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Mating systems, parentage, and
reproductive success of beluga
whales in Bristol Bay, Alaska
G. O’Corry-Crowe1*, L. Quakenbush2, T. Ferrer1, J. J. Citta2†

and A. Bryan2

1Harbor Branch Oceanographic Institute, Florida Atlantic University, Fort Pierce, FL, United States,
2Alaska Department of Fish and Game, Arctic Marine Mammal Program, Fairbanks, AK, United States
An aquatic mode of life and sociality influences mating strategies in cetaceans. In

high latitude species, like the beluga whale, extreme seasonality likely imposes

additional constraints on parental care, competition, and mate choice. Genetic

profiling of 623 biopsy-sampled beluga whales in Bristol Bay, Alaska revealed that

both sexes were polygamous, calves associated predominantly with their

mothers, variation in reproductive success was slightly greater in fathers, and

there was low short-term positive reproductive skew in both sexes. Males were

moderately polygynous within and across breeding seasons and females were

polyandrous across breeding seasons, (within breeding seasons was

undetermined), indicating a polygynandrous mating system. In addition,

although the effective population size (Ne) was much lower than census

population size (Nc), high levels of genetic diversity and low levels of

inbreeding were found within and across generations. Despite larger body size

and polygyny, short-termmale reproductive success was limited, possibly due to

challenges of guarding multiple females and female mating strategies. A long

reproductive life, however, may lessen the selective pressure for intense

intrasexual competition and strong polygyny within seasons. Polygynandry

across breeding seasons leads to long, loose-chain pedigrees that can lower

inbreeding and maintain diversity, even in populations with small Ne.
KEYWORDS

mating system, beluga whale, polygynandry, effective population size, longevity, loose-
chain pedigree, Delphinapterus leucas
1 Introduction

The mating systems and sexual behavior of beluga whales, Delphinapterus leucas, in the

wild are largely unknown. Their seasonally ice-covered habitat provides unique challenges

for this northern whale to secure mates and successfully raise offspring. This environment

is also challenging for investigators studying beluga whale reproductive strategies. Much of

what we know about beluga whale reproductive behavior comes from studies on captive
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animals (Hill et al., 2024). By contrast, field observations of mating

behaviors are few (Lomac-MacNair et al., 2015; Lydersen et al.,

2023), insights into the care of young are confounded by the limited

data on care behaviors and kinship (Krasnova et al., 2014; O’Corry-

Crowe et al., 2020; Aubin et al., 2021), and opportunities to collect

sufficient tissue samples for genetic studies of parentage, mate

choice, and reproductive success are rare.

Despite this paucity of information, there are characteristics of

beluga whale biology and their habitat that when examined in the

context of evolutionary theory, allow us to predict what beluga

mating strategies and breeding behavior might be, and how they

may influence other population parameters. Such predictions can

then be formally tested via genetic analyses of wild populations. We

took this approach here.

Firstly, we considered probable beluga reproductive strategies in

the context of established evolutionary theory. Sexual selection

theory posits that the evolution of mating strategies is driven by

competition for mates and mate choice (Darwin, 1871).

Furthermore, reduced parental investment by one sex, typically

males, increases their potential rate of reproduction, increasing the

relative number of reproductively active males to receptive females

at any one time (Trivers, 1972). This increases the operational sex

ratio (OSR) towards males, which in turn leads to: (1) increased

male-male competition, (2) greater variance in male reproductive

success (e.g., polygyny), and (3) stronger selection for traits that

improve competitive ability (e.g., larger body size, weapons,

ornaments) in males (Darwin, 1871; Trivers, 1972; Clutton-Brock,

2007). Choosiness by females further increases male-male

competition (Darwin, 1871; Trivers, 1972) and may also reduce

the costs of sexual conflict (Harris and Moore, 2005). Females may

mate with multiple males (i.e., polyandry) to ensure paternity by

quality males (e.g., via sperm competition) or as a bet-hedging

strategy to maximize reproductive success by spreading risk

(Garcia-Gonzalez et al., 2015; Fromonteil et al., 2023), although

the evolution of polygamous mating systems is also influenced by

the ability to defend access to multiple mates (Emlen and

Oring, 1977).

Within this theoretical context, we note that beluga whales

exhibit sexual size dimorphism (SSD), with adult males up to 25%

longer and substantially heavier than adult females (Sergeant and

Brodie, 1969; Burns and Seaman, 1986; Heide-Jørgensen and

Teilmann, 1994; Suydam, 2009; Vos et al., 2020). This male-

biased size dimorphism was recently observed to be among the

largest in cetaceans and was interpreted as consistent with high

inter-male competition and polygyny (Caspar and Begall, 2022).

Females have long inter-birth intervals of 2–4 years (Suydam, 2009;

Ferguson et al., 2020) which skews the OSR towards males, thereby

predicting concomitant increases in male-male competition.

Furthermore, belugas have been found with conspecific scarring

from tooth rakes which may reflect contest competition (i.e.,

fighting) for mates (Hamm et al., 2021). Also, age and sex

segregation (Kleinenberg et al., 1964; Michaud, 1993; Loseto et al.,

2006), including the occurrence of small groupings of adult males

within much larger aggregations comprised of all ages and both

sexes that can number ≥1,500 individuals (Smith et al., 1994;
Frontiers in Marine Science 02
Chernetskii et al., 2011; O’Corry-Crowe et al., 2020), suggests

reduced parental investment by males.

Next, we considered how behavioral, environmental, and life-

history characteristics set limits on how beluga reproductive

strategies can evolve and operate. We identified five key

characteristics: (1) Belugas live in large complex societies

(Kleinenberg et al., 1964; O’Corry-Crowe et al., 2020), possibly

intensifying reproductive competition (Clutton-Brock and

Huchard, 2013), but it could also increase access to multiple

mates. (2) The 3-dimensional aquatic environment restrains the

form that such competition takes as an individual’s ability to

monopolize receptive mates is likely limited, which could

influence the intensity of sexual selection (Emlen and Oring,

1977). This environmental constraint could favor scramble-

competition (e.g., continuous mate-searching) (Foley et al., 2018)

over contest-competition (e.g., fighting) for mates. It may also select

for cooperative strategies (e.g., male alliances) to secure access to

mates as has been observed in other cetaceans (e.g., bottlenose

dolphins, Tursiops spp.) (Connor et al., 2001; Brightwell and

Gibson, 2023). (3) The extreme seasonality of the beluga’s

environment (i.e., ice cover, food availability) may necessitate

specific timing of mating activities to ensure calves are born at a

favorable time of year. As such, seasonality could also influence the

intensity and form of reproductive competition if mating is

restricted to a brief window of time. (4) The possibility of a long

post-reproductive lifespan (i.e., reproductive senescence) in female

belugas (Suydam, 2009; Ellis et al., 2018; Ferguson et al., 2020) may

further skew OSR towards males, further increasing male-male

competition. (5) Beluga whales are among the longest-lived

mammals, possibly living longer than 90 years (Suydam, 2009;

Ferguson et al., 2020), and therefore have long reproductive lives.

