 

a subsequent birth, potentially allowing for the opportunity of reproductive conflict. 

Models were constructed with offspring survival to age 3 as a binomial response variable, 

reproductive conflict as a categorical fixed effect (Y/N), and with the following random 
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effects: mother longevity to control for selective disappearance (Hayward et al. 2013), 

maternal ID to control for individual maternal variation, mother age at birth to control for 

reproductive senescence (Karniski et al. 2018), and the number of daughters the first 

generation female had that survived to adulthood in order to control for unequal offspring 

sex ratio that would bias some females towards the possibility of her offspring being born 

into reproductive conflict relative to others. 

 

RESULTS 

 

Grandmother-offspring survival models 

 

 Having a living grandmother was not associated with grandoffspring survival to 

age 3 (Table III.1, Estimate = -0.078, SE = 4.082, z = -0.019, p = 0.985). Of calves with 

living grandmothers at the time of their birth, the model containing grandmother 

reproductive status did not significantly differ from the null model. In order to determine 

the effect of grandmother association on grandoffspring survival of this same subset, first 

and second-generation association the year before and after third-generation birth was 

used as a proxy association measure as grandmother-grandoffspring association is 

confounded by grandoffspring survival. Likewise, this model did not differ significantly 

from the null model. Taken together, these results indicate that neither a living 

grandmother, grandmother reproductive status, nor first and second-generation 

association predict grandoffspring survival. 
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Grandmother-offspring weaning models 

 

A living grandmother, regardless of her reproductive status, was not associated 

with grandoffspring weaning age (Table III.2, Estimate = -0.042, SE = 0.048, z = -0.88, p 

= 0.381). Of offspring with living grandmothers, neither grandmother reproductive status 

nor grandmother association was related to weaning age (Table III.2, Grandmother 

reproductive status: Estimate = 0.001, SE = 0.035, z = 0.02, p = 0.980, Grandmother 

association: Estimate = 0.019, SE = 0.065, z = 0.30, p = 0.765). These results indicate 

that neither grandmother presence nor reproductive status affects weaning age of 

grandoffspring. 

 

Reproductive success 

 

A living mother at the time of her daughter’s first birth does not affect her 

daughter’s lifetime reproductive success (Table III.3, Estimate 0.017, SE = 0.152, z = 

0.11, p = 0.911).  

 

Age at first reproduction 

 

Females with living mothers gave birth to their first calves earlier than those 

whose mothers were dead at the time of their first reproduction (Table III.4, Estimate = -

0.04, SE = 0.0113, z = -3.60, p < 0.001). While the age of a female’s first birth was not 

significantly associated with offspring survival, there was a significant interaction 
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between third-generation survival and a living mother (first generation) on the second-

generation’s age at first reproduction (Figure III.2, Table III.4, Estimate = 0.13634, SE = 

0.0241, z = 6.10, p < 0.0001). This result means that how a living mother impacts the age 

at first reproduction of her daughter is different for the third-generation offspring that 

survive to age 3 and those that do not. When analyzed separately by survival status, of the 

first-born calves that survived to age 3, having a living mother is associated with a later 

age at first reproduction of her daughter (Estimate = 0.0467, SE = 0.01998, z = 2.30, p < 

0.05), whereas of the first-born calves that died before age 3, having a living mother is 

associated with an earlier AFR of her daughter (Estimate = -0.08754, SE = 0.0144, z = -

6.09, p < 0.0001). 

