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Abstract

Severe declines in megafauna worldwide illuminate the role of top predators in
ecosystem structure. In the Antarctic, the Krill Surplus Hypothesis posits that the killing
of more than 2 million large whales led to competitive release for smaller krill-eating
species like the Antarctic minke whale. If true, the current size of the Antarctic minke
whale population may be unusually high as an indirect result of whaling. Here, we
estimate the long-term population size of the Antarctic minke whale prior to whaling by
sequencing 11 nuclear genetic markers from 52 modern samples purchased in Japanese
meat markets. We use coalescent simulations to explore the potential influence of
population substructure and find that even though our samples are drawn from a limited
geographic area, our estimate reflects ocean-wide genetic diversity. Using Bayesian
estimates of the mutation rate and coalescent-based analyses of genetic diversity across
loci, we calculate the long-term population size of the Antarctic minke whale to be
670 000 individuals (95% confidence interval: 374 000–1 150 000). Our estimate of long-
term abundance is similar to, or greater than, contemporary abundance estimates,
suggesting that managing Antarctic ecosystems under the assumption that Antarctic
minke whales are unusually abundant is not warranted.
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Introduction

Ecologists have long debated the relative roles of top-
down (consumer-driven) and bottom-up (resource-dri-
ven) forces in shaping natural communities (Power
1992; Frank et al. 2007). Trophic cascades stemming
from removal of top predators provide compelling sup-
port for consumer-driven control of food webs across a
diversity of ecosystems (Pace et al. 1999). While most
examples of cascades are from small-scale, simple food
webs, recent studies suggest that cascades may be

occurring in larger, more complex marine ecosystems
(Estes et al. 1998; Frank et al. 2005). Teasing apart the
effects of top predator removal requires knowledge of
an ecosystem before and after their extirpation – a chal-
lenging situation in today’s oceans, where over-exploi-
tation has eliminated much of the once-abundant
megafauna (Myers & Worm 2003).
The commercial hunting of approximately 2 million

whales (Fig. 1a, b) from the Southern Ocean in the
early 1900s (Clapham & Baker 2002) provides an oppor-
tunity to investigate the ecological consequences of top
predator removal on an oceanic scale. The hunted
whales would have consumed as much as 150 million
tonnes of krill annually (Laws 1977), leading some
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authors to suggest that their removal led to competitive
release for smaller krill-eating organisms (reviewed in
Ballance et al. 2006) – a top-down hypothesis often
referred to as the ‘Krill Surplus Hypothesis’. However,
krill populations in the Southern Ocean are currently
thought to be regulated by recruitment, which is posi-
tively correlated with sea ice cover (Loeb et al. 1997;
Nicol et al. 2000) – a bottom-up explanation that has
profound implications for krill and krill-dependent spe-
cies amidst rising global temperatures (Croxall et al.
2002; Nicol et al. 2008). Both hypotheses may be correct;
larger baleen whales may have regulated krill abun-
dance until they were removed and replaced by bot-
tom-up regulatory forces (Ballance et al. 2006).
However, the absence of a prewhaling baseline makes it
difficult to distinguish between the long-term influences
of top-down vs. bottom-up forces in the Antarctic Mar-
ine Ecosystem.
One species hypothesized to have benefited from a

krill surplus is the Antarctic minke whale, Balaenoptera
bonaerensis (Burmeister 1867) (Fig. 1c). While there is no
direct evidence to support the Krill Surplus Hypothesis
for Antarctic minke whales, population size increases
during the latter half of the 20th century have been
inferred from hypothesized decreases in the age at
sexual maturity (Thomson & Butterworth 1999), and
modelled increases in minke whale recruitment (Butter-
worth et al. 1999). Some suggest that minke whales in
the Southern Ocean increased in population size
approximately 8-fold after the removal of the large