Such longevity likely provides many mating opportunities over the

course of an individual’s lifetime.

Finally, we considered how beluga whale mating systems might

influence parameters that have implications for individual fitness

and population viability, namely, effective population size, Ne,

genetic diversity, and inbreeding. Ne determines the rate of loss of

genetic diversity within a population via random drift with

consequences for heterozygosity, H, and inbreeding (Wang et al.,

2016; Waples, 2025). Ne is influenced by demographic factors

including historical population sizes, bottlenecks, and founding

and mixing events. However, it is also influenced by mating

strategies. High variance in reproductive success in one or both

sexes, for example, can substantially reduce Ne (Waples, 2025).

Small Ne accelerates diversity loss, leading to reduced H across both

functional and neutral genetic loci, and increases the likelihood of

inbreeding (Wang et al., 2016; Waples, 2025). Higher levels of

inbreeding further impacts H with consequences for individual

fitness (Charlesworth and Charlesworth, 1987; Charlesworth and

Willis, 2009). Here too, mating strategies can play a central role.

Avoidance of consanguineous matings, for example, can limit

inbreeding (Morrison et al., 2023) and thus, help offset

deleterious impacts of diversity loss on fitness. Therefore, if mate

choice is not random in beluga whales, and there is high variance in

reproductive success in either or both sexes, contemporary Ne could
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be much smaller than census population sizes, Nc, which could

result in low H and elevated likelihoods of inbreeding.

We investigated mating systems, parentage, and reproductive

success in a population of beluga whales in Bristol Bay, Alaska

(Figure 1) using molecular genetic profiling of 623 wild whales that

were biopsy-sampled over a 13-year period. This population is

genetically discrete from other populations, movements are limited

in range, and genetic and individual exchange with other

populations appears to be low to non-existent (O’Corry-Crowe

et al., 2018; Citta et al., 2016). Biopsies were collected together with

field observations of individual association patterns and age. We

used knowledge of beluga whale behavior, ecology, and life-history

in the context of evolutionary theory to develop five predictions on

beluga mating systems and their influence on a number of

population parameters, that we tested as eight formal hypotheses.

Definitions of mating systems vary widely and can relate to mating

strategies used by males and females over a short (e.g., one or a few

breeding seasons) or longer (e.g., entire reproductive life) period

(Shuster and Wade, 2003; Klug, 2011; Szala and Shackelford, 2019;

Würsig et al., 2023). We investigated short-term strategies as our

study spanned a number of years in a species with a very long-

lifespan, and we defined three polygamous mating systems: (1)

polygyny: one male mates with multiple females within or across

breeding seasons, (2) polyandry: one female mates with multiple

males within or across breeding seasons, (3) polygynandry: both

males and females have more than one mate within or across

breeding seasons. As our genetic analyses can only determine the
Frontiers in Marine Science 03
paternity of the single calf born to a female in a given year, we

cannot comment on polyandry within seasons, but can identify

polyandry across seasons.
1.1 Prediction 1

Based on evidence of SSD, conspecific scaring, and periods of

segregation by age and sex, we predict a polygynous mating system

in beluga whales where males provide little or no parental care,

compete for access to females and have higher variance in

reproductive success than females.
H1.Polygyny: there is a high proportion of paternal half-sibs

among calves denoting polygyny within and across breeding

events.
H2. Parental care: adult-calf pairings sampled in the field involve

a higher number of mothers than fathers.
H3. Variance in reproductive success: there is higher variance in

reproductive success in males than females.
FIGURE 1

The location and range of the Bristol Bay population of beluga whales. The shading indicates the summer and winter range of this population.
The winter range includes the summer distribution.
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1.2 Prediction 2

Beluga societies are characterized by large seasonal aggregations

and fission-fusion dynamics, and beluga females have long inter-

birth intervals and a long reproductive life. Re-encounters with

former mates therefore, may be unpredictable, while mating with

different males may increase fitness over time. We predict females

will be polyandrous across breeding seasons, in part as a genetic bet-

hedging strategy to spread the risk of mating with low quality males.
Fron
H4. Polyandry: there is a high proportion of maternal half-sibs

among calves denoting polyandry across breeding events.
1.3 Prediction 3

Belugas are long-lived and likely have long reproductive

lifespans, where older animals have higher lifetime reproductive

success (i.e., more offspring in the population). We predict that

social dominance, competitive ability, and/or experience, may also

increase short-term reproductive success with age, such that older

animals have more young offspring in the population at any

one time.
H5. Short-term reproductive success and age: older adults have

higher short-term reproductive success than younger adults.
1.4 Prediction 4

We predict that non-random mate choice and high variance in

reproductive success in either or both sexes results in current

effective population size (Ne) being much smaller than census

population size (Nc), currently estimated at ≈2,000 (Citta

et al., 2018).
H6. Effective population size: Ne is<< Nc.
1.5 Prediction 5

We predict that mate choice, substantial variance in

reproductive success, and small Ne will result in high levels of

inbreeding and loss of diversity in the small Bristol Bay population.
H7. Inbreeding: Bristol Bay beluga whales have high inbreeding

coefficients.
tiers in Marine Science 04
H8. Genetic diversity: Bristol Bay beluga whales have low genetic

heterozygosity.
2 Materials and methods

Eight hundred skin samples were collected from beluga whales

in Bristol Bay, Alaska from 2002-2014. Most (n=721/800; 90.1%)

were skin plugs (≤ 8mm diameter) collected from free swimming

whales using methods detailed in Citta et al. (2018). The rest were

collected from whales that were captured and briefly restrained as

part of concurrent satellite tagging projects (n=67; 8.4%) (Citta

et al., 2016), and whales that were harvested or recovered dead over

the course of the study (n=12; 1.5%). Most samples were collected

during a week-long dedicated biopsy effort each spring over an

eight-year period (2004-2011; see Supplementary Table S1).

