
Zurich Open Repository and
Archive
University of Zurich
University Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch

Year: 2023

Genetic Tools to Investigate the Consequences of Sex

Gerber, Livia ; Krützen, Michael

DOI: https://doi.org/10.1007/978-3-031-35651-3_2

Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-253733
Book Section
Published Version

 

 

The following work is licensed under a Creative Commons: Attribution 4.0 International (CC BY 4.0) License.

Originally published at:
Gerber, Livia; Krützen, Michael (2023). Genetic Tools to Investigate the Consequences of Sex. In: Würsig, Bernd;
Orbach, Dara N. Sex in Cetaceans. Cham: Springer, 29-49.
DOI: https://doi.org/10.1007/978-3-031-35651-3_2



https://doi.org/10.1007/978-3-031-35651-3_2

Chapter 2 

Genetic Tools to Investigate 

the Consequences of Sex 

Livia Gerber and Michael Krützen 

Abstract The primary purpose of sex is reproduction. However, because not all 

mating events result in fertilization and only a small number of species provide 

biparental care to their young, successfully reproducing individuals can rarely be 

identified from behavioral observations alone. Genetic tools permit reliable identi-

fication of an individual’s parents and thus of successfully reproducing individuals, 

because each parent passes on half of their genetic material to their offspring. In 

cetaceans, genetic tools are required to identify a female’s already weaned offspring 

and to detect successfully reproducing males due to the absence of paternal care. To 

date, relatively few studies have investigated variables linked to reproductive suc-

cess in this taxon, owed to the difficulty of sampling entire cetacean populations. We 

summarize currently known factors that are linked to successful reproduction in 

whales, porpoises, and dolphins, as well as in terrestrial mammals with comparable 

life histories that give birth to single young. 

Keywords Cetacean · Genetics · Maternity · Microsatellites · Paternity · 

Relatedness · Reproductive success 

2.1 Introduction 

Sex cannot adequately be studied without considering its consequences. At first 

glance, it seems obvious that sex may lead to the production of offspring. However, 

in most species, more mating events take place than fertilizations, raising the 

question of which matings are actually successful. This question is of particular 

importance in species where individuals mate with more than a single partner
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(polygamy), as it is the case in most mammal species (Clutton-Brock 1989; Würsig 

et al. 2023, this book). The identification of successfully reproducing individuals is 

of evolutionary significance because only mating events that result in the production 

of offspring contribute to the next generation’s gene pool and thus to an individual’s 

evolutionary fitness.
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Behavioral observations provide insights into “who mates with whom?”, while 

genetic tools shed light on “who sires whose offspring?”. Although the answer to 

these two questions can be the same, research across mammals has shown that in 

most species, only a subset of individuals that are ready to mate successfully sire 

offspring (Lukas and Clutton-Brock 2014). Since the 1990s, when genetic tools 

became readily available to ecologists, multiple studies have explored parentage in 

natural populations (Flanagan and Jones 2019), while only a limited number of 

studies involving genetic tools have investigated reproductive success in cetaceans. 

Marine mammals are generally more difficult to study than terrestrial ones. As well, 

marine mammals have slow life histories, requiring populations to be studied over 

long periods of time. In addition, some cetacean species, particularly whales, have a 

wide distribution with migration routes spanning half the globe (Stern and 

Friedlaender 2018), increasing the difficulty in sampling populations. In this chapter, 

we introduce the genetic tools used to investigate reproductive success and provide 

an overview of what is known to influence reproductive success in terrestrial 

mammals with high cognitive abilities, slow life histories, and giving birth to single 

offspring and thus are expected to face similar constraints as cetaceans. We then 

summarize the studies carried out in cetaceans before drawing comparisons between 

cetaceans and terrestrial mammals. 

2.1.1 The Need for Genetic Tools to Understand Reproductive 

Success 

During the first days (3–5 days in the hooded seal (Cystophora cristata) or years 

(1.5–3+ years in the sperm whale, Physeter macrocephalus) of their lives, mammals 

depend on their mothers for milk. Successfully reproducing female mammals can 

therefore be reliably recognized via behavioral observations of them with dependent 

offspring. The identification of successfully reproducing males, in contrast, requires 

genetic tools. The reasons for this necessity are that even in closely monitored 

populations not all matings are recorded. Furthermore, there is a considerable 

number of extra-pair matings in monogamous species, extra-group copulations in 

polygynous populations (one-male multi-female groups), matings with multiple 

partners in polygamous species such as cetaceans (Würsig et al. 2023, this book), 

and the lack of paternal care in most mammal species (Kleinman 1977). In cetaceans, 

the challenge of identifying successfully reproducing males based on behavioral data 

alone is further exacerbated by copulations occurring below the surface, while 

behavioral data are mostly collected via boat-based surveys. Furthermore, in



long-lived animals, genetic tools can aid in assigning individuals to their mothers 

once mature, which can prove useful to increase our knowledge on populations 

where long-term behavioral records are unavailable. 
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2.2 Genetic Tools for Parentage Analysis 

2.2.1 Genetic Sampling 

Genetic analyses are based on DNA, the hereditary material of almost all organisms. 