baleen whales (blue, fin, sei, humpback; Fig. 1a) (Ohs-
umi 1979; ICR 2006), but this assessment has since been
challenged by more recent Antarctic ecosystem models
suggesting a 3-fold increase (Mori & Butterworth 2006).
Regardless of the magnitude of increase, it has been
suggested that, at their present level, Antarctic minke
whales may be inhibiting the recovery of other over-
exploited whale species and reducing human food
resources through competition (Ohsumi 1979; Morishita
& Goodman 2001; ICR 2006). While there is a lack of
firm data on prewhaling population sizes, and the
extent to which competition regulates whale popula-
tions (Gales et al. 2005), some agencies advocate culling
minke whales as a way to reduce competition with
fisheries and to support the recovery of other over-
exploited whale species (ICR 2006). An estimate of the
average size of the Antarctic minke whale population
prior to human disturbance may shed light on the
extent to which the Krill Surplus Hypothesis is neces-
sary to explain present abundance.
Recently, scientists have employed genetic data to

assay past population sizes of baleen whales and other
species (Roman & Palumbi 2003; Shapiro et al. 2004;
Alter et al. 2007; Atkinson et al. 2008), based upon the
relationship between genetic diversity (h and long-term
effective population size (Ne) (h = 4Nel where l is the
average mutation rate). Initial reconstructions of the
long-term population size of whales using genetic data
were limited by reliance on a single locus and incom-
plete oceanic sampling (Lubick 2003; Roman & Palumbi
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Fig. 1 The Southern Ocean ecosystem: (a) four main species of baleen whale hunted in the early 1900s. The figure illustrates that a
blue whale in the Antarctic measuring up to 29 m and weighing between 100 and 120 metric tonnes (t) is approximately three times
longer and more than 11 times heavier than an Antarctic minke whale, measuring up to 9 m and weighing up to 9 t. (b) Southern
Ocean management zones as defined by the IWC. (c) Krill, the main food source of baleen whales. The question mark refers to the
unknown relationship between krill abundance and minke whale abundance in the Southern Ocean.
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2003; Holt & Mitchell 2004). Following these initial
reconstructions of long-term population size, several
authors proposed improvements (Clapham et al. 2005)
including: (i) using multiple unlinked nuclear loci, (ii)
testing for deviations from mutation-drift equilibrium,
(iii) estimating species-specific mutation rates, (iv) esti-
mating overall variance in abundance, and (v) testing
the effect of un-sampled populations. More recent
efforts to reconstruct the long-term population size of
grey whales have helped to overcome many of these
initial limitations (Alter & Palumbi 2007; Alter et al.
2007), however, additional challenges arise when using
high-diversity nuclear sequence data.
A significant hurdle in working with high-diversity

nuclear sequence data is incorporating the uncertainty
that results from unresolved gametic phase. Gametic
phase is defined as the original combination of alleles
that an individual received from each of its parents.
Resolving gametic phase becomes more difficult as
sequence diversity increases. Separating the constitu-
ent alleles in heterozygous individuals has been tradi-
tionally performed through the use of laboratory
methods (cloning, single-strand conformation polymor-
phism) (reviewed in Zhang & Hewitt 2003). However,
as diploid sequencing becomes easier and the sheer
amount of nuclear sequence data increases, traditional
laboratory methods for resolving phase become
increasingly time-consuming and costly. Computa-
tional methods, such as the Bayesian software PHASE
(Stephens et al. 2001), that infer haplotypes from
sequence data provide an alternative to laboratory
techniques and have been shown to produce accurate
results (Harrigan et al. 2008). However, despite their
accuracy, computational methods cannot always
resolve haplotypes with a high degree of certainty.
A method for incorporating this uncertainty in final
estimates of population parameters, such as effective
size, is needed.
To assess the likelihood of a post-whaling competi-

tive release in the Antarctic minke whale, we estimate
their long-term population size through a coalescent-
based analysis of genetic diversity across eleven
unlinked nuclear markers. We build upon the method-
ological improvements described in Alter et al. (2007)
by describing a general method for capturing uncer-
tainty in estimates of effective size due to unresolved
gametic phase in highly heterozygous sequences and
by developing a method for incorporating mutation
rate variation among loci in coalescent analyses of
effective size. We also use coalescent simulations to
determine the potential effect of population sub-
structure and limited geographic sampling on our
estimate of whole-ocean Antarctic minke whale genetic
diversity.