 

Reproductive conflict models 

 

 Of 119 total births, 17 first-generation females had a living adult daughter at the 

time of giving birth. In 11 of these cases, these second-generation females had calves of 

their own within 2 years of when their first-generation mother give birth, producing cases 

of realized reproductive conflict. Offspring of first-generation females born into 

matrilineal reproductive conflict had a lower likelihood of surviving to age 3 than 

offspring not born into matrilineal reproductive conflict (Figure III.3, Table III.5, 

Estimate = -2.9084, SE = 1.0057, z = -2.892, p < 0.005). 
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DISCUSSION 

 

Benefits of having a living grandmother in bottlenose dolphins were not readily 

apparent. Neither grandoffspring survival nor weaning age was associated with having a 

living grandmother, regardless of her reproductive status. However, we found evidence 

that mothers impact their daughters’ reproduction. While a living mother was not 

associated with the lifetime reproductive success of her daughter, having a living mother 

showed effects on a female’s age at first reproduction (Table III.3, Figure III.2). When a 

mother was alive at the time of her daughter’s first birth, this birth tended to occur earlier 

than if her mother was deceased. The significant interaction between a living mother and 

offspring survival on the daughter’s AFR suggests that while the presence of a living 

grandmother may not directly impact the survival of her grandoffspring, she may 

indirectly affect its survival by mediating the timing of her daughter’s first birth. When 

mothers are dead, there is little difference between the AFR of daughters whose calves 

survive and those that do not. However of living mothers, daughters whose calves did not 

survive reproduced earlier than those with surviving calves (Figure III.2). While a dead 

mother predictably does not affect her daughter’s AFR, the more striking element of 

these results is the considerable variation in how a living mother affects the timing of her 

daughter’s reproduction.   

Several mechanisms could explain this variation. First, females in this population 

maintain higher levels of association with their mothers into adulthood than males. Males 

form long-term stable alliances that sequester individual females into consortships for 

mating. These consortships typically include aggressive behaviors (Connor et al. 1992; 
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Connor and Smolker 1996) and limit her access to other males. As both allied sexual 

coercion and inbreeding comes at a considerable cost to females in this population (Scott 

et al. 2005; Frère et al. 2010; Wallen et al. 2016), maternal support during a daughter’s 

early reproductive years might reduce the negative impacts of aggressive male 

consortships or assist in deterring unfavorable matings (e.g., with close kin), 

consequently promoting higher survival of those offspring. However, mothers that fail to 

buffer against unfavorable matings may contribute to the reduced survival of those 

offspring. In this population, females’ earlier calves are more likely to be inbred (Frère et 

al. 2010), suggesting that experience might affect inbreeding avoidance. Experience 

could play a role in inbreeding avoidance through male kin recognition and avoidance, as 

younger females are less likely to recognize older male kin because these males would 

have weaned from their shared mother before this female was born. Additionally, there 

could be other behavioral strategies to avoid inbreeding that are learned from or assisted 

by the presence of mothers. Further, there could be other indirect effects of a mother’s 

presence, including her social network position, that impacts the timing and success of 

her daughter’s reproduction. While no study has to our knowledge explicitly examined 

the effect of maternal sociality on her daughter’s reproductive success, female chacma 

baboons Papio cynocephalus ursinus, that formed stronger bonds with their mothers 

experienced higher offspring survival rates (Silk et al. 2009). In the Shark Bay 

population, female bottlenose dolphins that maintained long-term social bonds had higher 

reproductive success than those that did not (Miketa 2018). As maternal socioecological 

strategy particularly influences daughters’ social development (Gibson and Mann 2008), 
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it is likely that these effects persist across generations sufficient for maternal social 

networks to affect daughters’ reproductive success. 

 Although grandmothers do not directly impact grandoffspring, these results 

cumulatively show matrilineal investment in adult daughters similar to those proposed in 

the grandmother hypothesis. While evidence of a mother’s impact on daughters’ lifetime 

reproductive success would be the strongest support for these grandmother effects (see 

schematic in Figure III.1.b), the possibility for a first-generation female to mediate the 

survival of her third-generation grandoffspring through the timing of her daughter’s first 

reproductive event indicates that intergenerational fitness benefits are conferred through a 

matriline. 

Despite the matrilineal investment in reproduction described above, the reduced 

survival of offspring born into reproductive conflict indicates some degree of 

reproductive competition between mothers and daughters. The costs of this competition 

are particularly apparent when mothers and daughters reproduce simultaneously. 

