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Abstract
Parentage analyses of baleen whales are rare, and although mating systems have been
hypothesized for some species, little data on realized male reproductive success are
available and the patterns of male reproductive success have remained elusive for most
species. Here we combine over 20 years of photo-identification data with high-resolution
genetic data for the majority of individual North Atlantic right whales to assess paternity
in this endangered species. There was significant skew in male reproductive success
compared to what would be expected if mating was random (P < 0.001). The difference was
due to an excess of males assigned zero paternities, a deficiency of males assigned one
paternity, and an excess of males assigned as fathers for multiple calves. The variance in
male reproductive success was high relative to other aquatically mating marine mammals,
but was low relative to mammals where the mating system is based on resource- and/or
mate-defence polygyny. These results are consistent with previous data suggesting that the
right whale mating system represents one of the most intense examples of sperm competition
in mammals, but that sperm competition on its own does not allow for the same degree of
polygyny as systems where males can control access to resources and/or mates. The age
distribution of assigned fathers was significantly biased towards older males (P < 0.05),
with males not obtaining their first paternity until ~15 years of age, which is almost twice
the average age of first fertilization in females (8 years), suggesting that mate competition
is preventing younger males from reproducing. The uneven distribution of paternities
results in a lower effective population size in this species that already has one of the lowest
reported levels of genetic diversity, which may further inhibit reproductive success
through mate incompatibility of genetically similar individuals.
Keywords: endangered species, mating systems, paternity, polygyny, reproductive success, right
whale
Received 28 April 2007; revision received 15 August 2007; accepted 28 August 2007

Introduction
The integration of genetic and long-term field data for
parentage analyses of wildlife populations is now widespread, providing methods to assess realized reproductive
success and investigate aspects of reproductive biology that
neither approach could address independently. The first
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studies implementing this approach often found large
discrepancies between behavioural and genetic estimates
of parentage (e.g. Quinn et al. 1987; Gibbs et al. 1990), and
such a result is now common (e.g. Hughes 1998; Worthington
Wilmer et al. 1999). These studies have led to a new
understanding of mating systems and strategies, and the
role of natural and sexual selection on the evolution of
behaviour, morphology, and physiology (Coltman et al.
1999a; Preston et al. 2003). Additionally, in the case of small
and/or endangered populations, paternity information and
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the resulting data on specific mating pairs reveal otherwise
hidden clues into the factors driving variation in individual
reproductive success and survival (e.g. Amos et al. 2001a, b),
and provide insights into the factors influencing recovery
(e.g. Amos & Balmford 2001; Vilà et al. 2003).
Despite this utility, parentage analyses in baleen whales
are rare, likely due to the difficulty in sampling a reasonable
percentage of mother–calf pairs as well as potential fathers
in these dispersed and wide-ranging species. Although
general patterns in male reproductive success have been
hypothesized for some species based on interpretation of
observed behaviour (e.g. Clapham 2000; Kraus & Hatch
2001), and/or physiological data on male reproductive
organs (Brownell & Ralls 1986), little data on individual male
reproductive success are available to test these hypotheses.
As a result, the details of realized male reproductive success
have remained elusive for most baleen whale species.
The one exception to this pattern is the humpback whale
(Megaptera noveangliae). Various hypotheses regarding
the mating system of this species have been proposed
(Clapham 1996), and multiple male mating tactics have been
observed, including direct competition between males
(Pack et al. 1998), and the ‘escorting’ of females (Clapham
1996). Additionally, the intriguing songs of the humpback
whale have been hypothesized to form the basis for female
choice, with the song being an indicator of male fitness
(Tyack 1981). However, more recent data suggest that the
songs may function in male social ordering rather than
to attract females (Darling & Bérubé 2001). The recent
application of paternity analyses to two humpback whale
populations gave similar results, and suggested that there is
surprisingly little skew in reproductive success between
males, resulting in a large male effective population size
(Ne) (Nielsen et al. 2001; Cerchio et al. 2005). This result was
unexpected due to the polygynous social mating system of
humpback whales and the strong male-biased skew in the
operational sex ratio during the mating season. The interpretation is that males using different mating tactics have
approximately equal reproductive success, with no one tactic
resulting in exceptionally higher reproductive success
(Cerchio et al. 2005). These studies indicate that the mating
system of humpback whales is more complex than previously thought, and add to the growing amount of evidence
suggesting that multiple successful mating tactics are more
prevalent in wild populations than have previously been
assumed (e.g. Hughes 1998; Worthington Wilmer et al. 1999).
The mating system of right whales (genus Eubalaena) has
been of longstanding interest due to the extreme physiological adaptations and behavioural patterns associated
with mating that have evolved in these species. Right whales
grow to lengths of over 17 m, attain weights of ~74 000 kg,
have penises that reach lengths of ~2.3 m, and have testicles that have a combined weight of ~972 kg (Brownell &
Ralls 1986). These represent the largest testes of any mammal