Detailed information on the association patterns and grouping

behavior of sampled whales was collected at the time of sampling.

Furthermore, sampled whales were placed into three broad

categories based on their body color as a proxy for age: (1) dark

gray to gray (G) representing calves including dependent offspring

and juveniles, (2) white-gray (WG) representing young adults, and

(3) white (W) representing older adults.

All samples were preserved in 20% DMSO saturated in NaCl, or

frozen upon collection and subsequently stored at -20°C. Total

DNA was extracted using DNeasy® purification kits (Qiagen) or via

salt extraction methods, and samples were PCR-typed for sex, and

were genotyped at microsatellite loci on a Genetic Analyzer 3130

(Applied Biosystems) according to previously published methods

(O’Corry-Crowe et al., 2010, 2018, 2020; Citta et al., 2018). Each

sample was screened for polymorphism at 22 unlinked,

hypervariable microsatellite loci (Table 1). Duplicate samples

were identified based on multi-locus estimates of probabilities of

identity (PID) in the program CERVUS (v3.0; Kalinowski et al., 2007)

and were removed from further analyses (Supplementary Table S1).

Descriptive statistics for each locus, including allele frequencies,

number of alleles and heterozygosity, were calculated using the

MICROSATELLITE ANALYZER (MSA) program (Dieringer and

Schlötterer, 2003) (Table 1). We used the program MICRO-

CHECKER (Van Oosterhout et al., 2004) to determine if any of the

microsatellite loci suffered from scoring error bias or null alleles.

None of the loci exhibited evidence of scoring errors due to

stuttering or large allelic dropout and none were found to possess

null alleles (Supplementary Table S2). Furthermore, we found 169

samples out of the original 800 to be duplicates from the same

individuals because they matched at all seven loci used in an earlier

genetic mark-recapture analysis (Citta et al., 2018). Including the

additional 15 loci identified a further 8 samples that were exact

matches or differed at one locus resulting in a final dataset of 623

individual whales. Thus, in cases where there was a mismatch at one

locus among duplicate samples it was likely due to a scoring error.

This allowed us to estimate a genotype scoring error rate of 0.856%.
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Some samples had missing genotype scores at one or more loci

due to poor amplification and/or ambiguous electopherograms that

prevented accurate allele calls. Only individuals scored at ≥19 loci

were included in analyses of relatedness, parentage and reproductive

success. Previously, we found that six loci were sufficient to yield

reliable estimates of high relatedness and close genealogical

relationship in other beluga whale populations (O’Corry-Crowe

et al., 2020), however we chose the higher threshold of 19 loci in

the current study to maximize our ability to discriminate among a

number of close relationships, namely parent-offspring, full-sib and

half-sib (including grandparent-grandchild) pairings within a small

population of belugas (N~2,000) (Citta et al., 2018, 2019) where the

probability of allele sharing not by direct descent may be quite high.

CERVUS was used to test for deviations from Hardy-Weinberg

expectations for each locus.
Frontiers in Marine Science 05
Likelihood methods were used to infer parentage of and sibship

relationships among beluga whale calves from the microsatellite

data. The programs COANCESTRY (Wang, 2011) and ML-RELATE

(Kalinowski et al., 2006) were used to estimate relatedness, r, and

genealogical relationship among individuals. COANCESTRY

implements seven estimators of r that use multilocus genotypic

data. We used the allele frequencies of the 22 microsatellite loci to

simulate genotypes of pairs of individuals with one of four

predefined relationships: parent–offspring (PO), full-sib (FS), half-

sib and grandchild–grandparent (HS), and unrelated (U), in order

to determine which estimator performed best. We found that of the

seven r indices compared, the two likelihood estimators, including

the dyadic ML estimator, rDyadML (Milligan, 2003), and the moment

estimator, rQG (Queller and Goodnight, 1989), performed best and

thus were used. We then inferred likely genealogical relationships
TABLE 1 Details of the microsatellite loci used in the analysis of mating systems in Bristol Bay beluga whales.

Locus name STR (e.g. CA) Repeat type Reference H obs H exp
No. of
alleles

Citta et al.,
2018

O’Corry-
Crowe et al.,

2018

CS415 dinucleotide Schlötterer et al. (1991) 0.630 0.629 4 yes

CS417 Schlötterer et al. (1991) 0.849 0.823 8 yes

EV37Mn (AC)24 dinucleotide Valsecchi and Amos (1996) 0.768 0.768 13 yes

EV94Mn (TC)6[ … ](AC)20 compound Valsecchi and Amos (1996) 0.803 0.780 8 yes

DlrFCB3 Buchanan et al. (1996) 0.801 0.799 9 yes

DlrFCB5 (GT)16 dinucleotide Buchanan et al. (1996) 0.516 0.526 6 yes

DlrFCB17 Buchanan et al. (1996) 0.863 0.889 14 yes

DlrFCB1 Buchanan et al. (1996) 0.770 0.761 6

DlrFCB10 Buchanan et al. (1996) 0.812 0.815 7

DlrFCB13 Buchanan et al. (1996) 0.282 0.290 3

DlrFCB2 Buchanan et al. (1996) 0.513 0.529 6

DlrFCB11 Buchanan et al. (1996) 0.151 0.150 4

DlrFCB16 Buchanan et al. (1996) 0.660 0.655 8

MK6 (GT)17 dinucleotide Krützen et al., 2001 0.792 0.777 7

EV14Pm (GT)11 dinucleotide Valsecchi and Amos (1996) 0.832 0.802 6

Tur4_141 (GATA)9 tetranucleotide Nater et al., 2009 0.370 0.382 6

MK9 (CA)17 dinucleotide Krützen et al., 2001 0.319 0.332 3

Tur4_80 (GATA)10 tetranucleotide Nater et al., 2009 0.818 0.814 8

Ttr19 (CA)17 dinucleotide Rosel et al., 2005 0.627 0.646 6

DlrFCB4 (AT)2(CT)4(CA)13 compound Buchanan et al. (1996) 0.709 0.745 9

TexVet5 (CA)24 dinucleotide Rooney and Meritt, 1999 0.656 0.697 7

KWM12a (AC)n dinucleotide Hoelzel et al., 1998 0.507 0.503 5

mean: 0.639 0.641 6.955
Estimates of observed and expected heterozygosity and the number of alleles were calculated for the entire dataset (n=623) using the MICROSATELLITE ANALYZER program. Those loci that were used
in recent studies cited in the text are listed in the final column.
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among pairs of individuals from the r values calculated by

COANCESTRY. ML-RELATE also uses a maximum likelihood approach

to estimate relatedness. Unlike COANCESTRY, however, it directly

estimates the likely relationship between all pairs of individuals

for the same four relationship categories: PO, FS, HS and U, and

calculates statistical support for the most likely relationship by

comparing the difference in the log likelihood of the relationship

with the highest likelihood to the log likelihoods of all the other

relationships, delta Ln(L). This facilitates comparisons of r and

relationships for each pair of individuals.