Controlling for maternal age in our models makes it unlikely that the reduced survival of 

calves of older-generation females are due to reproductive senescence (Karniski et al. 

2018). Furthermore, another interpretation of the interaction between a living mother and 

offspring survival on the daughter’s AFR (Table III.3, Figure III.2) could be that this is 

less indicative of a grandmother influencing the survival of her grandoffspring, and 

perhaps more suggestive that those females who had an earlier first birth in the presence 

of their mother were more likely to experience negative offspring survival outcomes as a 

result of reproductive conflict. While first-generation reproductive status was not 
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included in these analyses, this dynamic would also point more toward reproductive 

conflict than maternal investment. 

Reproductive conflict has traditionally been seen in species where resources are 

shared (Ferrari 1987; Price and Feistner 1993; Wright et al. 2016), and is manifest 

through direct aggression and infanticide (Digby 1995; Clutton-Brock et al. 1998, 2010; 

Young and Clutton-Brock 2006; Saltzman et al. 2008). Bottlenose dolphins do not share 

prey, and while there are a few reports of infanticide in bottlenose dolphins at other sites 

(Patterson et al. 1998; Dunn et al. 2002; Kaplan et al. 2009; Robinson 2014; Perrtree et 

al. 2016), females have never been directly implicated in any of these instances. 

Additionally, infanticide has not been documented in the Shark Bay population despite 

35 years of intensive study. Thus, it could be that reproductive conflict in this population 

is driven by competition over socioecological resources, which could encompass both 

competition for food resources and for social support in times of conflict. For example, 

offspring share significant home range overlap with their mothers after weaning (Tsai and 

Mann 2013) and several foraging tactics are highly dependent on habitat (Sargeant et al. 

2007). Mother-daughter resource competition could therefore make simultaneous 

reproduction more costly. In several species with reproductive competition, reproductive 

suppression is particularly strong in periods of low resource availability (Young et al. 

2010). While bottlenose dolphins do not share food or cooperatively hunt (as is the case 

with the other cetacean, killer whale Orcinus orca, with demonstrated reproductive 

conflict, Pitman and Durban 2012; Wright et al. 2016; Croft et al. 2017), 

socioecologically-based resource competition may be enough to induce reproductive 

competition between females as well. Further, mothers may be willing to intervene and 
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provide social support to their daughters during conflicts with males, but intervening 

when the mother herself has a calf may be too costly, reinforcing the negative 

consequences of reproductive competition between mother and daughter.  

These results suggest that matrilineal investment can exist in a population 

concurrently with intergenerational reproductive competition. While evidence of 

grandmother effects in killer whales to date is mixed, with grandmothers possibly having 

positive effects on grandoffspring survival only around the age of weaning between their 

second and third birthdays (Ward et al. 2009), it is possible that reproductive conflict 

could be precipitating a shift toward matrilineal investment to compensate for the 

detrimental effects of reproductive conflict.  

Bottlenose dolphins are not considered cooperative breeders, yet the simultaneous 

reproductive conflict and matrilineal investment is not unlike the dynamics of many 

cooperatively breeding species in which alloparental care is provided by females at the 

expense of their own reproduction (Russell et al. 2007). Matrilineal investment in 

reproduction could be condition-dependent, or uni-directional. In other words, while a 

mother’s presence may impact the initiation of her daughter’s reproduction, the daughter 

may instead inhibit her mother’s reproduction, as expressed through higher mortality of 

offspring born to older-generation females when in reproductive conflict. While much 

research is devoted to examining matrilineal kin benefits and reproductive competition 

separately, few studies evaluate how these processes occur simultaneously or 

interactively within a population. More research on state-dependent matrilineal 

investment and possible costs of reproductive conflict to the younger-generation female 

are needed. 
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 This simultaneous matrilineal investment and intergenerational reproductive 

conflict demonstrate that non-menopausal species may also employ similar behavioral 

strategies as those offered to explain the evolution of menopause. In the case of 

bottlenose dolphins these strategies have not sufficient for menopause to evolve. The lack 

of menopause in this species despite these dynamics could be explained by the unique 

kinship dynamics of humans and cetaceans, in which multiple generations live in the 

same close-knit group and local relatedness increases with female age (Johnstone and 