(Atkinson 2002), and the highest testes weight-to-body
weight ratio and one of the highest penis length-to-body
length percentages of all baleen whales (Brownell & Ralls
1986). Moreover, this combined testes weight is vastly larger
than expected based on models developed to assess the
relationship between testes weight and body weight in
other mammalian species (Harcourt et al. 1981; Kenagy &
Trombulak 1986; Ginsberg & Rubenstein 1990), with the
difference between observed and expected testes weight
being larger than has been reported for any other mammalian species (e.g. Kenagy & Trombulak 1986). Under
the assumption that sperm competition selects for large
testes and increased penis length (Ginsberg & Huck 1989;
Gomendio et al. 1998), these data suggest that the right whale
mating system represents the most intense example of
sperm competition in any whale species, and perhaps in
any mammal.
Additionally, the mating behaviour of right whales is
also suggestive of a mating system based on intense sperm
competition. Apparent mating groups are called surface
active groups (SAGs), and usually consist of one female
(the ‘focal’ female) and anywhere from two to over 40 males
competing for the positions closest to her side (Payne &
Dorsey 1983; Kraus & Hatch 2001). It appears that females
use a specific call to attract males into these groups (Parks
2003), and once a SAG has formed, the female remains
inverted at the surface, making copulation difficult. During
this time males aggressively compete for positions closest
to the female, with those males in the closest proximity being
able to copulate when she rolls over to breathe (Kraus &
Hatch 2001). Through this behaviour, female right whales
incite competition between males. It is hypothesized that
by invoking this competition females can selectively mate
with males of the highest fitness, representing those males
that have the strength and stamina to remain in close proximity for long periods of time (Kraus & Hatch 2001).
Documented SAGs last an average of 1 h (Kraus & Hatch
2001), but can be much longer. Females roll over to breath
an average of once every minute (Kraus & Hatch 2001), and
if copulation takes place each time she rolls over (as appears
to be the case), then in the average SAG, a female will have
copulated 60 times, frequently with different males. Additionally, a case has been documented when a female copulated with two males simultaneously (Mate et al. 2005).
Thus, the female reproductive tract likely represents an arena
of intense competition between sperm from multiple males.
Combined, these data suggest that the mating system of
right whales involves both precopulatory physical competition between males for mating opportunities, as well as
postcopulatory competition in the form of sperm competition. However, there are currently no studies that have
assessed if this prominent social mating system is also
representative of the genetic mating system in this species (e.g.
Hughes 1998), and it is currently unknown how such
© 2007 The Authors
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intense mate competition would be reflected in the patterns
of male reproductive success. Given the endangered status
of all right whale species, and their role as perhaps the most
extreme example of sperm competition in any mammalian
species, there are both practical and theoretical incentives
for assessing realized reproductive success to identify the
reproductive and genetic consequences of such a mating
system.
The North Atlantic right whale (Eubalaena glacialis) is
arguably the world’s most endangered baleen whale, with
only 300–350 individuals representing the entire species
(IWC 2001). Moreover, despite international protection for
over 70 years, and research and conservation actions for
over 25 years, there have been little-to-no signs of recovery
(IWC 2001), and some studies even suggest that numbers
have been declining for over a decade (Caswell et al. 1999;
Fujiwara & Caswell 2001). Thus, there is great concern
regarding the viability of this species, with current research
focused primarily on identifying what factors are limiting
recovery and developing conservation solutions to mitigate
those factors.
Anthropogenic mortality due to ship strikes and entanglement in fishing gear is unquestionably one of primary
factors limiting recovery, and reducing these mortalities is
the focus of the majority of conservation initiatives (Johnson
et al. 2007; Knowlton & Brown 2007; Moore et al. 2007).
However, in addition to being plagued by a high rate of
anthropogenic mortality, this species also suffers from a
compromised reproductive potential. Female North Atlantic
right whales are capable of giving birth once every 3 years
(Knowlton et al. 1994; Kraus et al. 2001). The current population size estimate is 300–350 individuals, the sex ratio is
~50:50 (Brown et al. 1994), and it is estimated that 60% of
the females are adults (Hamilton et al. 1998), resulting in
~90–105 adult females. Therefore, since females are capable
of giving birth every 3 years, it is expected that ~30–35
calves should be born per year. This expectation also seems
appropriate based on data from South Atlantic right whale
populations (E. australis), whose growth rates are consistent
with the average female giving birth approximately once
every 3 years (Best et al. 2001; Cooke et al. 2001). However,
despite a slight increase in calf numbers in recent years
(Kraus et al. 2007), the average number of calves born per
year has remained relatively steady at ~13/year (Kraus
et al. 2001, 2007), indicating that the reproductive performance of this species is three times lower than expected. The
individual-based evidence for this reduced reproductive
performance is that there is a high percentage of adult
females who have markedly low reproductive success;
representing those females that have either never had a
documented calf or those having extremely long interbirth
intervals. The factors resulting in this reduced reproductive
rate are unknown, but hypotheses include intrinsic factors
such as the low level of genetic variability and/or inbreed© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

ing, and extrinsic factors such as reduced habitat quality
(e.g. nutritional stress and biotoxins), disease, and pollution (e.g. Kraus et al. 2007). Due to concerns regarding the
influence of this reduced reproductive performance on
species recovery, obtaining a better understanding of the
reproductive biology of the North Atlantic right whale,
including the factors influencing reproductive success, is a
high priority.
Here we combine over 20 years of photo-identification
data with high-resolution genetic data for the majority of
individual North Atlantic right whales (278 individuals
including 87 mother–calf pairs and 116 candidate males) to
assess paternity in this species. These data are used to test
hypotheses of realized male reproductive success based on
expectations from behavioural and/or physiological data.
Specifically, we test the hypotheses that the patterns and
variance in male reproductive success, and age of male first
fertilization, are different than expected in a random mating
system but consistent with the expectations based on the
current view of mate competition. These data allow for
estimation of the skew in male reproductive success, and
provide insights into how this social mating system influences patterns of male reproductive success and what the
subsequent implications are for the reproductive biology
and effective population size of this species.

Methods
Photo-identification
Individual North Atlantic right whales were identified
based on natural markings, primarily callosity patterns on
the head, but also including any other body pigmentation
or scarring patterns. Callosity and pigmentation patterns
are stable and individual-specific characteristics of right
whales that provide reliable methods for individual
identification and have formed the basis for right whale
research worldwide (Payne et al. 1983; Kraus et al. 1986a;
Best 1990). Systematic photo-identification surveys of North
Atlantic right whales have been ongoing since 1979 (Brown
et al. 2007), and take place almost year-round and throughout the whales’ known range, resulting in data on the
movement patterns (e.g. Brown et al. 2001), visual health
status (Pettis et al. 2004), and behaviour (e.g. Kraus &
Hatch 2001) of individual whales throughout the seasons,
as well as throughout their lifetimes. Photo-identification
data from 1980 through 2001 were used for these analyses.
Right whale calves are not weaned until after approximately 12 months (Hamilton et al. 1995), and mother–
offspring relationships were determined behaviourally based
on these stable associations between mothers and their
calves (Knowlton et al. 1994; Kraus et al. 2001). The ages of
individuals were determined directly based on the known
year of birth, and individuals were considered to be of
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unknown age if they were added to the catalogue as adults
or juveniles, and therefore the year of birth was unknown.
Gender was determined using both field and molecular
techniques. In the field, gender was determined based on
direct observation of the genital area (Payne & Dorsey
1983), and/or, for females, based on the stable association
with a calf (Knowlton et al. 1994).

Sample collection and genetic profiling
Skin samples were collected from individual right whales
using a crossbow with a modified bolt and tip as described
in Brown et al. (1991). DNA was extracted and gender was
determined for all samples as described in Shaw et al.
(2003). All samples were genotyped at 35 microsatellite loci
using the multiplex PCR protocols described in Frasier
et al. (2006). Twenty-eight of these 35 loci were used in
subsequent paternity analyses: two loci were removed due
to high estimated frequencies of null alleles, and five were
removed due to significant signs of linkage disequilibrium
(Table S1, Supplementary material). The estimated variability for each of the 28 loci used in the analyses, and the
details of why the seven loci were removed, are provided
in Table S1, Supplementary material. Overall, the average allelic diversity (A), observed heterozygosity (HO),
expected heterozygosity (HE, Nei 1978), and polymorphic
information content (PIC, Botstein et al. 1980) for the 28 loci
are 3.64, 0.32, 0.32, and 0.289, respectively (see Table S1
for details). These low estimates of genetic variability
are comparable to those found in other endangered
species and/or populations where genetic factors are
allegedly influencing reproduction and/or recovery,
such as the cheetah (Acinonyx jubatus) (A = 3.4, HO = 0.39;
Menotti-Raymond & O’Brien 1995), and the Texas State
Bison Herd (Bison bison) (A = 2.54, HO = 0.38; Halbert et al.
2004).

