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To examine whether demographic and life-history traits are correlated with genetic
structure, we contrasted mtDNA lineages of individual humpback whales (Megaptera
novaeangliae) with sighting and reproductive histories of female humpback whales
between 1979 and 1995. Maternal lineage haplotypes were obtained for 323 whales,
either from direct sequencing of the mtDNA control region (n = 159) or inferred from
known relationships along matrilines from the sequenced sample of individuals (n =
164). Sequence variation in the 550 bp of the control region deﬁned a total of 19
maternal lineage haplotypes that formed two main clades. Fecundity increased
signiﬁcantly over the study period among females of several lineages among the
two clades. Individual maternal lineages and other clades were characterized by
signiﬁcant variation in fecundity. The detected heterogeneity of reproductive
success has the potential to substantially affect the frequency and distribution of
maternal lineages found in this population over time. There were signiﬁcant yearly
effects on adult resighting rates and calf survivorship based on examination of
sighting histories with varying capture-recapture probability models. These results
indicate that population structure can be inﬂuenced by interactions or associations
between reproductive success, genetic structure, and environmental factors in
a natural population of long-lived mammals.
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Variation in reproductive success among
individuals of either sex, as well as
among groups or cohorts, is well known
in some wild populations of animals
(Clutton-Brock 1988, 1989). It has generally been accepted that heritability of lifehistory characteristics related to fitness,
such as female fecundity, is low (Charlesworth 1994; Nunney 1995; Roff and
Mousseau 1987). Differential mating
success and fecundity has been more
recently associated with individual variation in phenotype, age-structured
effects, and short-term environmental
change related to climate, population
density, or habitat quality (Clutton-Brock
1988; Hewison 1997; Magrath 1989; Price
and Grant 1984; Sinervo and Zamudio
2001; Stoleson and Beissinger 1997).
While annual variation in reproductive
success has been suggested to account
for differences in observed heterozygosity and higher inbreeding coefficients
(Scribner et al. 1993), there are few
examples where heritability (genetic or
cultural) is correlated with variable reproductive success (Austerlitz and Heyer
1998). Recent modeling suggests that

variation in reproductive success may
affect the level of genetic diversity
(Tiedemann and Milinkovitch 1999).
More often, such correlations with lifehistory traits are attributed to environmental, or more broadly, stochastic
differences.
It has long been an objective of population genetics to integrate life-history
parameters into understanding changes
in allele frequency (Wright 1951). However, the lack of resolution of molecular
markers and a paucity of appropriately
detailed demographic structure and lifehistory information have made this analysis difficult in nonhuman populations
(Clutton-Brock 1988, 1989). Only recently
have molecular markers permitted the
direct study of the interaction between
population genetic structure and mating
systems in a broader evolutionary context beyond the individual level. Correlation of trends in fecundity, survivorship,
and resighting for both genealogy and
distinct genetic lineages within a natural
population provides a new approach to
a fundamental question of traditional
population genetics. Here we examine
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Figure 1. Survey areas of Jeffrey’s Ledge and Stellwagen Bank for humpback whales in the Gulf of Maine
between 1979 and 1995.

the interaction between genetic structure
and fecundity in a long-lived nonhuman
mammal and the consequences any association might have on maternal lineage
distribution and viability in the study
population.
The North Atlantic Ocean population
of humpback whales consists of several
relatively discrete feeding subpopulations (Katona and Beard 1990) with
matrilineal fidelity (Clapham and Mayo
1987, 1990). One of these subpopulations
is found in the Gulf of Maine during the
months of April through December in the
waters around Stellwagen Bank and
Jeffrey’s Ledge (Clapham et al. 1993;
Weinrich et al. 1997) (Figure 1). This
seasonally residential subpopulation of
humpback whales has been studied
extensively since the 1970s. Because
individuals are identifiable by natural
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markings on the ventral surface of their
tail flukes and dorsal fins (Katona and
Whitehead 1981), patterns of social organization and seasonal presence for Gulf
of Maine humpback whales have been
tracked from 1979 until the present (e.g.,
Clapham 1992; Clapham and Mayo 1987;
Weinrich 1991, 1998; Weinrich and Kuhlberg 1991; Weinrich et al. 1997).
Mitochondrial DNA (mtDNA) as a maternal molecular marker has proven to be
useful in identifying population structure
and confirming consistent matrilineal recruitment of calves into the Gulf of Maine
from a common breeding area (Baker et al.
1990; Clapham et al. 1993; Palsbøll et al.
1995). While population structure appears
to be governed by maternal fidelity to
a feeding area (Baker et al. 1990, 1994a;
Palsbøll et al. 1995), the local distribution
of whales throughout the Gulf of Maine

appears largely dependent on prey distribution and abundance (Payne et al. 1990;
Weinrich et al. 1997) with minimal effects
due to predators (Clapham 1996). It has
been presumed that prey availability
results in occasional disturbances in
temporal and spatial distribution rather
than significant short-term changes in
genetic variation or survivorship of animals within the Gulf of Maine.
Dramatic changes in frequency and age
structure of individual maternal lineages
across time have also been observed
where substantial growth, redistribution,
and local mass mortality have occurred
over the last three decades (Baker et al.
1994b). The potential for combining
molecular and ecological data to evaluate
genetic consequences of natural events
was demonstrated by Baker et al.
(1994b). In that study, 8 of 10 victims of
a natural mortality shared two of the less
common maternal lineage haplotypes in
this region, providing the first evidence
for association between maternal lineage
composition and demography.
In order to examine the potential
interactive effects of population genetic
structure with survival and reproductive
success, we surveyed variations and correlations of life-history and demographic
parameters with genetic structure using
genealogical reconstruction of maternal
lineages of humpback whales in the Gulf
of Maine over a 16-year period (1979–
1995). This approach was undertaken to
determine if differential fecundity and
reproductive success are correlated with
the evolution of maternal genealogy or
distinct matrilines within this population.
Pronounced variation in the distribution
and frequency of maternal haplotypes
within this population can arise from a
relationship between maternal lineage
variability and fecundity, raising questions about the process which potentially links the two and how genetic variation
is interpreted for conservation and management of an endangered species.

