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Ecosystem restoration may require returning threatened popula-
tions of ecologically pivotal species to near their former abun-
dances, but it is often difficult to estimate historic population size
of species that have been heavily exploited. Eastern Pacific gray
whales play a key ecological role in their Arctic feeding grounds
and are widely thought to have returned to their prewhaling
abundance. Recent mortality spikes might signal that the popula-
tion has reached long-term carrying capacity, but an alternative is
that this decline was due to shifting climatic conditions on Arctic
feeding grounds. We used a genetic approach to estimate pre-
whaling abundance of gray whales and report DNA variability at
10 loci that is typical of a population of ~76,000-118,000 individ-
uals, approximately three to five times more numerous than
today’'s average census size of 22,000. Coalescent simulations
indicate these estimates may include the entire Pacific metapopu-
lation, suggesting that our average measurement of ~96,000
individuals was probably distributed between the eastern and
currently endangered western Pacific populations. These levels of
genetic variation suggest the eastern population is at most at
28-56% of its historical abundance and should be considered
depleted. If used to inform management, this would halve accept-
able human-caused mortality for this population from 417 to 208
per year. Potentially profound ecosystem impacts may have re-
sulted from a decline from 96,000 gray whales to the current
population. At previous levels, gray whales may have seasonally
resuspended 700 million cubic meters of sediment, as much as 12
Yukon Rivers, and provided food to a million sea birds.
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Studies of ecologically important marine populations from
corals (1) to pelagic predators (2) suggest that many current
marine ecosystems are far from their natural states because of
anthropogenic disruption. Detecting and measuring the impacts
of such changes is complicated because information about past
marine population abundance is generally difficult to obtain (3).
However, knowledge of past abundances can be important for
managing and restoring ecologically important populations recov-
ering from overexploitation, such as those of many baleen whale
species. Information about past population sizes of baleen whales
can be derived from the level of genetic variation in current
populations, because genetic diversity increases with long-term
effective population size and can be relatively unaffected by mod-
erate short-term changes in census size. Genetically determined
past population sizes for Atlantic humpback, minke, and fin whales
are surprisingly high (4), prompting the need for further exploration
of results from other species and expanded genetic data sets.
Using genetic data to assay past populations depends on the
balance between genetic drift reducing variation at individual
loci and mutation increasing it. The relationship between genetic
diversity and population size also varies with population subdi-
vision, natural selection, changes in population size over time,
and departures from perfectly random mating. Because the
impacts of these factors generally vary across the genome,
measuring patterns of genetic variation among multiple loci
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allows more accurate inference of past population sizes than is
possible with a single locus. The International Whaling Com-
mission suggested five areas for expanding and improving ge-
netic approaches to inferring past population sizes of whales (5):
(i) using multiple unlinked nuclear loci, (i) confirming locus-
specific substitution rates, (iii) estimating overall variance in
abundance estimates, (iv) considering the long-term nature of
population estimates, and (v) analyzing the effect of unsampled,
“ghost” populations. Here, we concentrate on a single species,
the gray whale (Eschrichtius robustus), and expand previous
analyses to include measurements of diversity and mutation rate
at many loci. In addition to using multiple loci, we consider the
long-term nature of population estimates and analyze the effect
of unsampled, ghost populations.

Gray whales were extensively hunted in the 19th century and
currently persist as an eastern Pacific population assumed to
have fully recovered from whaling, and a western Pacific pop-
ulation that remains critically endangered. For eastern gray
whales, the presumption of full recovery is based on recent
census counts of between 18,000 and 29,000 (6), including
particularly low population estimates in 1999-2001 that roughly
match model-based, prewhaling estimates of 19,480-35,430."
This presumed recovery has resulted in diminished management
concern for eastern gray whales. For example, the recovery
factor, a parameter used in marine mammal management to
calculate acceptable human-induced mortality (7), has been
increased for eastern gray whales compared with all other baleen
whales by a factor of 10 (8), a change that will effectively slow,
but not prevent, full recovery.

However, other interpretations of gray whale population
dynamics suggest there has been no demographic plateau.
Instead, the low population estimates in 1999-2001 may have
resulted from recent climate change in the Bering Sea (9).
Although population models that incorporate the 1999-2001
decline support the idea that this population has reached its
carrying capacity,’ models that do not include data from these
years find some support for an equilibrium population size (Neq)
of up to 70,000 (10). Recent resurgence of calving rates to
pre-1999 levels! and new calving locations (11) also suggest this
population has not yet reached its typical long-term abundance
but can continue to grow if current ocean conditions permit.
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Table 1. Number of haplotype samples (n), substitution rates, SE of substitution rates, © per
generation, effective population size (Ne), and census size (N) for each marker