Paternity analysis
Paternity analyses were conducted independently for each
year of the study (1980–2001) to account for a changing
pool of candidate males and the maturation of calves from
earlier years into parents in subsequent years. The analyses
were then based on the sampled mother–calf pairs and the
candidate males available for each year. Males were considered as candidates if they were either of unknown age or
at least 5 years old, and were alive in the year prior to when
the calf was born. Although females become sexually mature
at approximately 8 years of age (Kraus et al. 2001), and this
is also often assumed for males (e.g. Hamilton et al. 1998),
it is not actually known at what age males become sexually
mature. Therefore, to prevent the erroneous exclusion of
younger males as candidate fathers, males were considered
candidates if they were at least 5 years old in the year of

fertilization. This approach should be conservative (e.g.
estimating that there are more candidate males than are
actually available), as males in other baleen whale species
for which there are data appear to reach sexual maturity at
a similar age as females (e.g. Clapham 2000).
Paternity analyses for each year were conducted using
three different methods: (i) the exclusion approach, (ii) the
likelihood approach implemented by cervus version 2.0
(Marshall et al. 1998), and (iii) the randomization approach
of newpat version 5 (Worthington Wilmer et al. 1999). The
exclusion approach is the method used for paternity testing in human forensic cases, and is also frequently used for
paternity analyses of wildlife populations (e.g. Vigilant
et al. 2001). With the exclusion approach, the genotypes of
mother–offspring dyads are compared and the paternal
alleles inherited by the offspring are identified. The genetic
profiles of all candidate males are then compared with the
inferred paternal alleles, and all males whose genotypes are
not consistent with the putative mother–offspring–father
relationship are excluded as potential fathers. Paternity is
assigned when only one male remains nonexcluded as the
father (e.g. when all other males are excluded based on a
mismatch with the mother–offspring dyad at one or more
loci). In this scenario, the offspring must share one allele at
each locus with the mother, and share the other allele at
each locus with the nonexcluded male. Assigned fathers
could not mismatch the mother–offspring dyad at any
locus. Paternity was considered unresolved if more than
one male was nonexcluded.
In situations where a large number of loci are used and
a high percentage of the candidate males are sampled,
paternities assigned through the exclusionary approach
are likely to represent the true fathers. However, this method
could result in a downward bias in assigned paternities
due to cases where there are multiple nonexcluded males
(Chakraborty et al. 1988), or if some true fathers are excluded
due to mismatches resulting from mutations or genotyping
errors (Hoffman & Amos 2005). To account for these potential sources of bias, two other methods of paternity assignment were also used; those implemented by the programs
cervus and newpat.
The program cervus (Marshall et al. 1998) uses a likelihoodbased method of paternity assignment based on the difference in the likelihood between the two most likely males (Δ).
The Δ-value is calculated for the two most likely candidate
males for each offspring and simulations are then conducted to estimate the critical values of Δ associated with
assigning paternity with a particular level of statistical
confidence (Marshall et al. 1998). Using this approach,
paternity analyses were conducted for right whale
calves using strict (95%) and relaxed (80%) levels of
statistical confidence in paternity. Simulations were based
on 10 000 cycles, a genotyping error rate of 0.010, and
allowing individuals to be missing data for up to three of
© 2007 The Authors
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the 28 loci. The number of candidate males and proportion of sampled candidates varied accordingly for each
year.
The program newpat takes a slightly different approach
to paternity assignment and is based on a randomization
process. Briefly, males are identified whose genotypes are
consistent with the putative mother–offspring–father
relationships. Once such a relationship is found, a file of
‘pseudomales’ is generated from the allele frequencies. The
pseudomales with relatedness values equal to or higher
than that between the candidate male and the offspring are
then tested against the mother–offspring genotypes to yield
the probability that such a male would be consistent with
the mother–offspring–father relationship by chance alone
in the data set (Worthington Wilmer et al. 1999). For the
right whale paternity assessment, analyses were conducted
allowing no mismatches (strict), and allowing one mismatch (relaxed) between the putative father and the mother–
offspring dyad. A file of pseudomales 1000 times larger
than the sampled candidate male data set was generated
for each test, the acceptable probability of null matches was
set at 0.03, and a maximum of three unscored loci were
allowed. Paternity was assigned if (i) only one male was
consistent with the putative mother–offspring–father relationships under the chosen criteria and the probability of
finding such a match by chance was < 0.2, or (ii) if multiple
males met the mother–offspring father criteria, paternity
was assigned if only one male had a probability of finding
such a match by chance of < 0.2.

Patterns of paternity in nonsampled fathers
To estimate how many males may have fathered those calves
for which all sampled males could be excluded as fathers,
the paternal relatedness of these calves was estimated using
the program dadshare (www.zoo.cam.ac.uk/zoostaff/
amos/). The program begins by comparing the genetic
profiles of the known mother–offspring pairs to infer
the paternal portion of the profile. A relatedness matrix of
these inferred profiles is then calculated using the method
of Queller & Goodnight (1989). A dendrogram is developed
based on the relatedness matrix that indicates which
offspring are consistent with having the same father. Additionally, the relatedness values associated with each node
are indicated.
To simulate a few males fathering all offspring, dadshare
performs Monte Carlo simulations to generate randomized
data sets where one male fathers all the offspring, and where
2, 3, 4, and 5 fathers share all offspring equally. To simulate
each male fathering only a few offspring, Monte Carlo simulations were performed where all fathers have one, two,
three, four, and five offspring each. The average r-value
(and associated standard deviations) of the external nodes
generated from the simulations then provided a reference
© 2007 The Authors
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with which the observed average r-value of the external
nodes can be compared.