Materials and Methods
Sighting Data and Capture-Recapture
Histories
Extensive life-history data (spatial, temporal, social, reproductive, and behavioral)
have been collected for the majority of
the sampled individuals and their
known relatives. Daily surveys were
conducted (weather permitting) aboard
commercial whale-watching boats and
dedicated vessels primarily operating

from Gloucester, Massachusetts, from
April 1 to November 1 in each year
from 1979 to 1995. The study area
included Stellwagen Bank and Jeffrey’s
Ledge, two underwater glacial deposits
off the New England coastline (Figure
1). Humpback whales were photographically identified by pigment variation on
the ventral surface of the tail flukes and
scarring and shape of the dorsal fin
(Katona and Whitehead 1981). Mother/
offspring relationships were determined
by accepted field techniques (Clapham
and Mayo 1987, 1990; Weinrich et al.
1992). Further details on field methods
can be found in Weinrich and Kuhlberg
(1991) and Weinrich et al. (1991).
Skin samples for genetic analysis were
collected using a biopsy darting procedure (Lambertsen 1987; Weinrich et al.
1991) from 159 individually identified
free-ranging humpback whales in the
southern Gulf of Maine between 1988
and 1993. Any other whales known to be
part of the same matriline of a sampled
whale through photographic identification studies (e.g., calves of a sampled
female, a mother of a sampled calf, as
well as the calf’s half-siblings) were
assigned the same mtDNA haplotype. As
our photographic identification work includes a maximum of three generations
within a matriline, we feel the assumption that there were no mutations in the
mtDNA between direct descendants is
justified for the study.
Molecular Studies
Total genomic DNA was isolated from the
epidermal layer of tissue biopsies using
standard proteinase K/phenol/chloroform procedures (Sambrook et al. 1989).
A portion of the mtDNA control region,
a noncoding region that is highly variable
in many vertebrates (Vigilant et al. 1991),
was amplified using polymerase chain
reaction (PCR). Two oligonucleotide
primers (Dlp 1.5 and Dlp 5) have been
developed to amplify a 550 bp fragment
within the mtDNA control region of
humpback whales (Baker et al. 1993)
and from other mammals (Kocher et al.
1989; Southern et al. 1988). This 550 bp
region contains the majority of variable
nucleotide positions in the mtDNA control region of the humpback whale (Baker
and Medrano-Gonzalez, 2002; Baker et al.
1993). PCR products were purified using
Bio 101 Gene Clean II (manual sequencing) or Centricon 100 columns (automated sequencing) according to the
manufacturer’s protocol.

Automated DNA sequencing of PCR
products was done using cycle sequencing with fluorescently labeled dideoxy
terminators and an Applied Biosystems
373A DNA sequencer. Determination or
confirmation of gender (from field observations of presence or absence of a hemispherical lobe on the ventral surface
posterior to the genital slit or by association with a calf) was accomplished using
molecular methods. Gender was assigned
by PCR amplification of a Y chromosomespecific sequence and amplification and
subsequent TaqI digestion of homologous regions on the X and Y chromosomes (Palsbøll et al. 1992; Richard et al.
1994).
Data Analysis
DNA sequence variation patterns were
characterized into existing haplotype
definitions for this species according to
the nomenclature of Baker et al. (1993).
Sequences for this portion of the mtDNA
control region were maintained for each
individual in MacClade (version 3.01;
Maddison and Maddison 1992). Alignment of DNA sequences from the mtDNA
control region was performed using
MALIGN (Wheeler and Gladstein 1992).
The genealogy of Gulf of Maine mtDNA
control region haplotypes was generated
via parsimony using both the branch and
bound and stepwise addition heuristic
search options in PAUP (version 4.0;
Swofford 1998) and rooted with homologous sequence from closely related intraand interspecific outgroups (Baker et al.
1993). Strict consensus trees were constructed from all trees saved in the
branch and bound search. Bootstrap
values (Felsenstein 1985) were generated
from 100 heuristic search replicates in
PAUP (version 4.0; Swofford 1998).
Bremer supports (Bremer 1994) were
generated with AUTODECAY (Eriksonn
1998) using five random-addition heuristic searches for each node.
Fecundity Among Maternal Lineages
Correlations among maternal lineage
haplotypes and life history were tested
using summary measures such as fecundity, annual survival, and recapture histories. Survival data and reproductive
profiles were sorted by maternal lineage
haplotype for known females over the 16year study period. We calculated fecundity as the proportion of years in which
a reproductively mature female was
recorded with a calf during the study
period. This enabled us to assess the