Most cells of an individual mammal contain two almost identical copies of its full 

genome. Thus, genetic analyses can be carried out from any source containing an 

individual’s cells, such as the skin, muscle, or whole blood. To date, most genetic 

analyses in cetaceans are based on skin samples obtained via biopsy dart (Baker et al. 

2018). The biopsy darts, designed to retain the skin’s top layers as well as some of 

the underlying blubber, are fired from a modified rifle or a crossbow (Fig. 2.1; 

Lambertsen 1987; Krützen et al. 2002). Wound healing usually progresses well after 

sampling, with no evidence of infection at the biopsy site (Krützen et al. 2002). 

Furthermore, there are no known long-term behavioral consequences of collecting 

biopsies, as individuals resume their activities often within minutes after having been 

sampled (Barrett-Lennard et al. 1996; Krützen et al. 2002). 

Alternative, less invasive sampling methods have been proposed for cetaceans 

such as DNA sampling from blow (Frère et al. 2010c), skin swabs (Harlin et al. 

1999), or feces (Parsons et al. 2003a). All of these alternatives require close contact 

to cetaceans for material collection, are more time-consuming compared to biopsy 

sampling, and do not present a feasible alternative for most studies (Parsons et al. 

2003a; Frère et al. 2010c). However, these alternative approaches can yield valuable 

insights as their collection can supplement genetic information with hormone ana-

lyses to measure stress or reproductive status. Over the past years, researchers began

Fig. 2.1 A skin sample is collected from a bottlenose dolphin in Shark Bay using a modified 

rifle (left panel). The biopsy dart penetrates the skin and then bounces free of the animal while 

retaining a skin sample (middle panel). The dart consists of a steel tip holding the skin sample and a 

floating polycarbonate body that permits easy sample recovery at sea (right panel). Image credit: 

Shark Bay Dolphin Project, Svenja Marfurt (left panel), Samuel Wittwer (middle and right panel)



to analyze DNA fragments present in aquatic environments as a result of metabolic 

waste, such as shed dead skin cells (Ruppert et al. 2019). The DNA fragments 

collected non-invasively from the environment are referred to as environmental 

DNA (eDNA). A major advantage of eDNA sampling is that no or very few permits 

are needed for sampling and that sample collection can also occur unmonitored by 

leaving a passive filtration system in the water (Bessey et al. 2021). To date, eDNA is 

mainly used to identify the presence of species. However, emerging techniques 

might soon permit individual-level analysis such as paternity and maternity analyses 

(Adams et al. 2019).
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2.2.2 Parentage Analysis 

Using genetic parentage analysis, an individual’s offspring can be identified because 

it inherits one half of each parent’s genome. Accordingly, parent-offspring relation-

ships can be resolved using genetic techniques. To date, most genetic parentage 

analyses in natural animal populations have been conducted by analyzing 10 to 

20 highly variable microsatellites (Flanagan and Jones 2019). Microsatellites are 

fragments in the genome consisting of repeated sequence motifs of one to six DNA 

base pairs (e.g., GA or TAC as a repeat of a two or three base pair motif, respec-

tively). Individual microsatellite markers have multiple alleles differing in repeat 

number and thus fragment length. Owed to the elevated mutation rate of 

microsatellites compared to nuclear DNA (Lynch 2007), they are highly variable, 

resulting in differing microsatellite “fingerprints” between individuals. Because each 

parent contributes one half to the genome of their offspring, the genetic microsatel-

lite fingerprint of a descendant matches half their mother’s and half their father’s 

(Fig. 2.2). 

There are three main approaches to parentage analysis: exclusion, likelihood-

based parentage assignment, and Bayesian parentage analysis (Jones et al. 2010). 

Exclusion is an approach assuming that an individual can be excluded as a parent 

when none of its alleles matches the offspring under consideration. Although this 

approach appears compelling, it is rarely used nowadays because it has multiple 

pitfalls, such as scoring errors that can lead to the true parent being excluded. The 

currently most used technique is likelihood-based parentage assignment—a method 

based on likelihood ratios between the two competing hypotheses that two individ-

uals either represent a parent-offspring dyad or are unrelated (Marshall et al. 1998). 