Test of random mating
To test the hypothesis that the distribution of sampled
males assigned as fathers for zero, one, or more offspring is
consistent with random mating, a randomization approach
similar to that implemented by Cerchio et al. (2005) was
used. These randomizations generated the expected distribution of paternities if all candidate males had an equal
probability of fathering calves within each year.
To make the simulation results directly comparable with
the results from the paternity analyses, the same data were
used for both types of analyses. Specifically, the simulations were based on the sampled candidate males that were
used in each year of the paternity analysis, and the number
of mother–calf pairs for which paternities were assigned
for each year. To simulate the patterns of paternity expected
under random mating, these data were used in a four-step
process. For the first year of the analyses, the candidate
males were randomized (step 1). Fathers for the number of
offspring born in that year for which paternities were
assigned were then selected (with replacement) from the
randomized males (step 2). A list of the males who were
assigned paternity was recorded (step 3). The simulations
then moved on to the next year, choosing fathers from the
list of candidate males, for the number of offspring that had
paternities assigned, for that year (step 4). This process was
repeated for each year of the study (1980–2001). After the
simulations were conducted for all years, the number of
calves fathered by each male was summed across all years
to generate the expected number of males assigned zero,
one, two, three, or more offspring in this data set if mating is random (e.g. all candidate males have an equal
probability of fathering offspring). This process (of simulating each year from 1980 to 2001) was repeated 1000
times to generate the mean expected number of sampled
males assigned paternity to zero, one, or more offspring
under random mating, and the associated standard
deviations.

Age of male first fertilization
To test if adult males of all ages have an equal probability
of fathering offspring, a simulation/randomization approach
similar to that described above was used. However,
testing this hypothesis involved generating expected
distributions of males of each age assigned paternity in this
data set if all candidate males have an equal probability of
fathering offspring regardless of age. These simulations were
based on the candidate males used in the paternity analyses
and the mother–offspring dyads for which fathers were
assigned for each year.
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Table 1 Paternities assigned for right whale calves. Included are the year, number of sampled mother–calf (M–C) pairs, the number of
sampled candidate males used for analyses in each year, and the number of paternities assigned by each method. There were no sampled
mother–calf pairs for 1980, 1999, or 2000. Note that the ‘total’ number of sampled candidate males is not additive from the column because
many males were candidates in multiple years
Paternities assigned

Year

No. of sampled
M–C pairs

No. of sampled
candidate males

Exclusion

cervus (strict)

cervus (relaxed)

newpat
(strict)

newpat
(relaxed)

1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
2001
Total

3
4
2
7
2
3
4
2
9
3
4
6
2
1
3
9
7
3
13
87

27
39
47
54
56
62
69
75
84
89
92
95
100
105
106
108
109
115
118
128

1
2
1
3
2
1
2
2
3
0
2
3
1
0
2
6
4
2
7
44

1
2
1
1
2
1
2
2
3
0
1
1
1
0
2
5
3
2
6
36

1
2
2
4
2
1
2
2
5
0
3
4
1
0
2
7
5
2
9
54

1
2
1
3
2
1
2
2
3
0
2
3
1
0
2
5
4
2
7
43

1
2
1
3
2
2
2
2
6
0
2
4
1
0
2
6
5
2
7
50

For each year, mother–calf pairs were generated that represented the number of mother–calf pairs for which paternity was assigned. The candidate males for that year were
randomized, and males were selected (with replacement)
as fathers for these offspring. The age of each assigned
father was recorded, and this process was repeated for each
year of the study. The number of fathers of each age (or of
unknown age) was counted across all years to generate the
expected age distribution of fathers in this data set if all
adult males have an equal probability of fathering offspring, regardless of age. This process was repeated 1000
times to generate mean values for the expected age distribution of fathers, and the associated standard deviations.

individuals makes the North Atlantic right whale one of
the most comprehensively sampled species. Despite the
low levels of genetic variability found in this species, the
use of a large number of loci has resulted in a high level of
resolution, with an estimated probability of identity (PID,
Paetkau & Strobeck 1994) of 5.92 × 10–11. Additionally,
because there are relatives within the data set, we also
calculated the more conservative probability of identity
among siblings (PID-Sib, Evett & Weir 1998). This estimate
was also low (3.61 × 10–5), indicating that within this species
of ~350 individuals these loci provide adequate resolution
to confidently distinguish between the identity of siblings.

Paternity
Results
Genetic profiling
A total of 278 individuals were genotyped at these 28 loci,
including 127 females and 151 males, representing: ~63%
of all whales identified through 2001, and ~74% of all
catalogued whales alive in 2001, 35% of all mother–calf
pairs, and 69% of all candidate males (males of unknown
age or over the age of five). This large percentage of sampled

From 1980 to 2001, 87 mother–calf pairs were sampled and
used for the paternity analyses. The fewest paternities (36)
were assigned using the 95% confidence level of cervus,
and the most paternities (54) were assigned with the 80%
confidence level of cervus (Table 1). The other methods
(exclusion, and using both the strict and relaxed criteria
with newpat) resulted in intermediate numbers of assigned
paternities. The paternities assigned using the exclusionary
approach and the strict criteria with newpat were almost
© 2007 The Authors
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identical (Table 1). The only difference was one male
assigned a paternity in 1996 by the exclusionary method
who was not assigned paternity under the selected criteria
for newpat; although he was the only male consistent with
the putative mother–offspring–father relationship, the probability of finding such a match by chance was estimated
at > 0.2.
Comparing the results from the exclusionary approach
and the strict criteria of cervus and newpat shows that the
majority of differences are due to males being assigned
paternity by exclusionary methods and newpat, who had
low likelihood scores as calculated by cervus, resulting in
fewer males being assigned under the strict criteria of cervus. Comparing the relaxed criteria of newpat and cervus
shows that the primary differences between paternity assignments were the number of allowed mismatches. While
males in newpat were only considered potential fathers if
they had up to one mismatch with the mother–calf dyad,
such a restriction was not made in cervus, and therefore a
male could mismatch at any number of loci and still be
assigned paternity if he had a Δ score larger than the critical
value determined for the 80% confidence criteria. This difference is illustrated by the fact that the average number of
mismatches for males assigned paternity using the relaxed
criteria for cervus who were not assigned by the relaxed
criteria of newpat was 2.6 (range 1–4).
To subsequently assess patterns of male reproductive
success, the paternities assigned in the two most extreme
scenarios were used: the strict criteria of cervus assigning
the fewest paternities, and the relaxed criteria of cervus
assigning the most. The rationale for this approach is that
the true patterns of male reproductive success will likely lie
between those estimated based on these two extremes, and
therefore the range of possibilities should be captured using
this method.

Random mating
At the 95% confidence level, 26 males were assigned paternity for 36 calves, resulting in an average of 1.38 calves/
male. A similar average was found at the 80% confidence
level, where 36 males were assigned paternity for 54 calves,
for an average of 1.5 calves/male. The simulations implemented by dadshare suggest that the pattern is also similar
for those calves for which all sampled males were excluded
as fathers. The observed average paternal relatedness values
for calves with unsampled fathers (0.43 and 0.38 under the
95% and 80% criteria, respectively) fell in-between the
range of expected values if each successful male fathered
one or two offspring each (Fig. 1). These data suggest that
the average number of calves per successful unsampled male
is also between one and two, and therefore that the patterns
of male reproductive success are similar for sampled and
nonsampled fathers.
© 2007 The Authors
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Fig. 1 Paternal relatedness for calves with unsampled fathers. The
simulations implemented by dadshare provide the mean
paternal relatedness values (r value) expected if each successful
male fathers 1, 2, 3, 4, or 5 calves each and the associated standard
deviations. Plotted are these expected values based on the
paternity information from the strict (a), or relaxed (b) criteria, and
the standard deviations for these expected values. The dashed line
represents the observed average paternal relatedness value for
each scenario. In both cases, the observed value falls between
those expected if each successful male fathers one or two calves each.