Parentage was also analyzed using the programs CERVUS and

COLONY (Jones and Wang, 2010; Wang, 2022). CERVUS uses a panel of

sampled candidate mothers and fathers to assign parentage to

sampled offspring. Statistical confidence in the assignments is based

on the natural log of the likelihood-odds ratio (LOD) of an individual

male or female to one drawn at random where a large difference (D)
in the LOD score of the male (or female) with the highest score

compared to the male (or female) with the second highest score

denotes high confidence that the male (or female) with the highest

score is the father (or mother). CERVUS can accommodate genotyping

errors which has been found to increase success in paternity

assignment (Kalinowski et al., 2007) and we also used this program

to compare expected heterozygosity between calves and adults. We

used COLONY to assign parentage of, and to estimate sibships among,

offspring using full likelihood (FL) methods (Wang, 2022).

Furthermore, COLONY reconstructs parental genotypes enabling the

assignment of a likely mother and father to all offspring whether the

parent was sampled or not. Polygamy in both sexes can lead to

extended familial clusters where many sibships are half-sibs that link

offspring via the shared parent. Thus, an individual offspring may be

linked to a maternal half-sib on one hand and a paternal half-sib on

the other. These links can form long chains of parent-offspring

relationships termed loose-chain pedigrees. Additionally, we used

COLONY to reconstruct two-generation pedigrees and identify

extended familial clusters and used the program PEDIGREE VIEWER (B.

and S. Kinghorn) to generate the pedigree diagrams. We used small

paternal and maternal sibship sizes (i.e., the distribution of the likely

number of sibships; np=nm = 1, x = 0.25) as priors to reduce false

sibship assignments and long, loose pedigrees.

Expected heterozygosity, Hexp, for each locus was estimated

using CERVUS. Standardized multi-locus heterozygosity, sMLH

(Coltman et al., 1999), was also estimated for each individual

using the R package INBREEDR (Stoffel et al., 2016). COANCESTRY

and COLONY were used to estimate inbreeding coefficients, F, in

calves and likely parents and to test for differences in average F

among groupings. In COANCESTRY the observed differences were

compared to a distribution of differences based on 50,000

randomized bootstrap runs of the data. Finally, we estimated

current Ne from the estimated frequency of siblings among

offspring in COLONY. This approach is based on the logic that the

smaller Ne is the higher the probability that two offspring drawn at

random are siblings (Wang, 2009). The estimate of Ne will be biased

low if individuals are not drawn from the same generation. We

attempted to minimize this bias by running the analysis for short as

well as long-term datasets (see below).
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There were a number of factors with the study design that needed

to be taken into consideration when conducting parentage analysis

and estimating reproductive success. Firstly, the three age categories

were quite broad, each comprising whales of differing ages, and likely

overlapped to some degree. For example, the gray (G) category

comprised young offspring and included yearlings, two-year-olds,

and likely some older juveniles (neonates were not sampled). The

white-gray (WG) category comprised young adults of various ages

and may have included some whales that were sexually and/or

socially immature and not part of the breeding population. The

white (W) category comprised older adults of varying ages that had

all reached breeding age. Secondly, because the project spanned more

than a decade, some calves sampled early in the study may have

reached adulthood and thus entered the breeding population towards

the end of the study. Similarly, active breeders at the beginning of the

study may have become reproductively senescent or died towards the

end of the project. To reduce the likelihood of confounding different

generations in assessments of reproductive success, inbreeding, and

effective population size (Ne) we re-ran all the analyses originally

conducted on the entire 13-year dataset, on a shorter 2-year dataset

that comprised samples from the best sampled years (2010 and 2011).

All field activities related to the collection of tissue samples from

wild whales were approved by the Alaska Department of Fish and

Game’s IACUC under protocols 05-12, 06-16, 09-21,10-13R, 2012-

020, 2013-020, and 2014-03. All methods of sample collection were

carried out in accordance with the guidelines and regulations of the

U.S. Endangered Species Act and the U.S. Marine Mammal

Protection Act under NMFS ESA/MMPA research permits 782-

1719, 14610, and 14245. All activities with wild whales are reported

in accordance with ARRIVE guidelines.
3 Results

Of 800 beluga whale samples genotyped, 177 were duplicates,

yielding 623 individuals that were genetically profiled

(Supplementary Table S1). These individuals were used to

estimate population-wide diversity indices (Table 1). Another 100

individuals did not reach our threshold of ≥19 loci scored for the

analysis of relatedness and parentage, resulting in 523 individual

whales used in those analyses. Almost all (n=513) were successfully

typed for sex and assigned an age category in the field based on

color. Of these 513 whales, 144 were calves (G for gray), 184 were

adult females and 185 were adult males. Roughly half of the adult

females were older (W for white) adults (n=84) and half younger

(WG for white-gray) adults (n=100). Two thirds of the adult males

wereWs (n=126) compared to WGs (n=59). Genotypic proportions

for the 523 individuals did not differ significantly from Hardy-

Weinberg expectations (p>0.05) at any of the 22 microsatellite loci.
3.1 H1. Are males polygynous?

We documented polygyny in males using both the relatedness

and parentage methods (Figure 2). For example, ML-RELATE found
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that most of the sibships detected among pairs of calves (97.4%)

were half-sibs, i.e., shared only one parent. The total number of

half-sibs identified by ML-RELATE (n=1,331), however, was artificially

high, as many pairs where the relationship HS was found to be more

likely than the other three (i.e., FS, PO and U), had r values

substantially lower than r = 0.25, and thus, may have been more

distantly related (i.e. cousins). COLONY found that for males, where

two or more of their offspring were sampled as calves, 94.2%

(n=197/209) of these sibships were half-sibs, indicating that males

successfully bred with multiple females.
3.2 H2. Are calves more associated with
mothers than fathers?