Substitution rate,

Marker n bp~Tyear~! SE of substitution rate O gen! Ne N

ACTA 72 5.00 x 10-1° 2.47 x 10~ 0.001527 51,464 162,625
BTN 72 4.50 X 10~10 3.07 x 10~ 0.000717 24,165 76,360
cP 76 5.00 x 1010 278 x 10~ M 0.000726 24,468 77,319
ESD 72 3.50 x 10-1° 2.63 x 10" 0.002557 86,177 272,320
FGG 72 1.50 X 1010 1.05 x 10-" 0.001697 57,193 180,730
G6PD* 30 3.50 X 10-10 2.54 x 10" 0.000026 876 2,769
PLP* 52 4.00 x 10-1'° 1.61 x 10~ 0.000870 29,321 92,655
LACTAL 72 1.00 X 10—° 8.75 x 10~ 0.000417 14,054 44,410
WT1 80 4.00 x 10-10 2.60 X 10~" 0.000488 16,447 51,972
Cyt bt 42 4.00 X 10—° 1.34 X 1010 0.001012 34,107 107,778

Values of © are given by using a scale in which the average substitution rate is 4.79 X 1070 substitutions
bp~'-year~! based on seven autosomal nuclear introns; © values reported for X-linked introns and mitochondrial
markers have been scaled by additional factors as described in the text. Ne was calculated by using the lower value

for generation time, 15.5 years.
*Located on chromosome X.
fLocated on the mitochondrion.

To evaluate the hypothesis of demographic recovery and
assess historical population size, we measured genetic variation
among eastern Pacific gray whales to calculate long-term effec-
tive population size and estimate long-term census size. We
conclude that the long-term population size of gray whales in the
North Pacific was probably 3- to 5-fold larger than it is today but
that this estimate likely measures the eastern and western gray
whale stocks together. These data imply that the gray whale
population could continue to grow, unless anthropogenic
changes to ocean ecosystems are severe enough to lower the
capacity of the North Pacific ecosystem to support a typical
population size.

Results

Genetic Variation and Mutation Rates at Multiple Loci. We se-
quenced amplified gene segments for seven autosomal introns,
two X-linked introns, and the mitochondrial marker cytochrome
b from up to 42 individuals from the eastern Pacific gray whale
population, and estimated substitution rates for these markers
[see Materials and Methods and supporting information (SI)
Methods, including SI Table 2]. The average rate of substitutions
across autosomal nuclear introns was 4.8 X 10710 substitutions
per base pair per year~! (ranging from 1.5 X 10710t0 10 X 10710)
(Table 1).

We used the coalescent analysis program LAMARC (12) to
estimate genealogies from individual sequences and calculate
the genetic diversity parameter, © = 4N.u, where N, is the
effective population size and p is the average mutation rate. We
combined data from all loci into a joint-likelihood analysis. The
overall maximume-likelihood point estimate of © was 0.001021,
with 95% confidence intervals ranging from 0.000925 to
0.001130.

Variance of Effective and Census Population Sizes. To calculate the
effective population size N., we divided the joint maximum
likelihood estimate of O by estimates of generation time ranging
from 15.5 to 22.28 years (13, 14), and by four times the average
autosomal substitution rate (u), after applying scaling factors
described in Materials and Methods. Generation time range was
calculated as the median age of 54 sexually mature females (13)
and as the mean period elapsing between the birth of a parent
and the birth of offspring (14).

We calculated the average long-term effective population size
of gray whales to be on average 34,410 with 95% confidence
limits of 31,175 and 38,084. However, census size of animal
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populations is typically higher than effective size because not all
adults successfully breed. We converted effective size N, into
total census estimates (N) by multiplying by a conservative 2:1
ratio of total adults to breeding adults (15) and the ratio of total
population size to total adults, estimated between 1.58 and 1.78
(13, 16) based on census and fisheries data.

By using the relationship © = 4Neu, and the conversion
factors above, we computed 95% confidence intervals on census
size N by randomly sampling 10,000 times from uniform distri-
butions of © (0.000925-0.001130), generation time (15.5-22.28
years), and the ratio of census population size to effective
population size (3.2-3.6). This procedure gives 95% confidence
limits of 78,500-117,700 with a mean of 96,400 (Fig. 1), or
3.5-5.3 times today’s census population size. This range of values
incorporates uncertainty in measures of genetic diversity, un-
certainty in mutation rates among loci, and uncertainties in
generation time and juvenile abundance.

Testing for a Prewhaling Population Bottleneck. Genetic data pro-
vide population size estimates potentially averaged over thou-
sands of generations or more. Thus, the genetically estimated
gray whale population size might be higher than at the start of
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Fig. 1. Bootstrap simulations to estimate variance in historical census pop-
ulation size. Distribution of historical census population size estimates based
on 10,000 bootstrap replicates using 95% confidence intervals for the joint
estimate of © across all introns and cytochrome b, and a range of generation
times (15.5-22.28 years), effective/census ratios, and juvenile proportions
representing the range of values found in the literature. The arrows represent
upper and lower 95% confidence intervals and the mean value.
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