Materials and methods

Sample collection and sequencing

Fifty-two whale meat samples were purchased from
Japanese meat markets and copies of their genomes
were amplified using Whole Genome Amplification
(Lasken & Egholm 2003). The sampled individuals were
originally killed in Antarctic Management Areas IIIE,
IV, V and VIW (Fig. 1b) by the Japanese Whale
Research Program under the Special Permit in the Ant-
arctic (JARPA). Eleven nuclear loci (Table 1; Table S1)
were amplified from these samples and sequenced
using standard PCR and sequencing protocols
(sequences identical to those in Jackson et al. (2009) are
catalogued under GenBank accession nos GQ407272–
GQ408882; new sequences can be found under GenBank
accession nos GU144923–GU145028). Individuals were
sequenced in both directions when possible and all
variable sites were checked by eye using Sequencher
ver. 4.8 (Gene Codes Corporation). Despite multiple
attempts, not all individuals sequenced successfully for
every locus, resulting in variation in the final sample
sizes (mean 40, range: 20–52). PHASE 2.1 (Stephens
et al. 2001) was used to reconstruct gametic phase,
defined as the original allele combination that an
individual received from each of its parents, using a
burn-in of 10 000 iterations and run length of 10 000
iterations. To ensure that each sample was unique, we
confirmed that none of the samples had identical

Table 1 Summary statistics for 11 loci sequenced in Southern
Ocean minke whales

Intron N NS NH p Tajima’s D
Fu’s
Fs

ACTA 34 9 7 0.00255 )1.09 )1.27
BTN 32 6 6 0.00120 0.50 0.54
CAT 38 13 13 0.00685 0.78 )1.81
CHRNA 49 16 16 0.01352 0.02 )3.95
CP 20 24 19 0.00717 )0.04 )0.92
ESD 47 23 25 0.00572 0.01 )16.17*
FGG 41 13 12 0.00084 )0.01 )0.35
GBA 44 4 5 0.00061 )1.58 )4.66
LAC 45 12 12 0.00198 )0.06 )1.22
PTH 42 4 4 0.00144 )1.06 )1.11
RHO 52 3 4 0.00074 )1.37 )3.59

*Number in bold refers to a significant deviation from zero as
determined by 95% confidence intervals generated using
coalescent simulations in DNAsp (Rozas et al. 2003).
N = number of individuals, NS = number of polymorphic sites,
NH = number of distinct haplotypes as determined by PHASE,
ver. 2.1 (Stephens et al. 2001), p = nucleotide diversity (Tamura
& Nei 1993).
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sequences at all loci. Using Arlequin ver. 3.0 (Excoffier
et al. 2005) we found no significant linkage disequilib-
rium among loci after correcting for multiple compari-
sons; therefore we considered the loci independent.

Testing for equilibrium, neutrality and substructure

To determine, if our sequences were evolving in a man-
ner consistent with equilibrium and neutrality, Tajima’s
D (Tajima 1989) and Fu’s Fs (Fu 1997) tests were pre-
formed using DnaSP (Rozas et al. 2003). We also used
DnaSP to calculate the minimum number of recombina-
tion events in the sample (Hudson & Kaplan 1985) and
found that 6 of the 11 introns showed evidence of
recombination. Therefore, coalescent simulations
(n = 10 000) incorporating the per gene recombination
parameter (R) were used to generate 95% confidence
intervals (CI) for both Tajima’s D and Fu’s Fs statistics.
Population subdivision can increase coalescence time

between genes and inflate estimates of genetic diversity.
While preliminary reports have suggested that there
may be population substructure within Antarctic minke
whales (ust = 0.0090, P = 0.0025) (Pastene et al. 1996),
these distinctions are weak. To further investigate the
possibility of population substructure, we estimated the
most likely number of populations (K) within our data
set using the program Structure ver. 2.2 (Pritchard et al.
2000). To avoid the potentially confounding effect of
background linkage disequilibrium between closely
linked sites within a locus, the maximum a posteriori
haplotypes from PHASE at each locus were recoded as
alleles at each locus. We performed three independent
runs at each K value (K = 1, 2, and 3) using a burn-in
period of 100 000 iterations and a run length of 500 000.
The best K value was selected as the one giving the
highest average log probability of the data [ln P(X|K)].