The expected distribution of males identified as fathers
for zero, one, or more calves under random mating (as generated by the randomization/simulation processes) fit a
Poisson distribution well, as expected (G-tests; both criteria
P > 0.1). However, the observed distributions differed
significantly from these expectations (G-tests; both criteria
P < 0.001). In both cases, this was due to an excess of males
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Fig. 2 Male reproductive success in the North Atlantic right whale. For males not identified as fathers for any offspring, the graph shows
the observed (open circles) and expected (black squares) number of sampled males not identified as fathering any sampled calves. For
sampled males assigned as fathers for one or more offspring, the graph shows the number of calves born to males fathering one or more
offspring under the hypothesis of random mating. The mean expected values under random mating and standard deviations are based on
the randomization/simulation procedures and the observed paternity distributions are based on the strict (95%) and the relaxed (80%)
criteria with cervus. Graphs based on (a) including all males ages five and over in the simulations, and (b) including only those males ages
10 and over in the simulations.

not assigned any paternities, a deficiency of males fathering
just one offspring, and an excess of males fathering multiple
calves than expected (Fig. 2a). These data reject the hypothesis
that mating is random in this species, and show that there
is more skew in male reproductive success than expected.
This skew results in the observed variance in the reproductive success of males assigned one or more paternities
being over 1.5 times higher than that expected under random
mating based on the randomization/simulation procedures
(95% criteria, observed variance = 0.41, expected = 0.23;
80% criteria, observed variance = 0.6, expected = 0.24).
Candidate males used for the random mating simulations represented those males ages 5 years and over, and
represent exactly the same males as those used in the paternity analyses. However, if males are not sexually mature
until approximately the age of females (e.g. ~8 years), then
these analyses would be biased, and include a large
number of ‘candidate’ males who could not really reproduce,

and thus result in the large number of males not assigned
any paternities. To address this issue, the random mating
simulations were also conducted using just those males
ages 10 years or older (or of unknown age). The results are
similar (Fig. 2b), and the difference between the observed
and expected distribution of paternities among males is
still significantly different (P < 0.05 for both criteria).

Age of first fertilization for males
No males under the age of 10 years (in the year of
fertilization) were assigned paternities using any method
of paternity assignment. This result is in agreement with
the general assumption that males do not reach sexual
maturity at an earlier age than females. Therefore, for the
randomization/simulation procedures that tested the
hypothesis that all adult males (regardless of age) have
an equal probability of fathering offspring, males were
© 2007 The Authors
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Fig. 3 Age distribution of males assigned paternities. The dashed
lines represent the observed number of assigned fathers in the age
ranges of 8–14 years, 15–20 years, or of unknown age. The boxes
represent the mean expected number (and associated standard
deviations) of assigned fathers in each age range if all adult
candidate males have an equal probability of fathering offspring
regardless of age, as generated by the randomization/simulation
procedures. Data illustrated are based on the paternity assignments
using the strict (a), and relaxed (b) criteria of cervus.

considered candidates if they were at least 8 years old in the
year of fertilization, based on the estimated age of sexual
maturity for females (Kraus et al. 2001). Under this assumption,
the first year that males of known age would be included as
candidate fathers would be 1989. These would represent
those males born in 1980 who became sexually mature at
the age of eight in 1988, and then were potential fathers for
the calves born in 1989. Males of known age make up only
a small proportion of the candidate males in 1989, but the
number of known age candidate males has been slowly
© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

increasing throughout this study. Therefore, to test this
hypothesis, the randomization/simulation analyses were
based on the data from the last decade of the study period
(1992–2001).
Using the strict criteria for paternity assignment, only
three males of known age were assigned paternities during
this time period (as well as throughout the entire study),
one was 17, and the other two were 15 years old in the year
of fertilization. This pattern is significantly different than
expected if all adult candidate males had an equal probability of fertilization regardless of age (G-test, P < 0.025),
with fewer males ages 8–14 years, and more males of
unknown age fathering offspring than expected (Fig. 3a).
Using the relaxed criteria, four males of known age were
assigned paternities, the three from the strict criteria, as
well as one male who was 10 years old in the year of fertilization. This pattern is also significantly different than
expected (G-test, P < 0.05), with fewer males age 8–14
years, and more males of unknown age assigned paternities
than expected (Fig. 3b). It is noteworthy that the 10-year-old
male assigned paternity under the relaxed criteria mismatches the putative mother–offspring–father relationship
at three loci, and was not assigned paternity using any
other method, and is therefore not likely the true father.
Removing this individual from the analysis increases the
difference between the observed and expected patterns of
paternity (data not shown).
Sighting histories of individual whales can be used to
gain further information on the age of assigned fathers
who were of unknown age. For this analysis, the males
assigned paternity using the 95% criteria with cervus, and
with the exclusionary approach were used. Males assigned
paternity based on the 80% cervus criteria were not used
here because many of the males assigned using this approach
who were not assigned by the exclusionary method mismatched the putative mother–offspring–father relationships
at multiple loci, and were therefore not likely the true fathers.
In situations such as this, where individual reproductive
success is being evaluated, it is desirable to use the more
stringent criteria because random false exclusion of true
fathers will reduce samples size but will not bias results,
whereas including incorrectly assigned fathers will bias
these results (e.g. Cerchio et al. 2005).
The majority (74%) of unknown age males assigned
paternity from 1992 to 2001 based on either the 95% cervus
or exclusionary criteria have sighting histories going back
to the first few years of the study (1980–1981), and were not
seen as calves, suggesting that they were born before regular
surveys began and are therefore older than any male
assigned paternity of known age. Combined, these data
suggest that paternity is biased towards older males, and
that right whales do not obtain their first paternity until
over the age of ~15 years, almost twice the average age of
first fertilization (8 years) in females (Kraus et al. 2001).
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Mate fidelity
The paternities assigned using the 95% confidence criteria
in cervus and/or the exclusionary methods were also used
to assess the potential for mate fidelity in this species,
based on an analysis of individuals identified as parents of
multiple calves. With the 95% criteria, six females had
fathers assigned for more than one of their offspring, and
eight males were identified as fathering multiple calves.
This resulted in 24 different pairwise comparisons of
offspring who share at least one parent and for which both
parents were identified. With the exclusionary method, nine
females had fathers assigned for more than one of their
offspring, and 11 males were identified as fathering multiple
calves. This resulted in 33 pairwise comparisons of offspring
who share at least one parent and for which both parents
were identified. In only one case (the same case under both
criteria) did two offspring share both parents, and inbetween these events, the female involved had an offspring
with a different male. These data are in agreement with
expectations based behavioural and morphological data
(as well as the paternity data presented above) suggesting
that right whales do not exhibit mate fidelity.