The widely used software CERVUS permits likelihood-based parentage assignment 

employed in a user-friendly graphical user interface (GUI, Kalinowski et al. 2007). 

Bayesian parentage analysis permits the inclusion of information that is thought to 

influence reproductive success, such as age or dominance rank. This information is 

then taken into account when calculating the probability that an individual is 

another’s parent. The incorporation of such information requires profound knowl-

edge of the population and the species under consideration (Flanagan and Jones 

2019). Possibly because such information is often unavailable for natural



populations, this approach is rarely used. Independent of which method is chosen, 

parentage analysis is more powerful in cases where mothers are known and 

genotyped, as it can be inferred which of the offspring’s alleles are derived from 

the mother and thus which alleles must stem from the father (Huisman 2017). 
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Fig. 2.2 Microsatellite “fingerprints” of a hypothetical mother, her three offspring, and a candidate 

father. Each offspring shares half of each parents’ alleles. Hence, offspring 1 obtained allele 

204 from the mother, while allele 220 must stem from the father. Similarly, offspring 2’s copy of 

allele 208 must be present in the father because offspring 2 received allele 230 from the mother. 

Offspring 3 inherited the mother’s copy of allele 204. Because allele 212 is not present in the 

candidate father, offspring 3 was most likely sired by another male in the population than the 

candidate father 

Sex information of the genotyped individuals can further facilitate parentage 

analysis as it permits the separation of the genotyped individuals into candidate 

mothers and fathers. This is valuable in species with low levels of sexual dimor-

phism as is the case for most delphinids (Mesnick and Ralls 2018a). Genetic sexing 

has been employed in many studies as a fast and reliable means for sex determina-

tion. It is carried out by testing for the presence/absence of sex-chromosomal 

markers. In mammals, where females are the homogametic sex (XX), only 

X-chromosomal markers are detected. In contrast, males are the heterogametic sex 

(XY) and test positive for both X- and Y-chromosomal markers (Fig. 2.3). Sexing in 

cetaceans is often done by a joint analysis of the X-linked and Y-linked exons of the 

ZFX and ZFY genes (Bérubé and Palsbøll 1996). 

2.2.3 Genetic Marker Systems for Parentage Analysis 

Due to their hypervariable nature, microsatellites have long been the most-used 

genetic marker for parentage analysis (Flanagan and Jones 2019). Across species, 

microsatellites were the genetic markers of choice to investigate many parameters



important in evolution and ecology such as dispersal patterns, migration rates, 

population size, and kinship (Hodel et al. 2016). However, population geneticists 

now widely use next-generation sequencing (NGS) approaches. Compared to tradi-

tional sequencing approaches, including microsatellite genotyping where only few 

loci are considered, NGS approaches permit the parallel genotyping of millions of 

single nucleotide polymorphisms (SNPs). Because these high-resolution SNP data 

are better suited to address ecological and evolutionary questions, there has been a 

dramatic decrease of studies using microsatellites over the past decade. 
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Fig. 2.3 Electrophoresis 

gel showing PCR products 

of a reaction amplifying X-

and Y-chromosomal 

markers. Males (samples 

993, 995, 999, 1001) have 

two bands, because they are 

carriers of both sex 

chromosomes (XY), while 

females (samples 994, 996, 

997, 998, 1000) can be 

identified as individuals 

with single bands 

(XX) (image credit: 

Manuela Bizzozzero) 

SNPs typically have two different alleles per locus, while microsatellites often 

have multiple alleles. Compared to a single microsatellite locus, single SNPs are 

therefore less informative. Reliable parentage assignment can be achieved by ana-

lyzing as few as ten highly polymorphic microsatellite markers but requires 

100 SNPs (Weng et al. 2021). However, because NGS permits the simultaneous 

sequencing of millions of SNPs, this requirement is commonly met without diffi-

culty. Like microsatellites, the SNPs used for parentage analysis are inherited in a 

Mendelian fashion, meaning that the offspring receives one copy from each parent. 