Estimating h, accounting for interlocus variation in
mutation rate and uncertain gametic phase

LAMARC ver. 2.1.3 was used to simultaneously esti-
mate h, while incorporating recombination in the model
(Kuhner 2006). In contrast to summary statistic esti-
mates of h (hs, hp, etc.), LAMARC accounts for uncer-
tainty in the data by integrating over the space of
possible genealogies using Markov chain Monte Carlo
simulations. Initial runs with PHASE indicated that 8 of
the 11 loci contained some sites, where the gametic
phase could not be resolved with high confidence
(probability threshold <90%). While LAMARC has an
option for entering data as ‘phase unknown,’ initial
tests indicated that inputting samples from PHASE’s
posterior distribution produced tighter convergence
across runs. Therefore, to account for the uncertainty in

the data resulting from unknown gametic phase, LAM-
ARC was run on 10 realizations from PHASE’s poster-
ior distribution for each of the 11 loci.
To accommodate interlocus variation in mutation

rate, we implemented LAMARC’s gamma model for
mutation rate variation. The gamma model option mod-
els individual locus mutation rates as being drawn from
a gamma distribution with mean one and a shape
parameter estimated from the data. Comparing the dis-
tribution of variation in estimates of the individual
locus substitution rates with the gamma distribution
estimated by LAMARC confirmed that the gamma
model provides a good fit to the data (see Fig. S1). For
9 of the 11 loci we applied the best fitting mutation
models according to the phylogenetic analysis by Jack-
son et al. (2009); for the remaining two loci, we used
the mutation models inferred by Alter et al. (2007)
(Table S1). For recombination rate, we used a flat prior
on a log scale from 1E-05 to 10. For h, we used a flat
prior from 1E-05 to 0.4, achieving nearly identical
results on both the log and the linear scale.
We used LAMARC’s Bayesian option and achieved

excellent mixing and concordance between replicate
runs. Because the current implementation of LAMARC
allows the gamma model only within the likelihood
framework, we developed our own extension of LAM-
ARC (called GUFBUL-Gamma Updating For Bayesians
Using LAMARC) that allows the gamma model to be
applied in a Bayesian framework (see Supporting Infor-
mation). For the final analysis, each PHASE realization
was run in LAMARC three times with different random
number seeds using 150 000 iterations of burn-in and
600 000 iterations after burn-in, taking samples every 20
iterations. The final h values were obtained by allowing
LAMARC to combine information across the 10 alter-
nate PHASE realizations and the three runs as 30 sepa-
rate replicate runs for a total of 18 million Markov
chain Monte Carlo iterations after burn in.

Simulating effects of substructure and limited
geographic sampling on h

Our samples were originally collected from a restricted
geographic region and the extent to which this sam-
pling bias influenced our estimate of h depends upon
the degree of population structure. To investigate the
relationship between population substructure, limited
geographic sampling, and h, we simulated seven popu-
lations in an Antarctic ring, joined by stepping stone
migration with migration rates ranging between 1.25
and 50 migrants per population per generation. Using
the program makesamples (Hudson 2002), we set
h = 4Ne to 3.75; this corresponds to a per nucleotide
h = 0.0071 in a sequence of average length for our
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study. We simulated two scenarios: (i) single sub-popu-
lation sampling: 84 sequences sampled from a single
subpopulation, and (ii) multi-population sampling: 12
sequences sampled from each of the seven populations.
We simulated 50 000 coalescent trees with the infinite
sites mutation model at each migration rate and under
each of the two sampling scenarios. From each repli-
cate, we estimated h using the number of segregating
sites, hs and h based upon pairwise differences hp.

Calculating census population size from h

The conversion of h into effective population size (Ne)
is based upon the relationship h = 4Nel where l is the
average mutation rate. To calculate an average l for
Antarctic minke whales, and to estimate uncertainty
surrounding our estimate, we sampled with replace-
ment from among 11 previously published individual
locus mutation rates for the 11 loci in our study; two of
the individual locus mutation rates were from Alter
et al. (2007), while nine were taken from a Bayesian
analysis of baleen whale phylogeny and fossil history
(Jackson et al. 2009). For each re-sampled locus, a sam-
ple mutation rate was drawn from the posterior distri-
bution of the estimated mutation rate or uniformly
from the 95% CI on the mutation rate.
To convert l from units of mutations per base pair