Cant 2010). The reproductive conflict hypothesis rests on the fact that younger mothers 

would invest more in competitive effort than older females due to the relatedness 

asymmetry occurring with time in relatively closed and stable matrilineal cetacean 

groups. In contrast, fission-fusion social systems allow females to control same-sex 

associations, including when, where and with whom. Matrilineal kin might regulate 

associations to obtain some benefits (e.g., reduced male harassment) while reducing costs 

(reproductive and/or resource competition). In cases of extreme conflict or cooperation, 

many species are confined to transmit these costs/benefits within their stable groups, but 

the fission-fusion society of bottlenose dolphins complicates these dynamics. Despite the 

continued home range overlap and shared foraging tactics between mothers and adult 

daughter (Mann et al. 2008), the ability to fluidly join and leave groups may mitigate 

conflict, especially during times of resource and reproductive competition, while 

continued maternal association in offspring after weaning (Tsai and Mann 2013; Wallen 

et al. 2017) may promote this intramatrilineal investment across generations. 

 Given that it is not solely kinship dynamics driving the evolution of menopause 

(for example, long-finned pilot whales live in stable, bisexually philopatric social groups 
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Amos et al. 1993), yet they do not demonstrate a PRLS (Ellis et al. 2018), its evolution 

may instead necessitate a suite of characteristics for the selection of a PRLS. These 

characteristics may include dispersal patterns with closed, stable social groups that result 

in relatedness asymmetries (Johnstone and Cant 2010), a direct means of transferring 

benefits to kin, like food sharing (Wright et al. 2016), and simultaneous matrilineal 

investment and reproductive competition (Foster et al. 2012; Croft et al. 2017). These 

elements are important to investigate in both menopausal and closely related non-

menopausal species to understand how these factors shape social organization and 

reproductive life history evolution. 

 The consideration of overlapping generations has significant implications for 

population genetics (Nunney 1993) and the evolution of social behavior (Taylor and 

Irwin 2000). Thus, understanding the nature of intergenerational relationships within a 

matriline is crucial, particularly for a population in which there is a strong interaction 

between genetic and social effects on female fitness (Frère et al. 2010). These results 

contribute to the understanding of intra-matrilineal relationships—both of a beneficial 

and a conflicting nature, and the evolution of reproductive life histories in a species that 

is neither cooperatively breeding nor menopausal, but closely related to the only non-

human menopausal animals. 
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FIGURES AND TABLES 

 

 

Figure III.1. Schematic of intergenerational cooperation and conflict. (a) 

Generational schematic where grandmothers are referred to as first generation, daughters 

are referred to as second generation, and grandoffspring are referred to as third 

generation. (b) Schematic of what we would expect were modified grandmother effects to 

exist in our population where first generation presence would increase third generation 

survival, decrease third generation weaning age, and improve second generation 

reproductive success through lifetime RS and AFR. (c) Schematic of reproductive 

conflict in our population. Individuals C and E would be considered to be born in 

reproductive conflict if individual E is born within 2 years of individual C’s birth. 
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Figure III.2. Interaction between first-generation survival and third-generation 

survival on second generation age at first reproduction in generalized linear mixed 

models. Estimate = 0.14634, SE = 0.0241, z = 6.1, p < 0.0001. 
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Figure III.3. Offspring of first-generation females born into reproductive conflict 

have significantly lower likelihood of surviving to age 3 than when not born into 

reproductive conflict. Estimate = -2.9084, SE = 1.0057, z = -2.892, p < 0.005. Average 

partial effects of reproductive conflict on calf survival probability from generalized linear 