The ML-RELATE, COANCESTRY, COLONY, and CERVUS analyses found

that 9 out of 10 (90%) adult-calf pairs sampled together were

mother-calf pairs. The exception was an adult female not closely

related to the calf.
3.3 H3. Is there greater variance in
reproductive success in males compared
to females?

We found substantial variation in estimated reproductive

success in both sexes. ML-RELATE revealed that 41.5% of adults
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sampled were part of a parent-offspring pair. However, limited

information on adult age prevented us from determining, in cases

where both individuals of the pair were adults, which was the

parent, and which was the offspring. This required focusing our

analysis on the parentage of sampled calves. All analyses found that

the number of offspring per adult was low. Details of the various

analyses are presented in Supplementary Material. The COLONY

analysis had the highest number of parentage assignments of

sampled adults (n=114) and also assigned a likely parent to all

offspring (n=144) whether the parent was sampled or not (Table 2).

This revealed that fewer fathers contributed to the sampled calves

than mothers (nfather = 54 vs. nmother = 69), that successful males

had slightly more calves, on average, than successful females (�xfather
= 2.67 vs. �xmother = 2.09, p = 0.054), that the variance in the total

number of calves per parent was significantly higher for males

compared to females (Vfather = 3.36 vs. Vmother = 1.79, Levene’s test

p = 0.039; Figure 3A), and that the frequency distribution of the

number of sampled calves per parent was positively skewed for both

fathers and mothers towards a low number of parents having

moderately high numbers of calves (Skp-father=1.53, Skp-

mother=1.55; Figure 3A). Parent-calf pairs that were sampled in

close association were not strictly independent. Excluding these

yielded similar results. Notably, the mean number of calves for

fathers (�xfather = 2.67) was now significantly higher than that for

mothers (�xmother = 2.06, p = 0.046; Figure 3A).

Running an analysis over a two-year timeframe, (see Materials

and methods), revealed similar findings of low to moderate
FIGURE 2

Proportions of half-sib and full-sib relationships among beluga whale calves. Sibling relationships were determined based on estimated relatedness
among calves (ml-relate) or inferred parentage of calves (cervus and colony), the latter allowing for the determination of maternal and paternal
half-sibships. The colony analysis was conducted for sampled parents only and for both sampled and unsampled parents combined (denoted by
double asterisks).
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numbers of calves for both males and females, more calves on

average, and greater variance in calf number in males compared to

females (Figure 3B, Supplementary Material). None of these

differences, however, were found to be statistically significant.
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3.4 H4. Are females polyandrous?

Females were mostly polyandrous across breeding seasons

(Figure 2). Both CERVUS and COLONY found that the majority (83.3-
TABLE 2 Summaries of inferred parentage of beluga whale calves using cervus and colony.

CERVUS COLONY

Sampled parents Sampled and unsampled parents

Paternity Maternity Paternity Maternity Paternity Maternity

Assignments 36 62 45 69 144 144

Unassigned 108 82 99 75 0 0

No. of calves 144 144 144 144 144 144

Parent of 1 calf 28 47 6 21 18 30

Parent of 2 calves 4 6 6 11 11 19

Parent of 3 calves 1 5 7 12 12

Parent of 4 calves 3 7 3

Parent of 5 calves 1 2 3

Parent of 6 calves 1 1

Parent of 7 calves 1 1

Parent of 8 calves 1

Parent of 9 calves 1

No. of parents 32 54 20 40 54 69

Mean no. of calves per parent 1.13 1.15 2.25 1.73 2.67 2.09
Only parentage assignments with moderate to high confidence are reported for the CERVUS analysis, while parentage for the COLONY analysis includes those involving sampled parents and both
sampled and unsampled parents. Inferred parentage for the ML-RELATE and COANCESTRY analyses are in Supplementary Material.
FIGURE 3

Estimated reproductive success of beluga whale fathers and mothers based on parentage assignments of calves using the program COLONY. Panel (A)
is for the entire thirteen-year dataset, panel (B) for the shorter two-year dataset. Each panel comprises estimates for all parents (i.e. sampled and
unsampled) as well as for sampled parents only. The range, central tendency (mean and median) and variance of the number of calves per parent
are given for fathers and mothers, and for those mothers where their calves were not co-sampled with them as part of associated cow-calf pairs
(see text for details). This latter group is denoted by double asterisks. The box captures the first and third quartiles, the median is represented by a
line and the mean by an X, and outliers are defined by the 1.5x IQR rule.
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91.4%, COLONY: n=127/139) of maternal sibships were half-sibs and

thus, involved different fathers. A small number of full-sibs were

identified (Figure 2), indicating that some females successfully bred

with the same male more than once. Full siblings from one adult

pair were sampled up to six years apart. On three occasions where

the sampling of full-sibs was separated by a number of years,

another calf was sampled in the interim, and found to be a half

sibling to the full-sibs. It should be noted that year-of-sampling may

not consistently track year-of-birth.

The high levels of polygamy did not differ between male and

female parents (c2 p = 0.102). Furthermore, the majority of

maternal (73.8%; n=31/42) and paternal (77%; n=30/39) sibships

were sampled in different years vs. the same year, with some

sampled up to seven years apart. These proportions did not differ

between males and female parents (c2 p = 0.658). The high

proportion of half-sibships from both male and female polygamy

resulted in a series of indirect linkages that formed loose-chain

pedigrees. For example, in the two-generation pedigree from the

COLONY analysis, many offspring were linked either directly by

sharing a parent, or indirectly through a shared half-sib

(Figure 4). Such indirect linkages tended to result in long loose-

chain pedigrees or large clusters of offspring connected in this

way (Figure 4).
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3.5 H5. Do older adults have higher short-
term reproductive success?

We found no difference in the proportion of older (W) adults that

were parents of sampled calves compared to the proportion of younger

(WG) adults, either for males or females. (e.g., CERVUS c2male p = 0.648,

c2female p = 0.360). However, looking just at the parents, both

COANCESTRY and CERVUS found that a significantly higher proportion

of older (W) mothers had multiple (n≥2) calves sampled compared to

younger (WG) mothers (e.g., COANCESTRY c2 p = 0.002). The COLONY

analysis found a similar, although non-significant (c2 p = 0.076),

pattern. The same analyses, by contrast, found no clear differences

between older and younger fathers. It should be noted, however, that

sample size was low (n=6) for young (WG) fathers.
3.6 H6. Is Ne smaller than Nc?