Thus, the same suite of analytical software can be used. Furthermore, compared to 

microsatellite data, a large number of SNPs derived from an NGS approach are much 

better suited to estimate pairwise relatedness, thereby permitting to assign dyads to 

other relationship categories than parent-offspring.
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2.3 Paternity Success in Male Mammals 

2.3.1 Variables Influencing Reproductive Success 

in Terrestrial Male Mammals 

In most mammal species, more males are ready to reproduce than females because 

paternal care is absent in 95%–97% of species (Kleinman 1977) and the production 

of offspring requires a considerable time and energy investment from females, 

caused by gestation and lactation. This difference in parental investment causes a 

conflict between the sexes, where males often compete which each other over access 

to females. Because some males are better competitors than others, or successfully 

employ alternative non-competitive strategies (e.g., sneaking fertilizations without 

the knowledge of other males), the reproductive success among males is highly 

variable. For example, the variance of male lifetime reproductive success in rhesus 

macaques (Macaca mulatta) is  five times larger compared to females (Dubuc et al. 

2014). 

Given that reproduction for males mainly consists of mating, male reproductive 

success is influenced by access to fertile females. Depending on the distribution of 

females, males employ different strategies (van Schaik and van Hooff 1994). If 

females are highly dispersed, males are likely to have less control over access to 

females compared to females aggregated in groups with high site fidelity. Where 

females can be monopolized, males frequently engage in contest competition, 

involving aggressive behavior, but also in sperm competition, attempting to 

outcompete other males that mate with the same female by ejaculating larger 

sperm quantities. In contrast, in populations where females are more dispersed, 

males are more likely to employ a roaming strategy (scramble competition), aiming 

to find and mate with females before others do. Furthermore, females might be more 

willing to mate with certain males (mate choice competition), potentially such with 

persuasive courtship behavior. These male mating tactics are not mutually exclusive, 

requiring males to compete on multiple levels, further complicating a male’s pursuit 

for a mate. 

In most mammals, females remain in their natal area (Greenwood 1980) and as a 

result cluster with their female relatives. To avoid inbreeding, males often leave their 

natal area once mature. To reproduce, males join new groups, where they compete 

with other males over reproductive opportunities. These opportunities can arise by 

replacing the breeding male of a polygynous (single-male, multi-female) group. In 

polygynandrous (multi-male, multi-female) groups, males frequently compete with 

other males to attain a high rank because dominant males sire more offspring in 

many species (Moore et al. 1995; Clutton-Brock and Isvaran 2006; Majolo et al. 

2012). Male dominance is often established by agonistic interactions. Hence, body 

size and strength are good predictors of male status and thus reproductive success. 

Nevertheless, it is rare that a dominant male exclusively sires all offspring in a group 

(Clutton-Brock and Isvaran 2006). Genetic tests found that over 80% of all offspring 

can be sired by males other than the alpha male in rhesus macaques, with females



adjusting their willingness to mate with subordinates depending on whether other 

group members were present or not (Overduin-de Vries et al. 2012). Subordinate 

males therefore appeared to use a different mating tactic, engaging in sneaky 

copulations which the dominant male does not notice. A male’s ability to monop-

olize offspring is thus also influenced by his capability to closely guard females 

(Clutton-Brock and Isvaran 2006). This is also true for single-male, multi-female 

mating systems. Although the resident male sires, on average, a larger proportion of 

offspring in this mating system compared to one where multiple adult males are 

present, genetic tests revealed that a low percentage of paternities are frequently 

obtained by another male than the group’s single resident adult male (Clutton-Brock 

and Isvaran 2006). 
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Body size and strength are not only important in stable single or multi-male-

female groups but also in species forming all-female groups. African elephants 

(Loxodonta africana), for example, form highly mobile groups consisting of a lead 

female (the matriarch), her offspring, and sometimes the matriarch’s sisters and their 

offspring (Archie et al. 2006). Female offspring remain in the group, but males leave 

the group once mature. Female elephants are fertile for a short window of 3 to 6 days 

every 3 to 9 years (Moss and Poole 1983; Poole and Moss 1989). As a result, male 

elephants face the challenge of locating an incredibly limited and highly mobile 

resource while preventing access from other males (Poole 1989; Poole and Moss 

1989). Males are expected to be better competitors with increasing size. As a result, 

male elephants might have been selected to grow throughout their lives (Lee and 

Moss 1995). Paternity analyses in elephants confirmed that older and hence larger 

elephants sired more offspring than younger males (Hollister-Smith et al. 2007; 

Rasmussen et al. 2007). This effect was even more pronounced when males were in 

largely testosterone-driven musth, a condition where males are more aggressive and 

sexually active. 