mixed models are plotted with 95% CI. 
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Table III.1. Results of binomial generalized linear mixed models for survival of n = 
66 (model a) and n = 32 (model b—living grandmothers only) third-generation calves. 
Second generation ID, second generation age at birth, and third-generation sex are 
designated as random effects. *Note that while grandmother reproductive status and 1st 
and 2nd generation association had a p-value of < 0.05 in model b, models containing 
neither factors were significant from the null model, indicating that neither grandmother 
reproductive status nor 1st and 2nd generation association are significant predictors of 
third-generation survival.  
 Estimate SE z-value p-value 
Fixed effect     
Model a)     
Intercept 12.530 3.5809 3.499 <0.001 
Grandmother alive -0.078 4.082 -0.019 0.985 
Model b)—living grandmothers 
only  

    

Intercept 8801.868 36.666 240.05 <0.001 
Grandmother reproductive status -15.479 7.488 -2.07    * 
1st and 2nd generation association -8773.762 36.666 -239.29    * 
     

 
Table III.2. Results of generalized linear mixed models for weaning age of n = 57 
(model a) and n = 28 (model b—living grandmothers only) third-generation calves. 
Second generation ID, second generation age at birth, and third-generation sex are 
designated as random effects.  
 Estimate SE z-value p-value 
Fixed effect     
Model a)     
Intercept 7.24213 0.03997 181.20 <0.001 
Grandmother alive -0.04164 0.04757 -0.88 0.381 
Model b)—living grandmothers 
only 

    

Intercept 7.19446 0.07109 101.20 <0.001 
Grandmother reproductive status 0.00086     0.03523 0.02 0.980 
Grandmother association 0.01934 0.06469 0.30 0.765 
     

 
Table III.3. Results of generalized linear mixed models for reproductive success of n 
= 60 second-generation females. Maternal ID is designated as a random effect. 

 
 
 
 

 Estimate SE z-value p-value 
Fixed effect     
Intercept 2.3291 0.1351 17.237 < 0.001 
Mother alive 0.0169 0.1521 0.111 0.911 



 78 

 
Table III.4. Results of generalized linear mixed models for age at first reproduction 
of n = 60 (model a) and n = 52 (model b) second-generation females. Maternal ID is 
designated as a random effect. 

 
Table III.5. Results of generalized linear mixed models for survival of n = 119 
offspring born to first-generation females. Maternal ID, mother longevity, mother age 
at birth, and number of daughters surviving to adulthood are designated as random 
variables. 
 Estimate SE z-value p-value 
Fixed effect     
Intercept 0.7868 0.5809 1.355 0.17554 
Reproductive conflict -2.9084 1.0057 -2.892 < 0.005 

 
  

 Estimate SE z-value p-value 
Fixed effect     
Model a)     
Intercept 8.47677 0.01580 536.5 <0.001 
Mother alive -0.04 0.0113 -3.60 < 0.001 
Model b)     
Intercept 8.46442 0.02296 368.7 < 0.001 
Mother alive -0.0919     0.01425     -6.40 < 0.001 
Grandoffspring survival -0.0376 0.02694 -1.4 0.163 
Mother alive * grandoffspring 
survival 

0.14634 0.02414 6.10 < 0.001 
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CONCLUSION 

 

In this dissertation I investigated how senescence impacts the reproduction and 

behavior of bottlenose dolphins in the context of prominent hypotheses for the evolution 

of menopause. It is important to examine senescence in natural populations because aging 

contributes to their reproductive life histories and behavioral strategies. Further, 

senescent individuals are shown to possess socioecological knowledge (McComb et al. 