Discussion
Paternity analyses
It is noteworthy that there was very close agreement between
the different paternity assignment methods used in this
study. The method of exclusion resulted in 44 paternity
assignments. With the 80% confidence level criterion of
cervus, 54 paternities were assigned. However, ~20% of
these are expected to represent incorrect males being
assigned as fathers (Slate et al. 2000). Accounting for these
results is an estimate of 43.2 correct paternities, which is
almost exactly the number of paternities assigned under the
exclusion criterion. The 95% confidence level criterion of
cervus assigned paternity to 36 calves; however, this
approach is known to not assign paternity to some true
fathers (those with common alleles) due to low Δ scores,
even if they do not mismatch the mother–offspring dyad at
any loci (Marshall et al. 1998; Slate et al. 2000). To estimate
the expected percentage of sampled true fathers that were
excluded using this criterion in the data set, the paternity
simulation function of cervus was used. The genotyping
error rate estimated for these data is ~0.001, based on genotype comparisons of individuals that have been sampled
multiple times (N = 101 duplicate sampling events) and
comparisons of known mother–calf pairs (N = 92) (Frasier
2005). With this error rate and the allele frequencies in this
population, the simulations indicate that 18% of the true
fathers that are sampled would not be assigned paternities
under the 95% criterion. Put another way, the 36 assigned

fathers likely represent only 82% of the true sampled fathers.
Accounting for this bias results in an expectation of 43.9
true sampled fathers in our data set. Again, this result
matches what was obtained using the exclusionary method.
The strict criterion using the method of newpat resulted
in 43 paternity assignments, which again is almost identical
to those assigned based on exclusion. However, allowing
one mismatch in newpat (relaxed criterion) resulted in the
assignment of 50 fathers, indicating that with the exclusionary method, six males were excluded as fathers based
on a mismatch at a single locus. Although these may represent true fathers that mismatch due to genotyping errors
or mutations, two lines of data suggest that this is not the
case and that these males were correctly excluded. First, the
estimated genotyping error rate is ~0.001, and therefore it
is highly unlikely that six genotyping errors would be
observed in a sample of this size. Second, the convergence
of all four of the other methods on an estimate of 44 sampled fathers is indicative of the true number of sampled
fathers being approximately 44. Combined, these data suggest that these males were correctly excluded, even if it was
based on a mismatch at only a single locus.
The close agreement between the paternity assignment
methods, after accounting for the known biases associated
with each criterion, suggests that the paternities assigned
using the exclusionary method are likely the best representation of the actual paternities. These data also confirm that
the subsequent tests we performed based on the two extreme
criteria for paternity assignment do encapsulate what are
likely the true patterns of paternity in this species.

Implications for population size
One of the first results that stands out in this study is the
surprising lack of identified fathers given the percentage of
sampled males in this species. If 69% of all candidate males
have been sampled, then it is expected that fathers for
~69% of all calves should be sampled. However, fathers
were only assigned for 51% of the calves, with all males
being excluded as the fathers for the remaining 49% (based
on the method of exclusion). This represents significantly
fewer paternities than expected (G-test, P < 0.001). This
trend is similar throughout all years of the study (data not
shown), indicating that it is not just the result of a lower
percentage of males being sampled in the early years. The
two potential explanations for this finding are that: (i) the
small percentage of nonsampled males are particularly
successful, and account for all of these paternities; or (ii)
that the population size is larger than is currently estimated,
and therefore there are more nonsampled males in this
species than currently estimated. The results of the
dadshare analyses indicate that the patterns of paternity
in nonsampled males is similar to that for sampled males,
rejecting the hypothesis that the nonsampled males are
© 2007 The Authors
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particularly successful, and suggesting instead that the
population size is larger than is currently assumed.
In North Atlantic right whales, the photo-identification
data suggest that the majority of individuals have been
identified, and that the direct count of individuals is an
accurate census of population size (Clapham et al. 1999).
Therefore, this genetic inference of whales has significant
implications, suggesting that the number of males (and
thus the total population size) may be larger than is currently estimated. Similar results have been found in previous studies of other marine mammals, where surprisingly
few paternities were assigned despite (presumably) exhaustive sampling of the population (Coltman et al. 1998;
Worthington Wilmer et al. 1999). Given the weight of the
implications of this finding on current estimates of population size and assumptions regarding the known distribution
for such an endangered species, this aspect of the data will
be examined in more rigorous detail than is appropriate here,
and will be reported in future studies.

Male reproductive success
The patterns of paternity indicate that there is significantly
more skew in male reproductive success than is expected if
mating is random, with a significant excess of males not
assigned any paternities, a deficiency of males fathering
one calf, and an excess of males fathering multiple calves.
This skew results in the variance in the reproductive success
of fathers being over 1.5 times higher than expected if mating
was random. High variance in male reproductive success is
expected in polygynous species, and these data suggest that
the presumed social mating system of this species, based on
both pre- and postcopulatory mate competition, is indeed
representative of the genetic mating system. To provide
more context for interpretation, these results were compared
to other systems where comparable data on male reproductive success have been reported. To make the data
comparable across studies, the standardized variance (SV
= variance/mean) calculation was used (e.g. Coltman et al.
1998), which was either reported directly in the other studies,
or estimated from data presented in those studies.
The data on variance in male reproductive success show
a clear and expected trend, with known highly polygynous
populations having high variance, and populations thought
to be only slightly polygynous having a low variance
(Fig. 4a). The surprising outlier in this distribution is the
horseshoe bat (Rhinolophus ferrumequinum), which despite
showing reversed sexual dimorphism (females are larger
than males), has a higher variance in male reproductive
success than even the red deer of Rum (Cervus elaphus),
which is frequently the textbook example of a highly
polygynous mating system (e.g. Feldhamer et al. 1999).
Historically, it has been generalized that those populations
with a standardized variance greater than one are poly© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