extent to which individual maternal
lineages vary in reproductive success,
while controlling for sampling effort and
probability of recapture. Heterogeneity
in fecundity was examined based on
resolution in the genealogy at different
levels (I–V) including two main lineages,
individual lineages where sufficient data
exist for statistical power, and other
clades below the two primary clades
where sufficient fecundity data and naturally resolved groupings in the genealogy exist (see Figure 3 for a graphical
representation of these levels). These
levels represent the various hierarchical
nodes in the genealogy. The genealogical
analysis offered independent justification
to partition or pool rarer lineages based
on levels of resolved nodes or branch
support in order to test for correlations
with life history. Testing for associations
of fecundity with maternal lineage at
different genealogical levels allowed
us to consider the persistence of any
detected relationship throughout the
genealogy. Statistical significance of
differences between reproductive success and lineage groupings (levels I–V)
was determined by using a Kruskal–
Wallis and a Fisher’s exact test (twotailed), owing to low (less than five)
counts in certain cells of a contingency
table analysis. Statistical testing of all individual maternal lineages (below level I)
was not appropriate due to low numbers
of females for certain lineages. To improve the power of the comparison,
fecundity was classified into rates of less
than 0.25 (low), 0.25–0.49 (medium), or
0.5–1.0 (high), and contrasted with the
various levels throughout the genealogy
with a Fisher’s exact test (two-tailed).
Temporal trends in fecundity were
examined throughout the 16-year (1979–
1995) study period. Average fecundity
was calculated among all females in
aggregates of known reproductive age
and regressed, using least squares linear
regression, against year of observation.
Trends were examined among females of
the two main clades (BCD versus IJK,
level V). Data were again too sparse to
contrast individual maternal lineage haplotypes, but fecundity was calculated for
each female and contrasted among four
additional different maternal lineage
combinations based on resolution in the
genealogy and where sufficient data
existed (level I: individual haplotypes C,
D, I; level II: C, D1-D, I-I1-I2, K2-K3, and
J-J1-J2-J3; level III: BCD, I-I1-I2, K1A-K2-K3J-J1-J2-J3-J4; and level IV: C,D-D1, and I-I1-I2,
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J-J1-J2-J3) for a finer resolution analysis
(Figure 3). Multiple tests in this study
were conducted in a nested fashion and
were not repeated tests of the same
hypothesis on exactly the same datasets. The latter is the typical situation
where a correction for multiple comparisons is needed (Perneger 1998).
Because individual females were observed for variable durations (1–16
years), estimates of calving rates were
potentially susceptible to sampling error
based on the number of years a female
was observed. For example, females with
a higher number of resightings are likely
to be observed with a calf more frequently than females with fewer resightings. In
order to eliminate this bias, the probability of nonindependence between recapture and reproductive histories was
investigated. Estimates of the coefficient
of variation (CV) in reproductive rates
became much more precise (CV , 50%)
after a threshold of 5 years of observation. For females observed for less than
5 years, coefficients of variation in their
individual reproductive rates varied over
time between 60% and 110%. In comparison, coefficients of variation varied
between 18% and 38% for individuals
observed over a longer period of time
(i.e., 6–16 years). Therefore we included
in the analysis only those 40 females
(46% of a total of 87 individual females)
observed for 6 years. This did not
introduce further bias, because there
was no difference in the proportion of
individuals of different haplotypes and
the number of years they were observed
(likelihood ratio [LR] v2; df 5 36; v2 5
40.64; P 5 .273). There was also no
significant relationship between the number of years a female was observed and
her reproductive rate (df 5 86; r 5
0.0355; P 5 .745).

Reproductive Success and Annual
Survival
Survival rates were based on resighting
data of individually identified whales in
the Gulf of Maine from 1979 through
1995. Because some individuals were not
seen in some years, estimates of survival
based on observations may confound
survival with the likelihood of resighting
(Clobert et al. 1987; Cooch et al. 1996).
We therefore employed maximum likelihood techniques to obtain separate
estimates of survival (/) and resighting
rates (p), using the software SURGE 4.2
(Cooch et al. 1996).
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Capture-recapture models include
three assumptions (1) / and p are
homogeneous within any subgroup, (2)
marking is accurate and permanent, and
(3) the resighting or death of any individual is independent of the fate of
other individuals (Burnham et al. 1987).
The recommended technique for testing
assumption 1 is to use the goodness-of-fit
tests (tests 2 and 3) of the program
RELEASE (Burnham et al. 1987; Cooch
et al. 1996). However, our data were too
sparse for this analysis. Instead, we
considered calves and adults separately,
and used an overall goodness-of-fit chisquare test to compare observed frequencies with model predictions. For the
second assumption above, individuals
were identified by natural and permanent
variations in ventral fluke pigmentation
(Katona and Whitehead 1981); any variation in coloration of tail flukes after birth
year did not dramatically affect annual
sighting histories. Because whales travel
in groups and occasionally form stable
social affiliations, the probability of resighting individuals at any one time may
not be independent (assumption 3 above;
Weinrich 1991, 1998; Weinrich and Kuhlberg 1991). However, we considered
resightings on an annual basis, so such
dependence is likely to be reduced.
Although the probability of resighting
and possibility for calf mortality are
linked to that of their mothers, the fact
that we analyzed the two groups
separately precludes any potential problems of nonindependence. Individuals
were considered to be nonadults from
birth until their fifth year of life (Clapham
and Mayo 1990) or until they produced
a calf.
Model selection followed the stepdown methodology suggested by Lebreton et al. (1992), by modeling resighting
probabilities first to retain as much
power as possible for tests of survival
parameters. We assessed the effects of
year (y) and haplotype (h) on resighting
rates to test for genetically based variation as well as to account for potential
variation in observer effort from year to
year. We also assessed the effects of
haplotype (h), clade level V (c), year (y),
and age (a) on survival for female calves.
Age effects on resighting and survival
were not considered for adults because
we had no a priori criteria for delimiting
meaningful age classes. The effects of
year (and age) were modeled first to
maintain power for tests by maternal
lineage haplotype. The model structure