In some species, males cooperate to gain access to females or attain a higher rank 

(Smith 2014), which increases their chances to mate. Such male cooperation mostly 

occurs in the form of temporary coalitions in which multiple males collaborate to 

compete against a single or multiple others. Due to the indivisibility of fertilizations, 

male cooperation poses an evolutionary paradox: although all males get to mate, 

only a single male succeeds in siring offspring. However, kin selection can resolve 

this paradox in cases where coalitions or alliances consist of relatives. Genetic 

studies confirmed that kin selection underlies cooperation in male cheetahs 

(Acinonyx jubatus, Caro 1990; Caro and Kelly 2019) and some, but not all, coali-

tions in lions (Panthera leo, Packer et al. 1991; Chakrabarti et al. 2020) and 

chimpanzees (Pan troglodytes, Mitani et al. 2000; Langergraber et al. 2007). 

In cases where alliances and coalitions were not found to be kin-biased, cooper-

ation often occurred among males with close social bonds (Berghänel et al. 2011; 

Feldblum et al. 2021; Gerber et al. 2022). Social bonds can be defined as affiliative 

and persisting relationships and are sometimes referred to as “friendships” (Silk 

2002; Cords and Thompson 2017; Massen 2017). A study in chimpanzees revealed 

that males with vast social networks and strong social bonds to others sired more 

offspring compared to males with few or weak social bonds (Feldblum et al. 2021).



In Barbary macaques (Macaca sylvanus), males affiliating in the non-mating season 

formed coalitions during the mating season (Berghänel et al. 2011); the strong social 

bonds facilitating coalition formation in this species correlated with future social 

status and thereby paternity success (Schülke et al. 2010). Although kinship facili-

tated social bond formation, the majority of social bonds were formed among 

non-kin (De Moor et al. 2020). Coalition formation thus can increase a male’s direct 

and indirect fitness. 
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2.3.2 Variables Contributing to Reproductive Success in Male 

Cetaceans 

Female cetaceans are highly mobile, often dispersed, and have three dimensions to 

escape mating attempts by males. Thus, cetacean females cannot easily be monop-

olized, resulting in males having little control over access to females. Because of 

this, most male cetaceans have to search for receptive females to mate with while 

outcompeting other males, either by mate guarding, physical fights, or display 

competition like songs (Mesnick and Ralls 2018a, b). 

Genetic paternity tests in multiple cetacean species found that paternity skew was 

low, thereby confirming that males lack control over access to females and thus are 

likely to employ a roaming approach to find females. In humpback whales 

(Megaptera novaeangliae), 62 calves were assigned to 51 fathers, indicating that 

most males who successfully sired an offspring did so only once; no male was 

identified as the father of more than three calves (Cerchio et al. 2005). Similarly, in 

Atlantic spotted dolphins (Stenella frontalis), seven males sired ten offspring (Green 

et al. 2011), all of whom were 18 years or older despite males reaching sexual 

maturity between 12 and 15 years old, suggesting that older males have higher 

chances of siring offspring compared to younger ones. In North Atlantic right whales 

(Eubalaena glacialis) and killer whales (Orcinus orca), genetic analyses found 

reproductive success to be skewed toward older males (Frasier et al. 2007; Ford 

et al. 2011). In killer whales, aggressive encounters between males have rarely been 

observed, implying that the greater reproductive success of older males compared to 

younger males is because they are preferred by females or due to them having an 

advantage in sperm competition. In North Atlantic right whales, a single female and 

2 to 40 males form mating groups referred to as surface active groups (SAGs), within 

which males aggressively compete for positions closest to the female (Kraus and 

Hatch 2001; Parks et al. 2007). Over the course of an average SAG, lasting 1 hour, 

the female copulates approximately 60 times with multiple males, implying intense 

sperm competition (Kraus and Hatch 2001). Considering that testes may not yet be 

fully developed in young adult males engaging in SAGs, older males may indeed 

have an advantage (Frasier et al. 2007). 

Bottlenose dolphins (Tursiops spp.) have a wide distribution with distinct mor-

phological and behavioral differences among populations. In some populations



where sexual size dimorphism is low, males form cooperative alliances to mate with 

females (Möller et al. 2001; Parsons et al. 2003b; Whitehead and Connor 2005). 

Compared to acting alone, multiple cooperating males are believed to be better at 

preventing females from escaping coerced matings. Additionally, multiple males can 

outcompete single males. In Indo-Pacific bottlenose dolphins (Tursiops aduncus) in  

Shark Bay, Australia, for example, non-allied males sired no or very few offspring 

(Krützen et al. 2004; Gerber et al. 2022). A study on the same species but in a 

different location (Port Stephens, Australia) found that alliance size correlated with 

reproductive success, suggesting that larger alliances have higher chances of siring 

offspring compared to smaller ones (Wiszniewski et al. 2012). However, 

cooperating with others to gain mating opportunities might be costly because only 

one male will be able to sire a female’s single offspring per pregnancy. 
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Multiple studies investigated whether kin selection can explain alliance formation 

in bottlenose dolphins. In a Tursiops cf. australis population in South Australia and a 

Tursiops truncatus population in the Bahamas, allied males appeared to be more 

closely related than expected by chance (Parsons et al. 2003b; Diaz-Aguirre et al. 