per year into mutations per base pair per generation,
we estimated a generation time for Antarctic minke
whales. The average age of sexually mature individuals
can be used as a proxy for generation length, assuming
fecundity is constant with age (Roman & Palumbi
2003). Using 7 years as the age at sexual maturity (Kli-
nowska 1991), we calculated the average age of sexually
mature individuals (from 7 to 53 years old) using com-
mercial and JARPA catch records from 43 236 individu-
als as reported in Table 1 of Butterworth et al. (1999).
There was considerable variation in generation length
across years, sample areas, and sample methods (com-
mercial and JARPA catches from area IV and area V)
(Fig. S2); to more accurately reflect uncertainty in our
estimate we sampled uniformly from between the lower
and upper bounds of year-to-year and area-to-area esti-
mates (from 14.60 to 21 years).
To convert Ne to census population size (Nc) requires

knowledge of the ratio of mature adults to the effective
number of adults (Nmature ⁄Ne) and the proportion of
juveniles in the population. We based our estimate of
Nmature ⁄Ne on eqn 1 in Nunney & Elam (1994):
Ne = N ⁄ (2)T)1), where T = generation length. To
approximate juvenile abundance, we estimated the ratio
of total population size to total adults based upon age
structure information as reported in Table 2 of Kato
et al. (1990, 1991). Again, we sampled with replacement

1 million times to generate CI around our estimate of
the ratio of total population size to total adults.

Results

Tests for equilibrium, neutrality and substructure

Among eleven nuclear loci, nucleotide diversity aver-
aged 0.00387 (range: 0.00074–0.01352), with an average
of 11.2 haplotypes per locus (range: 4–25) (Table 1).
These values are higher than for other baleen whales:
for example, nucleotide diversity is nearly four times
higher than that seen in grey whales (Alter et al. 2007),
reflecting higher heterozygosity for all six loci for which
direct comparisons can be made. The Structure analysis
did not reveal any hidden population structure in our
data, suggesting the most likely number of populations
(K) was K = 1 (ln P(X|K) = )1427) with K = 2 (ln
P(X|K) = )1431) and K = 3 (ln P(X|K) = )1437) being
less likely.
The results of Tajima’s D and Fu’s Fs tests were con-

sistent with neutrality and equilibrium (Table 1): no
Tajima’s D values and only one of eleven Fu’s Fs tests
was significantly different from zero (Table 1). These
results differ from those of Pastene et al. (2007) and
Alter & Palumbi (2009) who found evidence of depar-
ture from equilibrium conditions based upon mtDNA.

Estimate of h, while accounting for uncertainty in
gametic phase and interlocus variation in mutation
rate

From locus to locus, estimates of h varied from 0.0010
to 0.0174 (Table 2; Fig. S3), presumably reflecting varia-
tion among loci in mutation rate and coalescent history.
Our method for incorporating uncertainty in gametic
phase by taking ten evenly spaced realizations from
PHASE’s posterior distribution and running them as

Table 2 Posterior mean theta (h) estimated using LAMARC

Marker h Min Max

ACTA 0.0061 0.0023 0.0119
BTN 0.0013 0.0005 0.0026
CAT 0.0105 0.0051 0.0187
CHRNA 0.0201 0.0102 0.0350
CP 0.0081 0.0043 0.0145
ESD 0.0145 0.0081 0.0232
FGG 0.0044 0.0021 0.0076
GBA 0.0042 0.0013 0.0093
LAC 0.0065 0.0028 0.0120
PTH 0.0043 0.0012 0.0102
RHO 0.0051 0.0014 0.0118
OVERALL 0.0071 0.0045 0.0112
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separate samples in LAMARC resulted in tight conver-
gence across runs despite differences in phasing
(Fig. S3). Furthermore, our Bayesian framework for
implementing the gamma model in LAMARC was con-
siderably more efficient than the likelihood framework,
reducing computation time from several weeks to sev-
eral days. Incorporating information across all 11 loci
and alternative phases, we estimated the posterior mean
h to be 0.0071 (95% CI: 0.0045–0.0112) (Table 2).