with the lowest Akaike Information Criterion (AIC) was selected as the most likely
model (Lebreton et al. 1992). Formal tests
of specific effects used LR tests between
nested models. Model selection for
calves used modified full capture histories that were coded as zero after 5 years
(termed dummy variables). Subsequent
analyses ignored effects based on ages
greater than 5 years.
Projections of Genetic Variation
Fecundity and survivorship rates were
used to construct a simple deterministic
model to project likely population trajectories for individual haplotypes within
the Gulf of Maine population. The model
considered females only and was based on
postbreeding censuses, as the actual data
were collected this way. Two age classes,
calf and adult, that differed in survival
rates and fecundity were used. The model
incorporated the fecundity and survival
values determined for each haplotype
from the analyses described above.
The model rests on six assumptions:
(1) males do not affect the survival and
reproduction of females, (2) rates of
survival and fecundity are constant
among individuals within an age class
and among years, (3) breeding occurs in
a single birth pulse, (4) the sex ratio of
offspring is 50:50 and does not vary
among haplotypes, (5) the population is
near a stable age distribution, and (6)
parameters are not density dependent.
The second assumption in particular is
unlikely to be true, as both fecundity and
survival can vary among females and
across years (see Results). Limited evidence also shows that maternal condition among some females may affect
offspring sex ratio (Wiley and Clapham
1993). However, slight violations of these
assumptions are unlikely to affect the
qualitative results of the model (Noon
and Sauer 1992). Populations were projected for 75 years from the present,
beginning with an initial population of
100 individuals distributed in a stable age
distribution. Numbers of individuals
within each maternal lineage in the
starting population approximated the
overall proportion of adults known for
each maternal lineage recorded during
the study period.

Results
Genealogy
Maternal lineage haplotypes were determined for a total of 323 animals, either by

direct sequencing (n 5 159) or by assignment based on known relationships
along matrilines (n 5 164), including
recent births and deceased individuals.
A total of 23 variable and informative
nucleotide sites defined 19 unique haplotypes within the population of known
and sampled individuals from the Gulf of
Maine (Figure 2). Haplotypes were consistent in type and number with Baker
et al. (1993, 1994a) and Palsbøll et al.
(1995). Direct sequencing of a larger
portion of the mtDNA control region, as
well as a more representative sample size
presented here, reveals greater haplotype diversity than observed in earlier
studies (Baker and Medrano-Gonzalez
2002) (Figure 2). Fifteen additional sites
were found to be polymorphic with respect to a North Pacific humpback whale
and/or the homologous fin whale sequence. Whales that possess the same
haplotype have been grouped together
by letter and numerical designation.
Haplotypes are labeled so they may be
connected by one or more mutational
steps to the next haplotype.
The strict consensus genealogy of
haplotypes is shown in Figure 3. Stepwise
addition heuristic or branch and bound
searches of haplotypes resulted in 15
equally parsimonious trees, each containing 37 steps (confidence interval 5
.622; RI 5 .860). Bootstrap values and
decay indices provided support for the
two principal clades containing BCD and
IJK lineages. The topology for the mtDNA
control region genealogy shown in Figure
3 is consistent with that of Baker et al.
(1994a). The present and previous studies (Baker et al. 1994a; Palsbøll et al.
1995) do not test whether any of the
maternal lineages are correlated with
specific geographic areas within the Gulf
of Maine.
Relationships of Fecundity With
Genealogy
There was no significant difference in
mean fecundity (number of calves per
female accounting for heterogeneity of
recapture probability over the study
period) between the females found in
the two clades (level V; Kruskal–Wallis
test, v2 5 0.028; df 5 1; P 5 .867). The distribution of fecundity across low (0–0.25),
medium (0.25–0.5), and high (greater than
0.5) categories also did not differ among
the two principal clades (level V; Fisher’s
exact test, P 5 .133).
We tested individual maternal lineages
and other clades for differential fecundity

Figure 2. Haplotype designations for humpback whales in the Gulf of Maine. Sequences are aligned to both
the homologous sequences for a North Pacific humpback whale, SEA 09, and the fin whale (Balenoptera
physalus). This figure shows only the variable sites spanning the 550 bp amplified region of the mtDNA control
region; other invariable sites are not included. Dots indicate matches with the reference sequence, SEA 09. The
numbers above indicate the nucleotide position of the polymorphic sites in the control region sensu Baker et al.
(1993).

over the study period. Based on fecundity, the proportion of individuals varied
among the groupings of maternal lineages. There were no significant differences found among level I lineages
(Fisher’s exact test 5 0.630) or level IV
lineages within the BCD clade (Fisher’s
exact test 5 0.300). Significant differences in fecundity were detected among
females at level II (Fisher’s exact test 5
0.052), level III (0.019), and level IV
lineages within the IJK clade (Fisher’s
exact test 5 0.048).
Examination of level II lineage groupings revealed that females with the highest fecundity (probability of being
observed with a calf . 0.5) were present
in maternal lineage C (33%) and clade I-I1I2 (24%). Clades D1-D, J-J1-J2-J3, and K2K3 had no females that would be characterized with high reproductive rates.
Individual females with the lowest fecundity (probability of being observed with
a calf , 0.25) were most frequent in the
K2-K3 (50%) and J-J1-J2-J3 (60%) clades,
with lineage C and clade D1-D having no
females with low reproductive rates.
Thus fecundity could be characterized
as generally high in lineage C and clade I-

I1-I2, intermediate in clade D1-D, and low
in the K2-K3 and J-J1-J2-J3 clades.
Temporal Relationship of
Reproductive Success and Genealogy
A significant difference in fecundity by
year was detected from 1979 to 1995 for
887 sighting records of reproductive-age
females (LR v2 5 28.01; df 5 16; P 5 .032).
When a genetic component is included to
test reproductive success by year for the
two clades (BCD versus IJK), a strong and
increasing temporal trend was observed
in fecundity in reproducing females of
the IJK clade (F 5 23.9; df 5 1; P 5 .002),
growing steadily by a product of 1.022
each year (Figure 4). No trend was
observed among females of the BCD
clade (F 5 0.372; df 5 1; P 5 .553).
Patterns of Survival and Resighting
History
For calf survival, the model with the best
fit (as defined by the lowest AIC value)
occurred where resighting probabilities
for calves varied with age (Table 1; model
7). There was no significant effect of year
by haplotype interaction on resighting or
any effects associated with maternal
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best model for adult rates provided
a good fit to the data based on a
goodness-of-fit test (v2 5 5.27; df 5 16;
P 5 .994).
Population Projection and Genetic
Variation
The projections for Gulf of Maine humpback whales, based on the empirically
determined survival, resighting, and reproductive rates suggest that the population will increase over the next 75
years. However, the fate of individual
haplotypes varied due to the differential
fecundity among haplotypes (Figure 5).
The B lineage disappeared entirely from
the population. The C, D1, J, J1, J3, J4, K,
and K1A lineages persisted, but declined.
In contrast, the D, I, I1, K2, and K3
lineages increased with time. After 75
years, the proportion of the female
population comprising the BCD clade
declined 11%, from 33% to 22% of the
population, while the proportion of the
population comprising the IJK clade increased 30%.