2018). However, this was not the case for the Tursiops aduncus populations in Shark 

Bay and Port Stephens, both in Australia (Möller et al. 2001; Gerber et al. 2021). 

Paternity success in Shark Bay was predicted by social integration; male dolphins 

with strong social bonds to their alliance partners sired more offspring compared to 

those with weaker bonds (Gerber et al. 2022). Thus, the differences between these 

populations might disappear if conducted with more comparable datasets and 

methods. Bottlenose dolphins are the only cetacean taxon where male reproductive 

success has been studied in multiple populations over a wide geographic scale. The 

differing results suggest that males employ different mating tactics, potentially 

dependent on their ecological and social environments that can differ within a 

species. Whether this is also the case in other cetacean taxa remains to be 

investigated. 

2.4 Reproductive Success of Female Mammals 

2.4.1 Variables Influencing Reproductive Success in Females 

The reproductive success of females is influenced by their access to resources and 

their reproductive timespan as a result of the energetic and temporal demands of 

gestation and lactation (Clutton-Brock 1989). Young mammals are dependent on 

their mothers for nutrition and are therefore found in association with their mothers 

during the first period of their lives. For that reason, genetic tests are rarely required 

to identify a female’s offspring, at least not in well-monitored long-term study 

populations. However, genetic tools can be useful to identify whether females 

embedded in a vast kin network have higher lifetime reproductive success compared 

to such with few relatives.
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Philopatry, defined as an individual’s tendency to remain in the area where it was 

born (Mayr 2013), increases the chances to have access to kin. In most mammals, 

females are philopatric, possibly because females gain more benefits from remaining 

in their natal area than males (Greenwood 1980). Benefits include the avoidance of 

the energetic demands of dispersal and the maintenance of a familiar diet in a 

familiar habitat with familiar individuals (Clutton-Brock and Lukas 2012). In 

group-living individuals, female philopatry results in females being in the same 

social groups as their relatives (Clutton-Brock and Lukas 2012; van Noordwijk et al. 

2012), while in solitary species, female relatives frequently have adjoining habitats, 

as, for example, observed in Bornean orangutans (Pongo pygmaeus) (van Noordwijk 

et al. 2012). Using genetic tools, it was found that although related and unrelated 

female orangutans had similar home-range overlaps, related females spent more time 

in association and permitted their offspring to play, which was not the case for the 

offspring of unrelated females (van Noordwijk et al. 2012). Similarly, a study in 

African elephants found that group fusions were more likely to occur when the 

matriarchs of the groups were related than unrelated (Archie et al. 2006). Moreover, 

fissions within a group were influenced by genetic relatedness; female elephants 

remained in the same group as their relatives (Archie et al. 2006). 

Yellow baboons (Papio cynocephalus) live in multi-male with multi-female 

groups. Females are philopatric. Unlike males, where social status depends on the 

outcome of aggressive interactions, females inherit the social status of their mothers 

(Samuels et al. 1987). Compared to low-ranking females, high-ranking females 

benefit from better access to resources and thus often have large-for-age offspring 

(Altmann and Alberts 2005). Yet, the influence of dominance rank on female 

reproductive success is generally low (Altmann and Alberts 2003; Cheney et al. 

2004). However, the offspring of females with close social bonds to other females 

had higher rates of offspring survival and lived longer compared to females with 

weaker social bonds (Silk et al. 2009). Most social bonds were formed among related 

females. Nevertheless, females without relatives formed social bonds to non-kin 

conveying the same fitness benefits (Silk et al. 2009). Thus, social bonds to relatives 

and non-relatives contribute to female reproductive success. Overall, studies on 

terrestrial mammals suggest that solitary as well as group-living females benefit 

from affiliating with their female relatives. 

2.4.2 The Influence of Female Relatives on Reproductive 

Success in Cetaceans 

Cetaceans are long-lived mammals with slow life histories; after a gestational period 

of 9–17 months, females give birth to a single calf (Drinkwater and Branch 2022). 