Effects of substructure and limited geographic
sampling on h

Simulations designed to investigate the relationship
between limited geographic sampling and potential
population substructure within Antarctic minke whales
indicated that population structure would not signifi-
cantly increase h unless migration between sub-popula-
tions was so low that the expected ust would be >0.10
(an order of magnitude higher than the previously cal-
culated ust for Antarctic minke whales) or Nm < 2.5
(Fig. 2). Furthermore, our simulated h differed little
regardless of whether samples were drawn from a sin-
gle subpopulation or drawn evenly from across all sub-
populations, indicating that even though our samples
are from a limited geographic area, our h estimate
reflects ocean-wide genetic diversity.

Estimate of census population size from h

Based upon individual locus mutation rates from Alter
et al. (2007) and a Bayesian analysis of baleen whale
phylogeny and fossil history (Jackson et al. 2009), the
average mutation rate was estimated to be 4.54 ·
10)10 ⁄bp ⁄year (95% CI: 3.50 · 10)10 to 5.75 · 10)10).
Our estimate was reduced from the slightly higher

average rate used by Alter et al. (2007) of 4.8 · 10)10 ⁄
bp ⁄year. Using the average age of sexually mature indi-
viduals as a proxy for generation length, the average
generation length was estimated to be 17.65 years.
Sampling uniformly from within lower and upper
bounds of year-to-year and area-to-area estimates for
generation length resulted in an age range between
14.60 and 21 years. Using h estimated from LAMARC
and our multi-locus mutation rate in mutations per base
pair per generation, we calculated the effective size of
the Antarctic minke whale population to be 199 849
(95% CI: 140 519–349 736).
To convert from effective population size into census

population size, we incorporated juvenile abundance
and variation in reproductive success. We estimated
juvenile abundance or the ratio of total population size
to total adults to be 100:67 or 1.48 (95% CI: 1.39–1.59).
We approximated variation in reproductive success or
the ratio Nmature ⁄Ne to be !2 based upon eqn 1 in Nun-
ney & Elam (1994). Multiplying the product of the two
above ratios by our estimate of effective population size
gives an estimate of census population size of 671 000
individuals. Bootstrap re-sampling across the variation
in mutation rate, generation time, the ratio of total pop-
ulation size to total adults and from the posterior distri-
bution of effective size to estimate variation in
abundance yielded 95% CI from 374 000 to 1 150 000
(Fig. 3).

Discussion

Comparison between survey-based and genetic
estimates of population size

Here, we show that Antarctic minke whales are not
unusually abundant as a result of 20th century whaling.
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Our genetic estimate of long-term population size for
the Antarctic minke whale is 671 000 individuals (95%
CI: 374 000–1 150 000) and calculations based upon coa-
lescent theory confirm that our estimate predates any
purported population expansion facilitated by removal
of the large baleen whales. Rather than being unusually
large, our long-term genetic estimate spans the range of
estimates from three circumpolar surveys conducted
under the supervision of the IWC: 608 000 (CV = 0.089)
for the years 1978–1984; 766 000 (CV = 0.091) from 1985
to 1991 (Branch & Butterworth 2001); and an unpub-
lished report to the IWC that suggested 338 000
(CV = 0.079) for the years 1991–2004 (Branch 2006). Dif-
ferences between various survey-based abundance esti-
mates remain controversial (Branch & Butterworth 2001;
Clapham et al. 2007) and a consensus regarding present
abundance is pending. Some survey-based estimates are
considered minimum estimates because they do not
include whales missed on the track-line, whales north
of the survey region, and whales inside the pack ice
(Branch & Butterworth 2001). However, as our long-
term evolutionary estimate of abundance encompasses
the range of most contemporary estimates of abundance
we conclude that competitive release as predicted by
the Krill Surplus Hypothesis is not required to explain
current Antarctic minke whale abundance.