Discussion

Figure 3. Genealogy of 19 unique haplotypes from Gulf of Maine humpback whales. This figure shows the
consensus tree constructed via the parsimony method from a branch and bound search in PAUP version 4.0
using 100 random addition replicates (number of trees 5 15, length of shortest tree 5 37, CI 5 0.622, RI 5 .860).
Clade stability was evaluated using both bootstrap analysis and Bremer support analysis (decay indices).
Bootstrap values (50) are shown above the branches. Bremer supports are shown below the branch. The set
of bars to the right of the genealogy (I–V) illustrates the stepwise process of aggregating lineages based on
resolution in the genealogy to test for differences in fecundity (i.e., the hierarchical levels in the genealogy
which are used to test for such associations). Sample size (N) and reproductively mature females per haplotype
(see text) are shown. Fecundity is summarized as a mean for each haplotype by the number of calves per
sexually mature female normalized for total number of years sighted.

lineage on survival. Individuals were less
likely to be seen during their first postweaning year than between the ages of
2–5 years (Table 2). Calf survival varied
among years, but was not significantly
affected by age among the lineages
analyzed (Table 1). The best model
provided a good fit to the observed resighting data (goodness-of-fit test, v2 5
2.28; df 5 16; P 5 .999). Annual survival
rate averaged 0.702 over 16 years, and
ranged from 0.142 to 1.000 (Table 2). The
lowest calf survival estimates occurred
between 1993 and 1995.
The best-fitting model for adult female
survival indicated that resighting varied
significantly among years and survival
was constant (Table 3, model 7). A model
incorporating annual variation in resight-

394 The Journal of Heredity 2002:93(6)

ing rates provided a significantly better
fit to the data than otherwise identical
models with haplotype-dependent resighting (i.e., encountering certain lineages preferentially to others) or a
constant rate of resighting (Table 3,
models 1 and 2 versus 3). Models including variation in survival based on year,
haplotype, and clade also failed to provide a significantly better fit than did
a simpler model with a constant, common survival rate (Table 3, models 4, 5,
and 6 versus 7). The estimated annual
survival of adult female whales in the
Gulf of Maine was high: 0.96. Based on
the most likely model, survival and
resighting rates for adult whales did not
differ significantly between different haplotypes or among years (Table 4). The

For the most part, studies involving life
history and genetic structure, particularly in cetaceans, have been conducted
separately from one another. This study
represents a detailed evaluation of the
correlation of lifetime reproductive success with patterns of genetic variation in
whales. Such associations at this specific
level are typically detected in the context
of controlled breeding experiments of
organisms usually with shorter generation times or among isolated human
populations with detailed demographic
records (Austerlitz and Heyer 1998; Roff
1992). These experiments often measure
the influence of selected quantitative
traits on life history (Leroi et al.
1994a,b; Roff and Mousseau 1987). In
related work, correlations between heritability of reproductive success among
different sexes have also shown a manifestation of heterogeneity in phenotypic
differences within a population (Sinervio
and Zamudio 2001). Previous studies
among whales have drawn links between
life history and genetic diversity, but
these have focused on the influence of
migratory behavior over an entire population rather than on individual lifehistory traits (Baker et al. 1990; Palsbøll
et al. 1995). Here we examine whether an
association of fecundity occurred within

natural groupings of maternal lineages
throughout the genealogy. These associations may be attributed to reproductive
success having some underlying correlation with genetic or cultural maternal
heritability, environment, or interaction
between the two factors. Given neutral
theory, direct selective effects associated
with this mitochondrial marker are unlikely, but cannot be fully excluded. The
possibility of genetic imprinting or maternal effects (noncultural) that produce
differences in fecundity between the
clades cannot be excluded as well. While
a genetically or culturally inherited
mechanism for differential reproductive
success is not understood, maternal
lineage variation and life-history characteristics appear to be correlated to
varying degrees of evolutionary and
ecological scales.

Association of Fecundity With
Genealogy
Variation in the mtDNA control region
allows for the designation of individuals
as members of a particular maternal
lineage. These maternal lineages are used
to partition variation in life-history parameters. Furthermore, the genealogy of
mtDNA lineages is used to guide the
appropriate hierarchical levels of analysis for testing higher-level correlations
with life history. Based on the genetic
results and availability of demographic
data, we felt that there were five major
levels suitable for examination based on
hierarchical levels within the genealogy.
While no significant trends in fecundity
were found at the lowest and highest
levels (levels I and V), comparisons of
fecundity based on resolved clades in the
genealogy revealed that statistically sigTable 1.