2001, 2011; Brent et al. 2015), and transmit fitness benefits to offspring and 

grandoffspring (Pavelka et al. 2002; Foster et al. 2012; Lahdenperä et al. 2016a,b). Thus, 

studying the roles of senescent individuals in their societies, especially in long-lived, 

socially complex mammals, is especially important. In addition to providing insight into 

the life histories of mammals, this examination also contributes to our understanding of 

the evolution of menopause. Because menopause seems inherently maladaptive and is 

rare, occurring in only five species other than humans (Marsh and Kasuya 1984; Foote 

2008; Photopoulou et al. 2017; Ellis et al. 2018), assessing the validity of hypotheses for 

the evolution of menopause brings us closer to understanding how this puzzling life 

history phenomenon evolved. 

Bottlenose dolphins are an excellent system in which to pursue this investigation 

because they are socially complex (Connor 2007; Strickland et al. 2017; Galezo et al. 

2018; Miketa 2018) and have among the longest, and most variable periods of direct 

maternal care of mammals (Mann et al. 2000; De Magalhães and Costa 2009; Karniski et 

al. 2018). They are long-lived (Karniski et al. 2018), and bisexually philopatric (Tsai and 

Mann 2013), meaning they have overlapping generations in space and time. Additionally, 
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as a member of the superfamily Delphinoidea, they are closely related to all of the non-

human animals to exhibit menopause (Marsh and Kasuya 1984; Foote 2008; Photopoulou 

et al. 2017; Ellis et al. 2018). These characteristics deem bottlenose dolphins an ideal 

species to examine how senescence impacts a) reproduction and maternal investment, b) 

behavior and sociality, and c) how multiple generations within a matriline interact in the 

context of evolutionary hypotheses for menopause. 

In Chapter 1 I provided the first empirical study of fertility and maternal-effect 

senescence and their interactions in a long-lived mammal with extensive maternal care. 

Although several studies infer reproductive senescence from cross-sectional 

physiological data from dead individuals (Marsh and Kasuya 1986; Weber Rosas and 

Monteiro-Filho 2002; Foote 2008), this study was the first to directly and definitively 

document reproductive senescence in a living, free-ranging cetacean population. Previous 

attempts to demonstrate reproductive senescence in living populations of bottlenose 

dolphins have been limited to captive populations (O’Brien and Robeck 2012), 

qualitative evidence with small sample sizes (Fruet et al. 2015; Robinson et al. 2017), or 

were restricted to only the physiological effects of senescence (Venn-Watson et al. 2011). 

As this species has among the longest lactation periods for any mammal at 8+ years, the 

investigation of the effects of aging on maternal effects is particularly pertinent, having 

only recently emerged in the literature as distinct from fertility senescence (Beamonte-

Barrientos et al. 2016; Moorad and Nussey 2016), and having rarely been examined in 

mammals (Nussey et al. 2006; Hayward et al. 2013). This study is also notable as the first 

evidence of terminal investment (Clutton-Brock 1984) in cetaceans, and as support for 
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the idea that terminal investment and maternal-effect senescence may not be mutually 

exclusive (Paul et al. 1993; Hoffman et al. 2010; Ericsson et al. 2016).  

In addition to providing a working definition for maternal-effect senescence, the 

findings were notable because they demonstrated not only that both of these components 

exist in bottlenose dolphins, but also the first evidence of terminal investment in 

bottlenose dolphins. As this chapter was one of the first to specifically examine 

reproductive senescence in bottlenose dolphins using longitudinal data, this helps us 

understand how senescence impacts reproduction in bottlenose dolphins, and provides a 

comparative foundation for understanding how reproduction and maternal investment 

changes with age in menopausal and non-menopausal delphinids. 

Chapter 2 is one of few studies to specifically examine the effects of senescence 

on mammalian behavior. Given the difficulty of capturing longitudinal data that 

encompasses the entire lifespan of individuals, research on the behavioral effects of 

senescence in wild mammals is rare. The effects of senescence on foraging behavior has 

been investigated extensively in wild seabirds (Catry et al. 2006, 2011; Lecomte et al. 