Accounting for uncertainty in gametic phase

We implement a method for capturing uncertainty in
estimates of effective size due to unresolved gametic
phase that may be generally useful to researchers work-
ing with high-diversity nuclear sequence data. To
account for uncertainty due to unknown phase, we
sampled from across the range of possible allele combi-
nations generated by PHASE and then used these sam-
ple allele combinations to estimate h in LAMARC. Our
results showed strong convergence among different
simulations of the genealogy, even when heterozygosity

was high and phase was uncertain (Fig. S3). In addi-
tion, a comparison between the method that we employ
and LAMARC’s method for inferring phase (Kuhner
2006) indicated that our method provided tighter con-
vergence across runs (data not shown). Our results sug-
gest that using samples from PHASE’s posterior
distribution can produce reliable conclusions and high-
lights a general method for incorporating uncertainty
due to phase in coalescent analyses of population
parameters in addition to the method already provided
by LAMARC. Differences between the two method’s
ability to accurately predict phase would make an inter-
esting topic for future research.

Accounting for uncertainty in estimates of long-term
population size

There are a number of events that may decouple the
relationship between genetic diversity and long-term
population size, including deviations from neutral-
ity, past hybridization and population sub-structure
(Clapham et al. 2005; Alter et al. 2007). Population size
changes and ⁄or selection may increase or decrease
diversity relative to neutral expectation and, as a result,
such events may artificially increase or decrease esti-
mates of long-term population size from genetic data.
We have attempted to avoid the complicating effects of
departures from neutrality by sequencing 11 loci that
were found to be consistent with neutrality according
to Tajima’s D and Fu’s Fs tests (Tajima 1989; Fu 1997;
see Supporting information for further discussion).
However, we acknowledge that the very idea of neutral
molecular evolution in mammals has been recently
brought into question (Chamary et al. 2006) and the
role that this potential paradigm shift may play in inter-
preting our results provides an interesting area for
future study.
Major, past hybridization events may increase diver-

sity and inflate estimates of long-term population size.
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Recent genetic evidence found that Antarctic minke
whales are reciprocally monophyletic with their closest
living relative, the common minke whale, at the rapidly
evolving mtDNA control region (Pastene et al. 2007; see
Supporting information for further discussion), suggest-
ing that a major, recent hybridization event is unlikely.
However, additional sequencing of common minke
whale samples at the same slowly evolving nuclear loci
as those sequenced in this study would further test the
extent to which hybridization could have influenced
our estimate of genetic diversity.
Undetected population structure can also increase

estimates of diversity and inflate estimates of long-term
population size from genetic data (Alter et al. 2007;
Atkinson et al. 2008). In the current case, tests for popu-
lation structure within the Antarctic minke whale did
not reveal any hidden population substructure. Further-
more, our simulations suggest that population structure
would not significantly increase diversity (h) unless
migration between subpopulations was so low that the
expected ust >0.10 (Fig. 2; see Supporting information
for further discussion). The amount of structure needed
to influence our estimate of h is an order of magnitude
greater than the amount of structure detected by previ-
ous estimates of population structure within the Antarc-
tic minke whale (Pastene et al. 1996). Therefore, our
results and those of previous studies suggest that popu-
lation structure is unlikely to have significantly influ-
enced our estimate of long-term population size.
In addition to factors that may decouple the relation-

ship between genetic diversity and long-term popula-
tion size, there are a number of uncertainties
surrounding the calculation of long-term population
size that cannot be captured by our CI. These include
general problems in the field of ecology and evolution-
ary biology such as attaining accurate estimates of
mutation rates (Ho et al. 2005; Emerson 2007) and the
ratio of Nmature ⁄Ne (Nunney 1991, 1993; Nunney &
Elam 1994; Frankham 1995). In both of these cases, we
have chosen values that most closely reflect the current
state of understanding in the field, while acknowledg-
ing the role that these uncertainties play in our final
estimate of long-term population size (see Supporting
information for further discussion).