Calves are dependent on their mothers for the first period of their lives, leading to 

long inter-birth intervals ranging from 1 to 7 years (Mesnick and Ralls 2018b). In all 

cetacean species, calves are born precocial, meaning they can move independently,



come to the surface for air, and maintain proximity with their mothers from birth 

(Whitehead and Mann 2000). However, females benefit from being in association 

with other females through cooperative hunting, increased vigilance, joint defense of 

their calves and themselves, and potentially allomaternal care (i.e., temporal care of a 

calf by a non-mother; Würsig et al. 2023, this book). In sperm whales (Physeter 

macrocephalus), for example, young individuals are accompanied at the surface by 

different group members, while other group members, including mothers, forage at 

depth (Whitehead 1996; Gero et al. 2009). 
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Female group composition is often influenced by kinship. Killer and sperm 

whales, for example, form stable matrilineal units consisting of a female and her 

male and female offspring (Ford 2018). A kinship analysis in sperm whales found 

that females preferably affiliated with close kin within social units (Konrad et al. 

2018). However, maternal relatives also maintain stronger bonds in dynamic fission-

fusion societies consisting of multiple matrilines, such as bottlenose dolphins (Frère 

et al. 2010b). 

In the well-studied Indo-Pacific bottlenose dolphins in Shark Bay, 

Australia, females form loose kin-biased social networks (Frère et al. 2010b). 

Female dolphins inherit the social network of their mother (Frère et al. 2010a), 

which affects their reproductive success because calving success (Frère et al. 2010b) 

and the survival of male offspring (Stanton and Mann 2012) are influenced by a 

female’s social bonds to others. A potential influence of social bonds on reproduc-

tive success was also found in female humpback whales; female pairs that were 

observed together over multiple years sired the most offspring (Ramp et al. 2010). It 

is unclear whether these associations were kin-biased or not. However, research on 

different individuals in the same location found maternally related females more 

likely to associate than expected by chance (Weinrich et al. 2006), implying that 

associations in this species might contribute to direct and indirect fitness. 

In at least some killer whale populations, females form “pods” consisting of a 

matriarch and her sons and daughters. The calves of older matriarchs suffer from 

higher mortality rates compared to their daughter’s offspring in the same group 

(Croft et al. 2017). Furthermore, the presence of a post-reproductive mother 

increased survival of her older sons (Foster et al. 2012). With increasing age, the 

indirect fitness benefits gained from helping offspring might therefore outweigh the 

direct fitness benefits gained from reproducing. This might have contributed toward 

the evolution of reproductive senescence (menopause) in this species. The evolu-

tionary fitness of female cetaceans can thereafter not simply be understood as a 

by-product of resource availability but depends on a species’ social structure and the 

availability of kin therein.
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2.5 Comparison Between Terrestrial and Marine Mammals 

The transition from terrestrial into marine habitats by the predecessor of marine 

mammals was facilitated by morphological, physiological, and behavioral adapta-

tions. However, despite large morphological differences, marine and terrestrial 

mammals with slow life histories and singleton births face similar constraints 

resulting in analogies. Cetaceans and long-lived terrestrial species, such as primates 

and elephants, thus bear striking behavioral similarities; all three possess high 

cognitive skills and have the ability for social learning (Lee and Moss 1999; Whiten 

and van de Waal 2017; Whitehead and Rendell 2021). Primates, cetaceans, and 

elephants belong to different taxonomic orders (primates, Primata; elephants, 

Proboscidea; cetaceans, Artiodactyla or Cetartiodactyla). Thus, these shared traits 

are the result of convergent evolution (i.e., they have evolved independently). 

Genetic studies in marine and terrestrial mammals established that analogies 

among marine and terrestrial mammals can also be observed as regards their 

reproduction; the monopolization potential of females affects male reproductive 

success, while females benefit from being in association with relatives. However, 

there are also differences among the species inhabiting land and sea. 

Like most mammals, cetaceans are either polygynous or polygynandrous. How-

ever, reproductive skew in marine mammals is much lower compared to terrestrial 

mammals (Frasier et al. 2007), possibly because males have less control over access 

to females in aquatic species where females can move in three dimensions or because 

paternity data are still scarce even in the most-studied populations. If multiple males 

cooperate, females are less likely to outmaneuver males, which might have contrib-

uted to the evolution of male alliances in species that are able to move in three 

dimensions such as chimpanzees with remarkable climbing skills (Watts 1998), 

some birds (e.g., long-tailed manakins (Chiroxiphia linearis), McDonald and Potts 

1994), and bottlenose dolphins (Connor and Krützen 2015). 