2010; Le Vaillant et al. 2013; Cunningham et al. 2017), however the research gap in 

mammalian species is much larger. The studies that specifically investigate the impact of 

senescence on behavior in wild mammals are generally restricted to few taxa and topics 

such as sociality in primates (Corr 2003; Almeling et al. 2016, 2017), space use in 

ungulates (Montgomery et al. 2013; Hayward et al. 2015; Froy et al. 2018), or predatory 

behavior in carnivores (MacNulty et al. 2009). Few studies consider these senescence 

hypotheses in the context of behaviors other than ranging patterns, and fewer still 

investigate behavioral changes with respect to reproductive or maternal-effect senescence 
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(Moorad and Nussey 2016). Physiological senescence can be associated with reduced 

exploratory and problem-solving behaviors (Almeling et al. 2016), and can result in an 

individual’s reduction in space use (Froy et al. 2018), affecting access to and ability to 

exploit resources, social partners, and mates. This study is valuable because senescence 

impacts the reproduction and physiology of bottlenose dolphins, so by investigating the 

effects of aging on behavior provides a more complete picture of bottlenose dolphin 

behavior throughout all stages of life as it is influenced by fluctuating life history 

pressures. 

In Chapter 3 I demonstrated the nature of intra-matrilineal cooperation and 

conflict in non-menopausal species, and how overlapping generations within a matriline 

function in a highly social, long-lived species with extended maternal care. Studying 

intergenerational dynamics is important because they have significant implications for 

population genetics (Nunney 1993), and the evolution of social behavior (Taylor and 

Irwin 2000) and reproductive life histories (Nunney 1993). Intra-matrilineal dynamics are 

at the center of several prominent arguments for the adaptive evolution of menopause 

(Hawkes et al. 1998; Croft et al. 2017), yet no study has evaluated whether life history 

strategies essential to these hypotheses also characterize non-menopausal species that are 

closely related to the only non-human menopausal animals. This study was motivated by 

the following. First, the delphinoid superfamily holds the only species outside of humans 

that exhibit menopause. Second, both matrilineal investment and reproductive conflict 

have been offered as explanations for the evolution of post-reproductive lifespans or 

menopause in humans and in other delphinoids. Third, investigating these strategies for 

closely related non-menopausal species is essential for interpreting post-hoc arguments 
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explaining menopause. Finally, while many studies examine matrilineal kin benefits and 

reproductive competition separately, few studies evaluate how these processes occur 

simultaneously and/or interact within a population. 

Cumulatively, this work has provided a picture of how senescence impacts 

reproduction and behavior in a wild cetacean and has contributed to our understanding of 

the evolution of reproductive life history traits, and specifically menopause. As this work 

demonstrates evidence that strategies essential to hypotheses for the evolution of 

menopause are also employed in a non-menopausal species, its evolution may instead 

necessitate a suite of characteristics for the selection of a PRLS rather than a single 

driving factor. Examining the societies and behavior of menopausal cetaceans could point 

to relatively closed, stable matrilineal groups in which there are high levels of association 

between kin and overlapping generations (resulting in relatedness asymmetries, 

Johnstone and Cant 2010), and a direct mode of transmission of benefits between 

generations, like food sharing (Wright et al. 2016). These closed, stable matrilineal 

groups may act to amplify either reproductive conflict and/or matrilineal investment 

sufficient to allow for the evolution of menopause. 

Bottlenose dolphins exhibit evidence for both matrilineal investment and 

reproductive conflict as demonstrated in Chapter 3, yet do not have a PRLS. Whereas 

closed stable kin groups may act to compound these dynamics, the fission-fusion society 

of bottlenose dolphins may instead dilute these effects sufficient to preclude the evolution 

of menopause. The lack of stable kin groups in bottlenose dolphins may prevent 

substantial grandmother effects from becoming an evolutionary stable strategy, and 
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likewise may mitigate the detrimental effects of reproductive conflict such that 

menopause does not evolve. 