Implications for the Krill Surplus Hypothesis

While our results suggest that competitive release is not
necessary to explain current abundance in Antarctic
minke whales, they do not allow us to reject unequivo-
cally some level of increase as a result of a krill surplus.
This is due to the fact that our estimate of diversity is
affected by the harmonic mean of population size across
time, and therefore cannot be attributed to any particular

point in history. It is possible that Antarctic minke whale
abundance was abnormally low just prior to whaling
and that a krill surplus returned them closer to their
long-term average, though there are no data to suggest
that this was the case. For Antarctic minke whales to
have increased by !8-fold, as predicted Ohsumi (1979),
the prewhaling population size would have to have been
significantly lower than the lower bound surrounding
the long-term average (671 000 individuals; 95% CI:
374 000–1 150 000) and a krill surplus would have
returned them close to or greater than the estimated
mean population size in <100 years. Alternatively, for
Antarctic minkes to have increased by !3-fold, as pre-
dicted by the Antarctic ecosystem model of Mori & But-
terworth (2006), the prewhaling population size would
have to have been only slightly less than the lower bound
on the long-term average (!319 000) and current size
would have to be !957 000, a number greater than all
recently published estimates. While the Mori & Butter-
worth (2006) model may be biologically feasible, it is
dependent on the assumption of top-down forcing (com-
petition) and a number of input parameters, such as an
initial 1780 abundance of 319 000 individuals (an esti-
mate not based upon empirical data). As a result, there
remains no direct evidence for competitive release within
the Antarctic minke whale as a result of a krill surplus.
An interesting area for future research would be to re-
run the Mori & Butterworth (2006) ecosystem model with
our genetic estimate of long-term abundance as a prior
distribution for initial abundance and determine the
extent to which support for the Krill Surplus Hypothesis
depends upon on the initial abundance parameter.

Trophic cascades and the Antarctic marine ecosystem

If the Krill Surplus Hypothesis is not valid for minke
whales, why then would the removal of !2 million large
baleen whales fail to result in competitive release for
minke whales? One possibility that has been mentioned
(Kawamura 1978), but not thoroughly investigated is
that minke whales are not resource-limited because krill
abundance exceeds the demands of krill-dependent
predators in the Antarctic Marine Ecosystem. Another
possibility is that, as the smallest baleen whale in the
world, minke whales do not use krill in the same way
and at the same time as whales that are between 3 and
11 times heavier (Fig. 1a). Niche specialization would
make competitive release less likely and recent evidence
indicates minke and humpback whales partition food
resources by depth within the water column, krill size,
and aggregation area (Friedlaender et al. 2009).
It is widely accepted that the removal of !2 million

large baleen whales had a profound impact on the Ant-
arctic Marine Ecosystem, but over a half-century later,
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direct evidence for a post-whaling competitive release
across species remains elusive (reviewed by Ainley
et al. 2007; Ballance et al. 2006; Nicol et al. 2007). In
some species, population size appears to be limited by
factors other than krill abundance. For example, recent
evidence indicates population levels in Adelie penguins
may be set by the availability of sea ice in addition to
food availability (Fraser et al. 1992; Forcada et al. 2006).
For minke whales, mechanisms that limit population
size are not well understood and both top-down and
bottom-up forces remain possibilities. Our results add
to a growing body of literature suggesting that top-
down and bottom-up forces must be considered concur-
rently when attempting to explain forces regulating
populations within the Antarctic Marine Ecosystem
(Ainley et al. 2007; Nicol et al. 2007). These data high-
light the need for caution when making management
recommendations to hunt Antarctic minke whales based
upon the assumption they are unusually abundant and
in direct competition with other recovering whale spe-
cies.
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Fig. S1 Comparison of variation in individual locus mutation
rates with the gamma distribution estimated by LAMARC.
Bars represent a histogram of mean mutation rate obtained by
bootstrap re-sampling over individual locus mutation rates
from Alter et al. (2007) and Jackson et al. (2009). Blue line is a
histogram of 50 000 means of 11 random variables simulated
from the gamma distribution with the shape parameter esti-
mated in LAMARC.

Fig. S2 The figure illustrates considerable variation in genera-
tion length across years and areas in the Antarctic minke
whale. Generation length was estimated as the average age of
sexually mature individuals from commercial and JARPA
catch-at-age matrices (see Table 1 in Butterworth et al. 1999).
Blue dots indicate catches in area IV and red dots indicate
catches in area V (Fig. 1).

Fig. S3 Convergence of LAMARC-estimated h at 11 nuclear
loci using 10 different realizations from PHASE’s posterior
distribution across three separate LAMARC runs. Each curve
represents the estimated posterior distribution of h at each
locus. The colours distinguish between the different LAMARC
runs and the 10 curves represent alternate PHASE realizations.
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