Figure 4. Regression of reproductive success among the two main clades by year. Females of the IJK clade
show a significant increase in fecundity (R2IJK 5 0.615) over the 16-year period (dashed line), while fecundity
remains relatively constant (R2BCD 5 0.024) among females of the BCD maternal lineages (solid line).

nificant differences do exist between
natural groupings of these maternal
lineages (levels II, III, and part of IV).
At the level of the two strongly supported clades (level V), a regression of
fecundity by year reveals that the IJK
clade shows a highly significant upward
trend over time from 1979 to 1995, while
the lineages within the BCD clade remain
constant (Figure 4). Because fecundity of
the IJK clade was low relative to the BCD

clade early in the study and high late in
the study, comparisons of mean differences and distributions of fecundity
values were not significantly different
between clades. We would, however,
expect them to become significant over
time should the clade-related trends we
observed in fecundity continue as shown
in Figure 4. These results contradict
a lack of significant findings in yearly
reproductive success by Barlow and

Resighting and survival of humpback whale calves in the Gulf of Maine

Model

NP

DEV

AIC

Modeling resighting rates (p)
(1) /y 3 a, py 3 a
(2) /y 3 a, py
(3) /y 3 a, pa
(4) /y 3 a, ph
(5) /y 3 a, p

64
48
35
39
33

289.24
304.10
312.60
310.22
321.31

417.24
400.10
382.60
388.22
387.31

Modeling survival rates (/)
(6) /y 3 h, pa
(7) fy, pa
(8) /a, pa
(9) /h, pa
(10) /c, pa
(11) /, pa

99
19
6
9
5
4

273.75
336.30
376.51
376.99
377.06
377.20

471.75
354.30
388.51
394.99
387.06
385.20

LR test between models

(1)
(2)
(3)
(4)

vs.
vs.
vs.
vs.

(5):
(5):
(5):
(5):

Source of variation tested by LR

v231 5 32.07, P 5 .41
v215 5 17.21, P 5 .31
v22 5 8.71, P 5 .01
v26 5 11.09, P 5 .09

(6) vs. (11): v295 5 103.45, P 5 .26
(7) vs. (11): x215 5 40.90, P , .0010
(8) vs. (11): v22 5 0.69, P 5 .71
(9) vs. (11): v25 5 0.21, P 5 .99
(10) vs. (11): v21 5 0.14, P 5 .71

NS effect of year 3 age interaction on p
No significant effect of year on p
Significant effect of age on p
No significant effect of haplotype on p

NS effect of year 3 haplotype interaction on /
Significant effect of year on f
No significant effect of age on /
No significant effect of haplotype on /
No significant effect of clade on /

Models used to test for effects of age (a), year (y), haplotype (h), and clade (c) on rates of resighting (p) and survival (/) of female humpback whale calves. Age effects
were based on two age classes: 1 year old and 2–5 years old. We present the number of estimable parameters (NP), deviance (DEV), and Akaike Information Criterion
(AIC) for each model, and likelihood ratio (LR) tests for specific effects between models. Bold type indicates the best model based on minimum AIC value. NS 5 no
significant.
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Table 2.
calves

Annual survival of humpback whale

Parameter

Estimate

95% CI

SD

Survival
1979–1980
1980–1981
1981–1982
1982–1983
1983–1984
1984–1985
1985–1986
1986–1987
1987–1988
1988–1989
1989–1990
1990–1991
1991–1992
1992–1993
1993–1994
1994–1995
1995–1996
Mean

1.0000
0.8120
1.0000
0.7177
0.8328
0.9773
0.8052
0.6369
0.5987
0.7369
0.8082
0.7961
0.6505
0.4996
0.1712
0.1423
0.7516
0.7022

1.0000,
0.4359,
0.0000,
0.4667,
0.6118,
0.1415,
0.6128,
0.4577,
0.4250,
0.5281,
0.6286,
0.6279,
0.4802,
0.3347,
0.0731,
0.0220,
0.0069,

0.0000
0.9602
1.0000
0.8807
0.9403
0.9999
0.9153
0.7847
0.7507
0.8751
0.9129
0.9003
0.7895
0.6645
0.3510
0.5499
0.9992

0.0000
0.1340
0.0000
0.1102
0.0818
0.0630
0.0768
0.0863
0.0861
0.0908
0.0721
0.0695
0.0813
0.0874
0.0697
0.1243
0.5792

Resighting
1 year olds
2–5 year olds

0.6264
0.8256

0.5304, 0.7134
0.7470, 0.8836

0.0472
0.0347

Parameter estimates for calf survival and resighting
rates based on the model with the lowest AIC value
(Table 1, model 7).

Clapham (1997) based on apparent
birth rate. Such trends in life-history
characteristics become evident when
consideration is given to correlations
with genetic structure or other relevant
variables.
Differences in reproductive success
among individuals are a potential cause
for change in gene frequencies over
a short time period in humans (Austerlitz
and Heyer 1998). This process appears to
be similar to fecundity differences between reproducing females and their
female offspring in Gulf of Maine humpback whales. Similar explanations have
been invoked for explaining unequal
distribution of mitochondrial haplotypes
in a human population, as well as the
increase in frequency of disease genes
from lower initial frequencies (MurrayMcIntosh et al. 1998; Risch et al. 1995).
Scribner et al. (1993) suggested that
a correlation between reproductive sucTable 3.

cess and genetic variation in a bog turtle
may cause temporal changes in allele
frequency. However, no clear trend in
allele frequency over time was detected.
Variation in reproductive success among
a finite number of adults resulted in
heterogeneity of maternal lineages of
the Pacific oyster, which could not be
attributed to geographic differences in
spawning populations (Li and Hedgecock
1998). Similarly our results, showing
an association between reproductive
success and certain maternal lineages,
cannot be attributed to geographic nonindependence. This is demonstrated by
a lack of significant findings of haplotypedependent resighting models and a result
of genealogical structure for our dataset
consistent with those from other studies
of this population (Baker et al. 1993;
Palsbøll et al. 1995).
Variation in fecundity along maternal
lineages has profound consequences for
the frequency and distribution of maternal haplotypes within the Gulf of Maine,
particularly when such effects are associated with one component of the population (Weir and Cockerham 1984).
Barlow and Clapham (1997) reported an
asymptotic rate of increase of 1.065 for
this population based on estimated birth
interval, first-birth probability, and survival rates. However, any rate of increase
appears to be partitioned along maternal
lineages, with one segment of the population increasing (IJK) due to lineages
with higher fecundity and the other
remaining relatively constant (BCD)
(Figure 4).
Population modeling shows that a redistribution of maternal lineages for this
population is expected based on current
parameters and the association of life
history with genealogy. After 75 years,
assuming current rates and trends, there
is a decrease in maternal lineage frequencies, with the BCD clade showing re-