Fig. 4 Standardized variance (SV = variance/mean) in male
reproductive success across a range of species. Included are data
on the horseshoe bat (HB, Rhinolophus ferrumequinum, Rossiter
et al. 2006), soay sheep (SS, Ovis aries, Pemberton et al. 2004), red
deer (RD, Cervus elaphus, Clutton-Brock et al. 1982), dasyurid
(DYD, Antechinus stuartii, Holleley et al. 2006), brushtail possum
(PSM, Trichosurus vulpecula, Taylor et al. 2000), harbour seals (HS,
Phoca vitulina, Hayes et al. 2006), humpback whales (HW,
Megaptera novaeangliae, Cerchio et al. 2005), and right whales (RW,
Eubalaena glacialis, this study). (a) Values for all populations
considered (b) close-up of populations whose SV is less than one.
In all cases, SV is based only on individuals that have had one or
more offspring (e.g. the ‘zero paternities’ class of males is
excluded) due to uncertainty in the size of the potential male gene
pool in some studies. In cases where multiple estimates were
available (based on strict and relaxed paternity assignment
criteria, for example) the average SV value was used.

gynous, and those with a SV less than one are monogamous
(Boness et al. 1993). This is clearly an oversimplification, as
all of the populations examined here are considered to be
polygynous; however, another pattern is apparent in the
graph based on the degree to which males can control access
to mates and/or resources. Theoretically, it is expected that
those populations where males can control access to females
or resources will have higher variance in reproductive
success than those where males cannot (Emlen & Oring
1977). Such a pattern can be seen in Fig. 4, where the SV
value appears to be related to the degree to which males
can control access to mates. For example, although both
soay sheep (Ovis aries) and red deer have male dominance
hierarchies, red deer harems are relatively stable whereas
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soay sheep females are fairly promiscuous (Pemberton
et al. 1992; Coltman et al. 1999b). Thus, red deer males have
more control over access to mates, and as a result have a
higher variance in male reproductive success.
Similarly, those populations where males have little-to-no
opportunity to control access to resources or mates have the
lowest SV values (Fig. 4a). Indeed, the three populations
with the lowest SV values [harbour seals (Phoca vitulina),
humpback whales (Megaptera novaeangliae), and North
Atlantic right whales] are all aquatically mating marine
mammals. The environmental potential for polygyny (EPP,
Emlen & Oring 1977) is very low for aquatically mating
marine mammals, due to a lack of clustered resources to
which access can be controlled, and the ability to move in
three dimensions limits the ability of males to control
access to mates. Thus, in these systems, males must rely
almost exclusively on other tactics (e.g. sperm competition)
to maximize reproductive success, which clearly do not
allow the same degree of polygyny as mate- or resourcedefence strategies.
These data on male reproductive success are consistent
with the idea of intense sperm competition in right whales.
With sperm competition, it is expected that male reproductive success will be correlated with those characteristics
involved in the production and delivery of sperm (e.g. testes
size and penis length). Males will vary in these traits,
resulting in an increased variance in male reproductive
success over that expected if mating is random. The fact
that the standardized variance in male reproductive success
in North Atlantic right whales is higher than that expected
if mating is random, and the highest value obtained for all
tested aquatically mating marine mammals (including the
humpback whale) (Fig. 4b), suggests that sperm competition is indeed resulting in the relatively high SV, and is
more intense in this species than in the other marine
mammals examined.
The data on testes weight suggest that sperm competition is more intense in right whales than any other mammal.
However, the variance in male right whale reproductive
success is among the lowest reported. These two perspectives can be reconciled by considering the context in which
sperm competition acts in different species. For the majority
of mammals, males are able to control access to resources
or mates to some extent (e.g. Daly & Wilson 1983). In many
of these cases, other reproductive strategies, including
sperm competition, may also be influencing reproductive
success (e.g. Preston et al. 2003; Holleley et al. 2006). However, resource- or mate-defence polygyny results in a much
higher variance in male reproductive success than sperm
competition (Fig. 4). Because the degree to which selection
can act on a trait is related to its variance (Fisher 1958;
Arnold & Wade 1984), then in these systems selection is
expected to be stronger on traits involved in resource- or
mate-defence, than on traits involved in sperm competition.

However, in aquatically mating marine mammals, and
baleen whales in particular, sperm competition may be the
primary (or only) strategy for males to increase their reproductive success. Therefore, sperm competition could be
very intense in this species, but still result in low variance
in reproductive success relative to those systems where
males also compete via resource- or mate-defence. Thus,
right whales may indeed represent one of the most intense
cases of sperm competition in mammals, resulting in a high
variance in reproductive success relative to other marine
mammals, but low relative to mammals in general.
One of the primary factors that influence the ability of
males to control access to mates is the synchrony of ovulation in females (Emlen & Oring 1977). In humpback whales,
there is asynchrony in both female migration times to the
mating grounds and ovulation (Clapham 1996). This asynchrony increases the potential for male reproductive skew
and competition, by providing an environment where it is
possible for one male to fertilize multiple females within a
breeding season. However, females are also spread out on
the mating grounds, reducing the number of potential
mates that one male could conceivably have. Unfortunately, little is known regarding the distribution of female
North Atlantic right whales in the mating grounds, or the
length and synchrony of estrous. The location of the mating
grounds is yet to be identified, and therefore, there are no
data regarding female spatial distribution or behaviour
during the breeding season. Additionally, there is currently
no information available regarding the timing and duration
of estrous. Although right whales have a distinct ‘calving
season’ during the winter months, there is wide variation
around calving dates, suggesting that births take place
over a span of several months (Kraus et al. 1986b). These
data suggest that female ovulation may also be asynchronous, resulting in the potential for males to compete for
multiple mates within a season. This assumption is consistent with the extreme size of right whale testes, which would
presumably require strong selection pressure based on
sperm competition, and is suggestive of a relatively high
potential for polygyny.
Out of all of the paternities assigned, there was only one
case where a male fathered more than one calf in a single
year. This male (individual 1818) fathered two calves in
2001, a year when 31 calves were born, which is the largest
calf year yet recorded for this species. Moreover, although
more males than expected fathered multiple calves, the
average intercalf interval was 5.7 years, which is not suggestive of particular males having periods of heightened
reproductive success. If males formed dominance hierarchies, it would be expected that specific males would have
particularly high reproductive success in a clustered period
of time, corresponding to their rein at a high rank. However,
the clear lack of this pattern supports the hypothesis that
the mating system of right whales is not based on dominance
© 2007 The Authors
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hierarchies. Additionally, only one case was found
throughout the 20 years where the same pair mated. These
data suggest that full-siblings are rare in this species and,
similar to humpback whales (Clapham & Palsbøll 1997),
show that right whales are promiscuous and do not show
fidelity to specific mates.