Social status has a profound effect on male reproductive success in a multitude of 

mammalian species. Yet, little is known of the existence of dominance hierarchies in 

cetaceans (Tyack 2018). Although the lack of supporting evidence for dominance 

hierarchies in cetaceans does not mean that they are non-existent, it is likely that 

dominance hierarchies do not govern inter-individual interactions to the same extent 

as in terrestrial species. Compared to females in terrestrial mammal species, female 

cetaceans can move in three dimensions and thus might have increased abilities to 

avoid matings with undesired males. Furthermore, marine food sources such as fish 

and krill are widely distributed and cannot easily be monopolized by social groups, 

resulting in vast overlapping home ranges or migratory lifestyles. Lack of controlled 

access to females and of clustered resources may have contributed to the (apparent) 

lack of social hierarchies. 

The lack of social hierarchies, however, does not mean that social interactions are 

of less importance in marine compared to terrestrial mammals. The presently most 

complex social system known outside of humans is in male bottlenose dolphins in 

Shark Bay, Australia, that cooperate in multi-level alliances over access to females



(Connor and Krützen 2015). Similar to humans (Snyder-Mackler et al. 2020) and 

chimpanzees (Feldblum et al. 2021), same-sex social bonds positively contributed to 

the evolutionary fitness of male and female bottlenose dolphins in Shark Bay (Frère 

et al. 2010b; Gerber et al. 2022). In females but not males, social bonds are often 

biased toward relatives (Frère et al. 2010b; Gerber et al. 2021). 
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In African elephants, a matriarch’s ability to assess threats from predators 

increases with age (McComb et al. 2011). In killer whales, old females lead their 

matrilines to alternative feeding grounds when prey abundance at their current site is 

low, thereby ensuring the survival and health of their relatives, in particular of their 

adult sons (Brent et al. 2015). The indirect fitness benefits gained from assisting 

relatives, combined with the increased mortality rates of their own offspring with 

age, might have contributed to the evolution of reproductive senescence in killer 

whales. This is similar to humans, where grandmothers increase their inclusive 

fitness by caring and providing for their daughter’s children (Shanley et al. 2007). 

Mothers can also positively influence the reproductive success of their sons. In 

bonobos (Pan paniscus), males that live in the same groups as their mothers sire 

more offspring compared to males without their mothers (Surbeck et al. 2019). The 

influence of maternal presence on male reproductive success in cetaceans is largely 

unexplored. However, a female killer whale cooperated with her adult son in killing 

an unrelated female’s calf (Towers et al. 2018), potentially to increase his own 

reproduction. In order to aid their sons, females may hinder other males from mating 

or bring their sons in proximity to estrus females as observed in bonobos (Surbeck 

et al. 2011). In cetaceans, mothers could positively influence the fitness of their sons 

where both sexes remain in their natal area and sexual dimorphism is low, such as for 

some bottlenose dolphin populations or other delphinids (Mesnick and Ralls 2018a). 

2.6 Conclusions and Future Directions 

Genetic advances over the past two to four decades have confirmed what scientists, 

dating back to the theories of Darwin, already suspected: factors improving a male’s 

access to females increase male reproductive success while female reproductive 

success is positively affected by variables influencing their own and their offspring’s 

survival. The large diversity in reproductive strategies and tactics across mammals 

exemplifies that there are often multiple ways that reproductive success can be 

maximized. Similarities occur between terrestrial and marine species, while in 

each realm there is large diversity; this implies that reproductive strategies are 

often the result of convergent evolution and that somewhat similar selective pres-

sures are experienced on land and in the sea. 

Due to the slow life histories of cetaceans, paternity studies require that 

populations are monitored over a long time, and such studies are rare. Nevertheless, 

the results from long-term investments provide unique insights into mating strategies 

and tactics, and are invaluable to increase our understanding of how individuals 

maximize individual (and as a by-product, evolutionary) fitness. Novel molecular



techniques might decrease the large amount of time dedicated to sampling and 

monitoring populations required for parentage analyses; passive eDNA collection 

might permit the collection of population-wide samples within a few weeks. Fur-

thermore, epigenetic clocks produce reliable age estimates for cetaceans including 

bottlenose dolphins (Peters et al. 2023), beluga whales (Delphinapterus leucas, Bors 

et al. 2021), and humpback whales (Horvath et al. 2022). Using epigenetic clocks in 

populations where individual ages are unknown will greatly facilitate parentage 

analyses because the direction of a parent-offspring relationship will be known 

(i.e., the older individual will be assigned as parent of the younger one and not 

vice versa). In the next decade, advances in molecular biology will permit the ability 

to fill some of the numerous gaps of knowledge on cetacean reproductive success, 

thereby learning more about what variables contribute to direct fitness in the marine 

realm. 
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