duced frequency in the population.
Furthermore, several lineages (maternal
lineages predominantly from the IJK
clade) increase comparatively within
the entire population because of the
increased reproductive success experienced among females for some of these
matrilines. The projected shift of haplotype frequencies and potential reduction
in genetic diversity in this population is
only exposed by examination of differences in reproductive success among
maternal lineages. The projection of
lineage persistence and extinction is
based on current rates and trends detected in our analyses. The modeling is
not meant to be predictive, but is used to
demonstrate how lineage viability might
vary over time. Consideration of temporal changes in environmental conditions,
stochastic effects, or other spurious
events could obviously change maternal
lineage projections.
Evaluating Population Effects Based
on Fecundity/Genealogy Associations
Recent hypotheses suggest that a selective advantage associated with matrilines, potentially at another locus in
disequilibrium with certain maternal lineages, will drastically reduce a population’s genetic variation (Whitehead
1998). Whitehead invoked differential
fitness among matrilines caused by matrilineally transmitted cultural traits to
explain a reduction in genetic diversity.
Our results directly demonstrate differential reproductive success among matrilines, and empirically show its effects on
mtDNA lineages in the populations. Furthermore, the presence of high diversity
in humpback whales worldwide and at
the oceanic level suggests that other
mechanisms, such as mutational processes or large-scale migratory shifts
due to climate change, must be considered to account for maintenance of

Resighting and survival of reproductively mature female humpback whales in the Gulf of Maine

Model

NP

DEV

AIC

LR test between models

Source of variation tested by LR

Modeling resighting rates (p)
(1) /y 3 h, py
(2) /y 3 h, ph
(3) /y 3 h, p

112
102
97

605.38
629.61
639.71

829.38
833.61
833.71

(2) vs. (3): v25 5 10.10, P 5 .07
(1) vs. (3): v215 5 34.33, P 5 .003

No significant effect of haplotype on p
Significant effect of year on p

32
22
18
17

646.46
663.53
667.86
667.86

710.46
707.53
703.86
701.86

(4) vs. (7): v215 5 21.40, P 5 .12
(5) vs. (7): v25 5 4.33, P 5 .50
(6) vs. (7): v21 , 0.01, P . .99

No significant effect of year on /
No significant effect of haplotype on /
No significant effect of clade on /

Modeling survival rates (/)
(4) /y, py
(5) /h, py
(6) /c, py
(7) /, py

Models used to test for effects of year (y), haplotype (h), and clade (c) on rates of resighting (p) and survival (/) of adult female humpback whales. We present the
number of estimable parameters (NP), deviance (DEV), and Akaike Information Criterion (AIC) for each model, and likelihood ratio (LR) tests for specific effects between
models. Bold type indicates the best model based on minimum AIC value.
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Table 4. Annual survival of mature female
humpback whales
Parameter

Estimate

95% CI

SD

Survival
Resighting
1979–1980
1980–1981
1981–1982
1982–1983
1983–1984
1984–1985
1985–1986
1986–1987
1987–1988
1988–1989
1989–1990
1990–1991
1991–1992
1992–1993
1993–1994
1994–1995

0.9638

0.9463, 0.9758

0.0074

0.7500
0.8889
0.9000
0.8000
0.9656
0.8649
0.8537
0.8228
0.8887
0.7805
0.9597
0.8577
0.8937
0.6630
0.6028
0.5668

0.2970,
0.5293,
0.5577,
0.5163,
0.7959,
0.7134,
0.7094,
0.6685,
0.7563,
0.6451,
0.8501,
0.7336,
0.7659,
0.5244,
0.4566,
0.4180,

0.1875
0.0989
0.0902
0.1078
0.0335
0.0563
0.0555
0.0620
0.0477
0.0586
0.0283
0.0488
0.0458
0.0660
0.0722
0.0751

0.9551
0.9827
0.9847
0.9375
0.9951
0.9427
0.9331
0.9144
0.9536
0.8743
0.9901
0.9295
0.9558
0.7782
0.7327
0.7327

Parameter estimates for adult whale survival and
resighting rates based on the model with the lowest
AIC value (Table 3, model 7).

diversity despite changes predicted in
this article based on variable reproductive success.
In one of the critiques of Whitehead’s
(1998) theory of selective heritability,
Tiedemann and Milinkovitch (1999) have
shown that sperm whales exhibit stochastic differences in reproduction
through time and space, which increases
the variance in reproductive success
among haplotype matrilines. The likelihood of such a phenomenon seemed
plausible based on modeling (Whitehead
1999), but variability of fecundity between
matrilines had yet to be empirically
demonstrated prior to the present study.
The effects of stochastic differences or
environmental factors along martrilines
of humpback whales in this study are an
equally viable alternative, but are difficult hypotheses to test. In the absence of
highly significant geographic structuring
of matrilines of humpback whales on the
feeding grounds, these stochastic events
could be subtle environmental shifts that
affect fecundity (discussed further below) or other nonspatial factors, such as
disease, reflected by significant correlations between fecundity and matrilines
(Whitehead 1999). Furthermore, any stochastic influence (spatial or nonspatial)
that causes variance in fecundity along
matrilines could occur along the migratory path or on the wintering grounds of
this species.
With the potential for temporal or
spatial heterogeneity, it is impossible to
distinguish whether selection (genetics),
stochasticity (environment), or an interaction between the two has caused
heterogeneity in fecundity among mater-