Reproductive success and age
In many studies of paternity, age has a significant influence
on male reproductive success. This is usually due to older
males having larger traits for male–male competition (e.g.
horns, Coltman et al. 2002), or higher ranks in dominance
hierarchies (Widdig et al. 2004). A similar pattern was also
found for North Atlantic right whales, where paternity was
biased towards older males, with most males not obtaining
their first paternity until they reach an age that is almost
twice the average age in first fertilization in females
(~15 years in males vs. ~8 years in females). Due to the fact
that in mammals lower energetic requirements are necessary
for males to become sexually mature than females (Daly &
Wilson 1983), it is likely that males are physiologically
capable of becoming sexually mature at a similar age (if not
earlier) than females, suggesting that a processes such as
mate competition is preventing younger males from reproducing. This result also suggests that there are no other
mating strategies available for males, such as younger
males ‘sneaking’ paternities, as is found in some other
species (e.g. Coltman et al. 1999b). However, in right whales,
there are no clear external characteristics that would make
males more successful with age.
Right whale growth rates slow well before individuals
reach the estimated age of sexual maturity (Whitehead &
Payne 1981), and studies to estimate the age of individuals
based on length and/or length proportions have not had
success in ageing whales over the age of 10 years due to the
similarity in these measurements of whales ages 10 years
and older (Sironi et al. in press). Therefore, size does not
appear to be related to the increased reproductive success
of older males. Additionally, right whales do not have traits
for male–male competition that would change with age. It
has previously been hypothesized that the callosities on the
heads of right whales are used in male–male competition
(Payne & Dorsey 1983), but this hypothesis has yet to be
rigorously tested. Moreover, callosity patterns are stable
throughout the lifetime of the whales, which is what makes
them useful for individual identification, and therefore
they would not be related to older males being more successful, even if they are used in male–male competition.
Thus, there is a lack of external characteristics that seem
reasonable as candidate traits for driving the differential
reproductive success of older males. Finally, there is no evidence of a dominance hierarchy in right whales, even in
apparent mating groups (Kraus et al. 2001), and given the
© 2007 The Authors
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lack of defensible resources and lack of control over female
movements, it seems unlikely that a hierarchy exists.
Two reasonable hypotheses that are based on ‘internal’
characteristics are learned skill in surface active groups,
and increased testes development in older males. For North
Atlantic right whales, SAGs are seen most frequently during
the summer and autumn months, when the whales are in
feeding habitats. Based on an estimated 12-month gestation
period (Best 1994), and calves being born in the winter,
these apparent mating groups are not occurring at the right
time for fertilization to occur. This has raised the question
as to why whales would spend a large amount of time and
energy engaged in this activity during a time when feeding
should be the highest priority, and when this behaviour is
not resulting in fertilizations (Kraus et al. 2007). One of the
current hypotheses is that this behaviour represents ‘practice’, where males are developing the skills and stamina
necessary to obtain fertilizations during the mating season
(Kraus et al. 2001). It is possible that it takes years for males
to become competitive in SAGs, which could result in the
differential reproductive success of older males. Parks et al.
(2005) described a ‘gunshot’ sound that only adult males
are known to make. These sounds are produced in SAGs or
while males are alone or in pairs. The authors hypothesized that these sounds could serve as advertisement for
females or serve an agonistic signal to other males. The fact
that only adult males make this sound adds further weight
to the hypothesis that males may learn certain behaviours
with age that allow them to compete for access to females.
A second hypothesis is that the large testes are still developing even after males have reached a large body size.
Thus, the testes may not be fully developed and/or productive in younger males, which could result in males not
being reproductively successful until an older age than
expected based on external body size. Preliminary work on
androgen hormones show that levels are vastly higher in
adult males than in juveniles (Rolland et al. 2005), which
makes this hypothesis feasible; however, more data are
needed to assess and compare hormone levels in males of
specific ages.
There are no other baleen whale species for which direct
data are available to estimate the age at which males gain
their first fertilization. For these other species indirect data
have been used to estimate the age of sexual maturity. For
example, in humpback whales the involvement of males in
‘breeding-related’ behaviour has been used to estimate that
males reach sexual maturity at a similar age as females
(Clapham 1992). However, the data presented here suggest
that this criterion may be misleading. The fact that right
whale males of all ages participate in SAGs (Kraus &
Hatch 2001; Best et al. 2003), and that the bias in the age
distribution of successful males is unrelated to any identified external characteristics (e.g. size), suggest that for
baleen whale species, the realized reproductive biology of
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males may be quite different than would be expected based
on indirect data such as size and/or behaviour.

Conclusion
The understanding of reproductive success and the reproductive problem in the North Atlantic right whale have
previously been based solely on data from females, with
nothing known about male reproductive success. The
analyses presented here increases our understanding of
reproduction by adding data from the male perspective.
Specifically, these data show that the patterns of male
reproductive success are significantly different than expected
if mating is random, but are consistent with the behavioural
and physiological data suggesting promiscuity in both sexes
and strong pre- and postcopulatory competition between
males. This system results in a high variance in male reproductive success for an aquatically mating marine mammal,
but still a relatively low variance for mammals in general.
The competition between males also results in a bias in the
age distribution of successful males, with reproduction being
limited to only older males. From an evolutionary perspective, this system likely leads to increased reproductive
success of males with better competitive skills and/or
characteristics and reduced reproductive success of males
that are less well-equipped for such competition. However,
from a conservation genetics standpoint, this system reduces
the number of reproductively successful males, and therefore
the effective population size (Ne), which in turn increases
the rate at which genetic diversity is lost in small populations
such as this one.
In addition to its small population size, the North Atlantic
right whale also has extremely low levels of genetic diversity.
Indeed, where comparable data are available, this species
has lower diversity than the cheetah (Acinonyx jubatus)
(Frasier et al. 2007), which has historically been one of the
most public examples of a species with low genetic diversity
and the consequences thereof, although that understanding
has been largely revised (e.g. Caughley 1994). One of the
primary hypotheses for the long-term reduced reproductive potential of the North Atlantic right whale is this low
level of genetic diversity and/or inbreeding (Frasier et al.
2007). Specifically, it is hypothesized that the low genetic
diversity is resulting in the genetic similarity and incompatibility of a large portion of mating pairs, which in turn
is resulting in a high rate of spontaneous abortion and
reduced reproductive success. In order to test this hypothesis, it is necessary to have genetic profiles for mating pairs
and their offspring (sensu Ober et al. 1998). Therefore, in
addition to addressing the issue of the mating system and
male reproductive success in this species, this study has also
identified specific mating pairs that will be used to test the
hypothesis that genetic factors are influencing reproductive
success and recovery in the North Atlantic right whale.
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This study combined data from two ongoing long-term aspects of
North Atlantic right whale research; the photo-identification/
sightings database, and the genetic database. All authors played a
key role in one or more of the following ways: photo-identification
fieldwork and analyses, sample collection, and genetic analyses.
The overall goals of these projects are to identify the factors
preventing the recovery of this endangered species, to identify
appropriate conservation/management measures, and to provide
the data necessary to conduct these analyses and monitor/assess
trends through time.
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