For Bristol Bay belugas, current Ne estimated from the

frequency of siblings among calves in COLONY was small relative to

Nc (currently estimated at ≈2,000). From the estimated parentage of

the entire calf dataset (n=144), which included sampled and

unsampled parents, Ne = 118 (CI:89-154). For offspring where at
FIGURE 4

A two-generation pedigree of the 144 beluga whale calves and their inferred parents. Each point at the base of the pedigree equates to an individual
calf, while each point at the top equates to an individual parent. Offspring are linked to inferred mothers by a green line and to inferred fathers by a
blue line. This loose pedigree comprised 7 discrete clusters, the size of which are denoted by the length of the 7 colored ribbons beneath the
diagram. For ease of viewing a subset of parent-offspring relationships involving just 28 offspring spanning clusters 4 (red), 5 (yellow), and 6 (blue) is
also given. The analysis was conducted in COLONY using a sibship size prior of np=nm=1 and x=0.25. The Figure was generated using PEDIGREE VIEWER.
There are slight differences in form between the complete pedigree and the subset. This is because while the pedigrees themselves do not change
the order in which individuals are presented in the pedigree view does change somewhat with sample size.
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least one of the parents was sampled, a slightly lower value was

estimated (Ne = 96, CI:69-134) (Figure 5A). To reduce the risk of

including possible parent-offspring pairs in the offspring category,

and thereby potentially over-estimating frequencies of sibships in

offspring cohorts, we re-ran these two analyses on the two-year

dataset. This resulted in lower estimates of Ne for the entire calf

dataset (Ne = 65, CI:46-94), and for the set of offspring that had at

least one parent sampled (Ne = 44, CI:28-74) (Figure 5B).
3.7 H7. Is the Bristol Bay population highly
inbred?

Low levels of inbreeding were found on average within the

Bristol Bay population. For example, mean individual inbreeding

coefficients for the entire dataset (n=523) in COANCESTRY averaged

FTrioML = 0.058. Furthermore, mean inbreeding coefficients for

calves did not differ from those of adults (Supplementary Figure

S2; �xcalves = 0.055 v. �xadults = 0.058, p = 0.679). When inbreeding was

assessed for parent-calf trios detected by the COLONY analysis (n=64),

a similar pattern was found where F values were, on average, low for

calves, mothers, and fathers with no significant differences (�xcalves =

0.053, �xmothers = 0.048, �xfathers = 0.050 p≥0.696). Interestingly, there

were cases where one or both parents were either more (i.e., Fparent >

Fcalf), or less, inbred than their offspring (Figure 6).
3.8 H8. Do Bristol Bay beluga whales have
low heterozygosity?

Estimates of heterozygosity (Hexp) at the 22 nuclear markers

averaged 0.641 (Table 1), and did not differ between calves (G) and

adults (W and WG) (p = 0.978; Figure 7A). Similarly, the

distribution of individual multi-locus heterozygosities (sMLH) did

not differ between calves and adults (p = 0.637; Figure 7B). A subset

of seven microsatellite markers was screened during an earlier study
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(1989-2001) of Bristol Bay (n=27) and other beluga stocks

(O’Corry-Crowe et al., 2018; see map in Supplementary Material),

and no significant differences were found in heterozygosity between

this earlier period and either the adult (p = 0.934) or offspring

(p = 0.524) categories (Figure 7A). Additionally, Bristol Bay

heterozygosity was not significantly lower than estimates from

Cook Inlet, Eastern Bering Sea, and Anadyr Bay stocks (p≥0.219),

but was for Eastern Chukchi and Beaufort Sea stocks (p ≤ 0.024;

Figure 7). To avoid sMLH distributions being skewed by

disparate sample sizes across strata, we conducted population

comparisons between Bristol Bay and the Eastern Chukchi only

(n=519 each both), and found sMLH to be significantly lower in

Bristol Bay compared to the Eastern Chukchi Sea population

(p = 0.003; Figure 7B).
4 Discussion

This study is the first to report on mating systems, parentage, and

reproductive success in a wild population of beluga whales, and how

those reproductive strategies influence inbreeding, genetic diversity,

and Ne. A number of factors should be considered when assessing our

findings: While the broad age categories risked confounding

generations, the two-year analysis attempted to minimize this

possibility. Although the 13-year study duration meant that some

individuals became part of the breeding population sometime after the

start of the project, and others likely phased out before the end, it

increased our ability to detect progeny and sibships in a species, and sex

(i.e., females), with low annual reproductive output. Furthermore, while

care is required when interpreting estimates of Ne and inbreeding that

are based on a limited number of markers (Putman and Carbone,

2014), the panel of microsatellites used had sufficient power to

discriminate first- and second-order relationships and thus, calculate

sibship frequencies necessary to estimate contemporary Ne (Wang,

2009; Wang et al., 2016). Marker numbers were also sufficient to

calculate confidence intervals for inbreeding coefficients (Wang, 2011).
FIGURE 5

Estimated effective population size, Ne, for the Bristol Bay beluga population. Estimates were based on the frequency of sibships in offspring
cohorts and were conducted in colony for both the thirteen-year (A) and the two-year (B) datasets. Values are presented for all offspring assigned
parentage whether the parent was sampled or not, and for those offspring where at least one parent was sampled. Upper and lower confidence
intervals are included.
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FIGURE 7

Genetic variation, measured as expected heterozygosity, Hexp, across microsatellite loci (A) and standardized multi-locus heterozygosity, sMLH,
across individual (B), in Bristol Bay beluga whales. Patterns of variation are shown for the entire nuclear marker set (n=22 loci) and a subset (n=7) to
allow comparison with an earlier timeframe (1989-2001) in Bristol Bay (labeled in the chart as the ‘1990s’) and across five other beluga whale stocks
(See map in Supplementary Figure S1) in the North Pacific Ocean. The seven-locus data for these comparisons are from O’Corry-Crowe et al. (2018).
FIGURE 6

Deviation in inbreeding coefficients, F, between beluga whale offspring and their parents. F was calculated using the Trio-ML method in COANCESTRY.
Positive bars, for example, indicate that the parent was estimated to have a higher inbreeding coefficient than their calf. A sample of 30 trios are shown.
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4.1 Prediction 1. Polygyny

Bristol Bay beluga males are polygynous. A high proportion of

calves were paternal half-sibs (H1). Although the sample size was

limited (n=10), all the adult-calf dyads were female-calf pairings,

indicating that males rarely engage in close affiliative behavior with

their young offspring and thus, may provide little direct parental

care (H2). Males had a higher maximum number of calves, greater

variance in reproductive success than females, and evidence of

reproductive skew (H3).