Examining this suite of characteristics in in both menopausal and non-menopausal 

species will help to determine the driving forces that could cause menopause to evolve in 

one species and not another. For example, given these common characteristics of stable 

matrilineal groups and direct modes of transmission of benefits among many menopausal 

species, one may also expect menopause in other species that share these traits, for 

example the closely related sperm whale Physeter macrocephalus or lion Panthera leo. 

Both the sperm whale and African lion live in stable matrilineal groups with high 

generational overlap (Packer and Pusey 1987; Lyrholm and Gyllensten 1998), and 

allocare of infants by other females in the group (Packer et al. 1990; Pusey and Packer 

1994; Whitehead 1996), yet neither of these species have menopause. However, there is 

evidence of allonursing in both of these species (Pusey and Packer 1994; Gero et al. 

2009), and this benefit transmission is contingent on the continuing reproduction of 

females. As such, African lions only show positive effects of grandmothers on 

grandoffspring survival when they were presumed to be lactating (Packer et al. 1998), 

with suspected allonursing of grandmother to grandoffspring. Thus, while some species 

may share some social dynamics with menopausal species, consideration of other 

behaviors that could prevent the evolution of menopause is needed. 

Examining all components of behavior and social organization as 

comprehensively as possible is critical in order to determine which elements could 

promote, and which could constrain, the evolution of menopause. Investigating these 

elements in both menopausal and closely related non-menopausal species brings us closer 
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to understanding not only the evolution of menopause, but also how these factors shape 

sociality and life history evolution. 
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APPENDIX A 
 

 
Chapter I Supplementary Material 

 
 

 
Figure A.1. Linear model for birth order and the residuals of the maternal age 

model. This model shows no relationship between birth order and the residuals of the 

model with only maternal age (Estimate = 0.0125, SE = 0.0336, t = 0.371, p = 0.711). 
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Figure A.2. Linear model for maternal age and the residuals of the birth order 

model. Maternal age is negatively correlated with the residuals of the model with only 

birth order included (Estimate = -0.02049, SE = 0.00825t = -2.484, p < 0.05). 
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Figure A.3. Cox proportional hazards for interbirth intervals excluding terminal 

intervals. Curves reflect the probability of completing an interval by giving birth to 

another calf. Females are binned according to their ages at the start of the interval (≥ 25 

years or < 25 years) for  visualization purposes though maternal age was analyzed as a 

continuous factor in the model. IBIs increased with maternal age (Estimate = -0.03542, 

SE = 0.01139, z = -3.11, p < 0.005), thus older females had a lower likelihood of closing 

the interval by birthing another calf. 
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Figure A.4. Cox proportional hazards for interbirth intervals of surviving calves 

only. Curves reflect the probability of completing an interval by giving birth to another 

calf. Females are binned according to their ages at the start of the interval (≥ 25 years or 

< 25 years) for visualization purposes though maternal age was analyzed as a continuous 

factor in the model. IBIs increased with maternal age (Estimate = -0.05573, SE = 

0.01433, z = -3.89, p < 0.001), thus older females had a lower likelihood of closing the 

interval by birthing another calf.  
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Table A.1. Results of binomial generalized linear mixed model for calf survival 
excluding neonatal mortalities (calves that died prior to their 4th month birthday). 

 
 

Table A.2. Results of binomial generalized linear mixed model for calf survival 
excluding calves that died as a result of being orphaned. 

 
 

Table A.3. Results of cox proportional hazards mixed effects model for interbirth 
intervals excluding terminal intervals. 

 
  

 Estimate Standard error Z-score P-value 
Intercept  2.7494    0.5817    4.726 < 0.0001 
Maternal age -0.0828    0.0255   -3.244   < 0.005 

 Estimate Standard error Z-score P-value 
Intercept  1.8279    0.4381    4.172 < 0.0001 
Maternal age -0.0578    0.0200   -2.889   < 0.005 

 Estimate Standard error Z-score P-value 
Maternal age  -0.0354    0.0114    -3.11    < 0.005 
Mortality status -2.0367    0.1710   -11.91  < 0.0001 
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