Figure 5. Projection of maternal lineage viability among Gulf of Maine humpback whales. The expected
proportions of maternal lineages among humpback whales in the Gulf of Maine are projected out to 75 years
using fecundity and survival rates determined from the analysis. The model uses an initial population size of
100 individuals in a stable age distribution and in the haplotype frequency proportions detected in the present
study.

nal lineages of humpback whales. Direct
genetic heritability of fecundity and its
effects on Ne have been suggested in
other species (Nei and Murata 1966), but
is considered to be low (Charlesworth
1994; Nunney 1995; Roff and Mousseau
1987). The results of the present study
suggest that a 2.2% change in fecundity
per year could account for the differences in maternal lineage haplotype
frequency. Based on our results over
the 16-year period and projected trends,
the predicted effects on amount and type
of maternal lineage diversity persisting
into future generations (shown in Figure
5) would be consistent with effects
shown or discussed in Austerlitz and
Heyer (1998) and Whitehead (1998).
Differences in cooperative feeding in
areas of high prey, migratory behavior,
disease, and environmental disturbances
may have resulted in variance in fecundity among the different genealogical
levels. The beneficial or detrimental
effects conveyed from such occurrences
may be due to spatial grouping of
maternal relatives. Some form of genetic
heritability coupled with parallel cultural
inheritance of potentially adaptive feeding styles (Weinrich et al. 1992) and
putative habitat stratification of different

age classes (Weinrich et al. 1997) could
provide resource benefits among lineages that would be reflected in reproductive success. On larger geographical
scales, previous studies have suggested
female fidelity to feeding grounds. Differential conditions in certain areas within
or between feeding grounds could have
an effect on the differential reproductive
success of matrilines. Over a period of
two decades, these possible ecological
determinants or stochastic processes
may account for the association of reproductive differences with maternal
lineages among humpback whales in the
Gulf of Maine.
Patterns of Resighting and Survival
There was no significant finding of heterogeneity in survival probabilities along
maternal lineages for either adults or
calves during the study period. While
adult and calf survival do not appear to
be influenced by maternal lineage structure, the overall trends in resighting and
survival are similar to those estimated
based on a model of interbirth intervals
(Barlow and Clapham 1997). Any effects
attributed to maternal lineage haplotype
or clade do not appear to influence
yearly resighting or survival. Potential
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effects of haplotype or clade on withinyear resighting probability are beyond
the scope of the present study.
However, significant variation in terms
of yearly effects on sighting and survival
probabilities for calves and yearly effects
on sighting probabilities for adults implies that other factors beyond maternal
lineage influence the distribution and
abundance of whales in this region. Shifts
in prey abundance and location between
1992 and 1995 in the Gulf of Maine
resulted in a temporary abandonment of
Stellwagen Bank by humpback whales
(Weinrich et al. 1997), as indicated by
a decline in adult resightings in 1992–
93 through 1994–95. Calf survival also
declined moderately in 1992–93 and
precipitously for the 2 years (1993–95)
following the first detectable shifts
in abundance and adult sightings. According to these models, calf survival
between 1993 and 1995 dropped to a 16year low mean value of 0.1568. However,
it is difficult to discriminate between this
hypothesis and preferential habitat use
of Jeffrey’s Ledge by adults rather than
juveniles, thus confounding calf survival
with sampling bias of calves (Weinrich
1998). In addition, lower probabilities for
photographic identification of calves
could affect interpretation of calf survival. One possible biological explanation
is that prey type and distribution may
have more of a significant effect on calf
survival and adult resighting than simply
causing a temporary relocation to another feeding area. The inability of adult
females to meet energy requirements in
this region could have resulted in the
decline of resighting probability and
possibly had even greater consequences
for providing sufficient nutrition for
offspring.
Environmental disturbances, such as
documented shifts in prey abundance,
may have also effected other trends in
survival and resighting. The mortality
event that occurred in 1987, in addition
to having a nonrandom distribution
among maternal lineages (Baker et al.
1994b), preceded the lowest apparent
pregnancy rate for females the following
year (Barlow and Clapham 1997). These
types of environmental shifts may appear
to occur more frequently than Barlow
and Clapham (1997) suggest and can
have complex ramifications for resighting
rates and calf survival. Such effects are
only identifiable when age class and year
are considered as independent components of humpback whale survival.
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Our results indicate that genetic variation can be correlated with ecological
shifts, resighting rates, annual survival,
and reproductive success. Crude
changes in survival often lead to a search
for underlying causative effects. Use of
additional parameters in estimation models beyond yearly variation or age class
may help increase accuracy and reduce
sources of uncertainty in survival estimates. More structured models that include a genetic component can further
illuminate trends in survival and growth
rate, particularly in species whose social
structure and organization are highly
correlated with genealogy or phylogeny.
The approach described here can be
applied to account for differences in
reproductive success among a diverse
group of long-lived species (CluttonBrock 1988; Cooke and Rockwell 1988;
Hamilton et al. 1998; LeBoeuf and Reiter
1988; Morin et al. 1994; Packer et al.
1988). The results have implications for
conservation efforts by demonstrating
that subtle differences in life-history
traits among individuals can alter certain
aspects of population genetic viability.
The heterogeneity of life-history traits
associated with population structure
(i.e., maternal lineages) indicates that
detecting trends in survival and resighting, as well as evaluating minimum and
effective population sizes, requires indepth analyses. In many instances where
trends in survivorship, fecundity, and resighting are witnessed, the demographic
models used to evaluate such trends
have not considered the effects of genetic structure (i.e., Caswell et al. 1999).
As demonstrated by our results, the evaluation of life-history parameters in the
context of relevant genetic data offers
a unique way to evaluate groups or
cohorts of animals that share particular
traits or may be exposed to different
levels and types of stochastic effects.
The ability to detect significant trends
by evaluating and incorporating genetic
and demographic data can provide
enlightening information for conservation and management purposes. This is
particularly important in evaluating the
source of variation for observed and
detected trends in the absence of obvious answers.
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