We found, however, limited evidence of individual males

fathering a lot of calves, in either the two-year subset or full

thirteen-year study the 2-year subset or full 13-year study

(Figure 3), as might be expected in a highly polygynous mating

system where successful males can achieve large numbers of

paternities in a single, or a few, seasons (e.g., red deer Cervus

elaphus, Clutton-Brock et al., 1982; Antarctic fur seals

Arctocephalus gazella, Hoffman et al., 2003; elephant seals

Mirounga leonina, Fabiani et al., 2004; macaques Macaca mulatta,

Widdig et al., 2004). While the COLONY analysis estimated that a few

unsampledmales had fathered up to nine calves over the course of the

study, we did not find any sampled males that had more than four

confirmed calves, and most fathers had no more than two calves

sampled (Table 2). In addition, because the calf category (G) includes

a number of age classes, the sampling of more than one calf for an

individual male in the same year does not necessarily indicate high

reproductive success within a single breeding season. Also, in highly

polygynous systems, if the breeding tenure of the most successful

males spans multiple years, the likelihood of re-mating with the same

females across years increases, even if mating is random, and we

would expect a substantial proportion of full-sibs in the population,

something we did not observe.

These findings suggest that polygyny is not as strong, nor male-

male competition as intense, when compared to highly polygynous

species, at least for this population of beluga whales. While

conspecific tooth-rake scarring suggests aggressive contest

competition in beluga whales, there is no evidence as yet that it is

sex-biased (Hamm et al., 2021), or that it primarily reflects agonistic

or affiliative behavior. Also, we rarely observed such scars in the

Bristol Bay population. Furthermore, while a recent study

concluded that SSD in belugas was among the highest in

cetaceans, and thus, indicative of a polygynous mating system

(Caspar and Begall, 2022), the degree of SSD differs among

beluga populations (Supplementary Table S4), is moderate in

Bristol Bay (=1.15) (Lensink, 1961; Suydam, 2009; Supplementary

Table S4), and may not always indicate male competitive ability.

There is growing evidence that niche partitioning between males

and females can also contribute to sexual dimorphism (Bauld et al.,

2022). Beluga males have been found to use different areas (Loseto

et al., 2006; Hauser et al., 2014; Citta et al., 2016) and target different

prey (Szpak et al., 2020) than females, suggesting that character

displacement due to inter-sexual competition may influence SSD in

belugas. Unlike some other cetacean species (e.g., Bigg’s killer whale

Orcinus orca) (Bigg et al., 1990), beluga whales form complex

fission-fusion societies where closely related individuals are not
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always, or even frequently, found together (O’Corry-Crowe et al.,

2020). If affiliation in beluga whales does not require close physical

proximity, it is possible that fathers provide parental care through

other means, such as vigilance, group defense, or active or passive

instruction of older calves and juveniles.

In addition, the aquatic environment could limit the extent of

polygyny in cetaceans by restricting a male’s ability to guard

multiple females from other males, and facilitating female choice

by improving their ability to evade coercive advances by males

(Würsig et al., 2023). Cooperation among males, however, may

increase individual reproductive success and reduce reproductive

skew by improving an individual male’s ability to sequester and

guard females (e.g., lions Panthera leo) (Bygott et al., 1979). Male

alliances have been recorded in other cetacean species and linked to

improved reproductive success (e.g., bottlenose dolphins Tursiops

spp.) (Connor et al., 2000; Wiszniewski et al., 2012; Brightwell and

Gibson, 2023). Groups of predominantly unrelated adult male

belugas have been documented in several populations, although

their possible role in reproduction remains unclear (O’Corry-Crowe

et al., 2020). The only confirmed case of beluga whale mating

behavior in the wild involved a sexual encounter between 19 males

and a single female in Svalbard, Norway (Lydersen et al., 2023),

which included cooperative behavior and aggressive mating

attempts by multiple males, resulting in injury to the female.

More research is required to assess the prevalence of this

behavior and to investigate competition and reproductive

cooperation in beluga whales.
4.2 Prediction 2. Polyandry

Bristol Bay beluga females are polyandrous across breeding

seasons (H4). Breeding with multiple males may be a female bet-

hedging strategy (Garcia-Gonzalez et al., 2015) to spread risk, for

example by avoiding low quality males, and thus, optimize fitness

across a long reproductive lifespan. The observation of full-sibs,

often multiple years apart, shows that males and females can

successfully re-mate with the same partner. However, the low

incidence of full-sibs could reflect a female tendency to choose

different males across consecutive breeding seasons. Bristol Bay

belugas thus have a polygynandrous mating system, at least across

breeding seasons, where both males and females successfully breed

with multiple mates. Although it has been suggested by others (Hill

et al., 2024; Kelley et al., 2014), this study is the first to provide

definitive evidence of polygynandry in beluga whales. Field studies

of female mating behavior are required to determine whether they

also mate with multiple males within a season, and thus, whether

beluga mating systems are polygynandrous over shorter time

frames. A recent study investigating group structure and kinship

proposed that beluga whale societies are communities comprised of

whales spanning all ages and both sexes, and can number in the

hundreds or possibly thousands (O’Corry-Crowe et al., 2020). If

mating occurs while such large communities are concentrated in

space and time, many opportunities may arise for both males and

females to mate with multiple members within a season.
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4.3 Prediction 3. Reproductive longevity
and age

Although young adults were just as likely to be parents as older

adults, older mothers were more likely to have more young calves in

the population (H5). This indicates that while female belugas are

limited by the number of offspring they can produce in the short

term, breeding success (e.g., calf survival) may be higher in older,

more experienced mothers who may also be larger, in better

condition, and more successful at choosing fitter males. Lifetime

ovarian reproductive activity, for example, has been found to

increase in some regions with body size as well as age (Ferguson

et al., 2021). It may also reflect competition among females for

mates. This can be just as intense as that among males, even in

predominantly polygynous species, though the form that the

intrasexual competition takes may differ between the sexes (e.g.,

social status vs. direct fighting) (Clutton-Brock and Huchard, 2013).

Breeding lifespan is an important determinant of reproductive

success (Lukas and Clutton-Brock, 2014). This is especially true for

polygynous mammals, where social hierarchies and the costs of

intense competition may greatly limit the reproductive lifespan of

males. For example, a review of 61 mammal species with short to

moderate male tenures (≤ 12 years) found a strong negative

relationship between the potential for males to monopolize

multiple females and male reproductive tenure (Lukas and

Clutton-Brock, 2014). Beluga whales, by contrast, likely have

much longer reproductive lifespans, although their fully aquatic

mode creates unique challenges for monopolizing multiple mates.

Our limited ability to determine specific ages focused our

analysis on the parentage of young offspring (i.e., gray calves),

rather than all offspring, and revealed that both older and younger

adults typically had few calves present in the population at any one

time (especially younger females). The physiological demands of

reproduction (i.e., one calf every 2–4 years) can explain these low

numbers in females, however, physiological limitations likely do not

exist for most males. That both older and young fathers had at most,

only a few young offspring in our sample set may indicate that adult

male belugas of any age tend not to father many offspring in a single

breeding season, or even a few concurrent ones. This provides

further evidence that extreme polygyny and high male reproductive

skew over the short term are unlikely, at least for this population of

beluga whales. Furthermore, if male belugas do have long

reproductive lifespans, this might indicate that they tend to play a

long game, fathering low numbers of offspring per year across a long

reproductive life. Such a strategy may entail scramble competition

and the guarding of individual females, rather than intense contest

competition and the guarding of multiple females. Female belugas

are facultative induced ovulators (Steinman et al., 2012), and as

such, require some stimulus to ovulate. There is some evidence from

belugas in managed care that when multiple adult females are

present, an adult male will spend up to 7 days during the breeding

season with one female before switching to another (Hill et al.,

2024). Male-male cooperation may still enhance mating success,

and variance in male lifetime reproductive success could still result.

Low male reproductive skew over the short term may also reflect a
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polyandrous female mating system, where mating with multiple

males within a season ensures paternity by quality males (e.g., via

sperm competition). In addition to induced ovulation (Steinman

et al., 2012), female belugas have complex genitalia, including

vaginal folds, that may serve to control paternity (Kleinenberg

et al., 1964; Orbach et al., 2023). In other mammalian species,

promiscuous mating by females has also been found to confuse

paternity, reducing harassment and the risk of infanticide by males

(e.g., chimpanzees Pan troglodytes) (Pieta, 2008).
4.4 Predictions 4 and 5. Effective
population size, inbreeding, and
heterozygosity

Ne is influenced by both historical and contemporary processes

(Waples, 2022, 2025, see Introduction). An earlier genetic study

found that a number of beluga whale populations had low ancestral

Ne relative to current sizes and likely went through a period of

sudden expansion following the last glacial maximum (O’Corry-

Crowe et al., 2010). A recent genomic study found that a number of

populations in the Eastern Arctic experienced declines in Ne during

and subsequent to the last glacial period, and that recent estimates

for some endangered populations are below Ne = 400 (Müller et al.,

2025). These investigations were characterized by small sample sizes

and focused on how demographic history over long timeframes (i.e.,

102–106 years) shape Ne.

By contrast, we used large sample sizes to investigate how

beluga whale mating systems shape current Ne. While caution is

required when assessing such estimates of Ne, as beluga whale

generations span several years and may overlap, complicating

sibship frequency calculations (and thus estimates may be biased

low, see Supplementary Material), estimated contemporary Ne in

the Bristol Bay population was substantially smaller than Nc (H6).

This was driven primarily by the moderate variance in reproductive

success recorded in both males and females. To investigate this

further, we modeled the impact of different mating systems on Ne in

an idealized population, using sampled Bristol Bay adult males and

females as parents (see Supplementary Material), and found that

low to moderate variance in reproductive success, even in a

monogamous mating system where some mated pairs are more

successful than others, can dramatically reduce contemporary Ne

(Supplementary Figure S3). Our findings highlight how mating

systems must be considered alongside historical demographic

processes when interpreting spatial and temporal patterns of Ne

and using this parameter in conservation strategies.

The small contemporary Ne in Bristol Bay could increase

inbreeding and decrease genetic diversity (Waples, 2022), yet

average inbreeding coefficients were low (H7) and levels of nDNA

heterozygosity had not changed over recent decades (H8).

Furthermore, heterozygosity in the Bristol Bay population is

comparable to levels observed in other, much larger, populations

(Figure 7) (O’Corry-Crowe et al., 2018).

The mating system in the Bristol Bay population may explain

this unexpected finding. Low reproductive rates and reproductive
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skew limits the number of sibships in offspring cohorts. Mate choice

may further reduce relatedness among siblings and the level of

inbreeding. High rates of re-mating by female red deer with the

same males, or with males whom a female relative has mated with

(intra-lineage polygyny), have been associated with high levels of

pairwise relatedness and inbreeding (Stopher et al., 2012). In

belugas, frequent mate switching by both sexes would indicate

that a high proportion of sibships will be half-sibs (�r = 0.25) and

a low proportion will be full-sibs (�r = 0.38). While this can result in

long loose-chain pedigrees (Figure 4), few offspring will be highly

related. Thus, the possibility of two highly related individuals (e.g.,

full-sibs) mating by chance is very low, minimizing the frequency of

highly inbred offspring, and the risk of diversity loss in the

population. Social factors could also reduce likelihoods of

inbreeding. Elements of beluga societies may be matrifocal, where

maternal relatives form strong bonds (Kleinenberg et al., 1964;

O’Corry-Crowe et al., 2020). Such bonds, however, do not require

exclusive associations only with maternal kin (O’Corry-Crowe et al.,

2020). Frequent associations among unrelated females could reduce

the likelihood of intra-lineage polygyny, while large community

size, kin-recognition, and active avoidance of consanguineous

mating could limit inbreeding and genetic diversity loss further.
5 Conclusion

This study revealed how a polygynandrous mating system, where

males optimize their fitness through moderate short-term

reproductive success over a long reproductive lifespan, and females

optimize theirs through polyandry to ensure mate quality, spread risk

and avoid conflict, can limit inbreeding and diversity loss, even in

small populations. The social and seasonal behavior of beluga whales,

including their tendency to aggregate in large numbers at certain

times of year, likely has a strong influence on mate availability, the

competition for and defense of mates, mate choice and parental

investment in offspring, while a long reproductive life may lessen the

selective pressure for intense intrasexual competition and strong

polygyny within seasons. Our findings emphasize the importance

of understanding mating systems in small populations of long-lived,

slow reproducing species like beluga whales that not only face the

inherent risks of low Ne, but also a growing number of external

threats due to environmental change and increasing human activities.
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