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Abstract
Commercia l whaling d ec im ated  m any  w hale  populat ions,  including th e  eas te rn  Pacific gray whale, b u t  little is known a b o u t  
ho w  popula t ion  dynam ics o r  eco logy  differed prior to  th ese  removals. Of particular in teres t  is th e  possibility of  a large 
popula t ion  decline prior to  whaling, as such a decline could  explain th e  ~5-fo ld  difference b e tw e e n  g en e t ic  e s t im a tes  of  
prior a b u n d a n c e  and  es t im a tes  based  on historical records.  We analyzed g en e t ic  (mitochondrial  control region) an d  isotopic 
information from m o d ern  an d  prehis toric gray whales  using serial coalescen t  simulations an d  Bayesian skyline analyses to  
tes t  for a pre-whaling decline an d  to  exam ine  prehis toric  g en e t ic  diversity, popula t ion  dynamics a n d  ecology. Simulations 
d e m o n s tr a te  th a t  significant g en e t ic  differences o bse rved  b e tw e e n  ancien t  an d  m o d e rn  sam ples  could be  caused  by a 
large, recent  popu la t ion  bottleneck, roughly concurren t  with commercial  whaling. Stable  iso topes  sh o w  minimal differences 
b e tw ee n  m o d e rn  an d  anc ien t  gray whale  foraging ecology. Using re ject ion-based Approxim ate  Bayesian C om puta t ion ,  w e  
es t im a te  th e  size o f  t h e  popula t ion  b o t t leneck  a t  its m in im um  a b u n d a n c e  and  th e  p re -bo t t leneck  a b u n d an c e .  Our results 
ag ree  with previous g en e t ic  s tudies  su g g es t in g  th e  historical size o f  th e  eas te rn  gray  whale  popula t ion  was roughly th ree  to  
five t im es its curren t  size.
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Introduction

C om m ercial whaling in the 19th an d  20th centuries resulted in 
greatly reduced population  sizes in m any  species, w ith dram atic 
im pacts on  m arine ecosystems (e.g. [1]). Despite w idespread 
scientific and  public interest in the recovery o f whale stocks and  
the ecological im pacts o f rem oval, little is know n about how 
w haling m ay have altered basic aspects o f population  ecology 
including abundance, foraging grounds, m igration patterns, or 
population  substructure [2,3].

O f  particular interest is the estim ation o f historic abundance 
im m ediately p rio r to whaling. Genetic diversity in m any whale 
populations is too high to m atch  pre-w haling population  sizes 
estim ated from  w haling an d  com m ercial records, p roducing a 
striking discrepancy betw een historic abundance in baleen whales 
estim ated from  historical records versus genetic da ta  (e.g. [4,5]). 
For exam ple, m itochondrial da ta  from  three baleen  whale species 
in the N orth  Atlantic produced  estim ates 6 to 20 times larger than  
previous estim ates based  on historical da ta  [4], M any  potential 
explanations for this discrepancy have been  suggested [6], For 
exam ple, abundances estim ated from  historical da ta  could be too 
low if w haling records w ere lost, biased or falsified, o r if 
param eters (such as struck-and-lost rate) used to calculate the 
num bers o f whales killed from  these records are inaccurate. O n

the o ther hand , abundances from  genetic da ta  could be  too high if 
the m utation  rate  used is too low, if few genetic m arkers were used, 
if population  structure is no t accounted for, if  generation tim e is 
underestim ated, o r if balancing selection was occurring  at the 
genetic loci used to calculate population  size. M any o f these factors 
have been  and  continue to be investigated as sources o f  erro r (see
[6,7]).

Flowever, the discrepancy betw een historic an d  genetic 
estim ates can also be explained by a  single scenario: populations 
o f whales were m uch larger in the past, bu t declined substantially 
before w haling began. U nder this scenario, bo th  genetic and  
historic inferences could be correct. Flowever, this hypothesis has 
proven difficult to test, as it requires estim ation of prehistoric 
population  dynamics.

A ncient D N A  sequences allow direct estim ation of changes in 
genetic diversity over tim e, and  can greatly im prove the 
reconstruction o f historic population  dynamics, particularly  when 
dem ographic histories are  com plex [8,9], Tem porally-spaced 
genetic data  can  im prove statistical pow er to detect bottlenecks 
relative to m odern  da ta  alone, even w hen relatively few ancient 
samples are available [10], D em ographic reconstruction using 
ancient sequences has yielded insight into historic population 
ecology and  the context o f declines in organisms such as bison 
[11], woolly m am m oths [12], an d  tuco tuco [13], an d  has the
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potential to provide inform ation abou t the historical dem ography 
o f whales before whaling. A ncient genetic da ta  can be particularly  
powerful w hen com bined with stable isotope data, w hich can 
reveal inform ation abou t feeding ecology from  the same popula­
tion [14,15].

In  this study, we investigate the pre-w haling genetic diversity, 
population  dynam ics and  feeding ecology o f the eastern  Pacific 
gray whale using ancient an d  m odern  D N A  sequences and  stable 
isotope data. E astern gray whales represent a  useful case study for 
investigating historic population  dynam ics and  in particu lar the 
discrepancy betw een genetic an d  historical data, because bo th  
genetic diversity and  historical records have been  exam ined in 
dep th  [5,16,17]. A ccording to historic records, eastern Pacific gray 
whales originally num bered  a round  15,000-20,000 individuals 
before w haling [16]; m odeling based on census da ta  extends these 
num bers to 19,500-35,500 individuals [18]. Intensive whaling 
from  1850 to 1874 an d  subsequendy from  the tu rn  of the century 
until the 1930s reduced  this population  to some unknow n fraction 
o f its form er size. In  contrast, estim ates from  m ultilocus genetic 
da ta  are consistent w ith a  m uch higher original population  size 
(78,000-116,000 individuals) [5],

A  pre-w haling bottleneck in gray whales could have several 
potential causes. Because they feed in Arctic and  subarctic benthic 
environm ents, gray whales are thought to be  relatively sensitive to 
changes in clim ate, and  clim atic events such as the M edieval 
W arm  Period (ca. 900-1200  AD) or Little lee Age (ca. 1300-1850 
AD) could have caused a  population  decline. T h e  na ture  o f the 
relationship betw een gray whale populations and  climate-sensitive 
ecosystem features such as sea ice, freshwater inpu t to nearshore 
benthic ecosystems and  benthic species com position is poorly 
understood [19,20]. H ow ever, recent calving rates have been 
shown to be  negatively correlated  with ice cover extent, indicating 
population  growth is faster w hen ice cover is reduced an d  feeding 
hab ita t is extended [20]. Indigenous hunting  o f gray whales has 
been occurring  for a t least 5000 years a round  the Pacific R im  and  
could have reduced  gray whale populations below original levels. 
T hough  it has always been  assum ed th a t hun ting  using traditional 
techniques had  m inim al im pact on  whale abundance [21], the 
actual effects o f  indigenous hunting  have no t been  quantified. A 
final possibility is th a t killer whales (Orcinus orca), the m ajor 
p red ato r on  gray whales, m ay have increased or sw itched to 
feeding prim arily  on gray whales (e.g. [1]).

T h e  accurate inference o f population  dynam ics from  ancient 
sequences requires m ultiple, well-dated samples from  a single 
population, and  depends on a  num ber o f  assum ptions related to 
the coalescent including random  selection o f individuals from  a 
panm ictic population  [22]. W e utilized whale bones excavated 
from  dated  archaeological sites on  the M akah  an d  Quilleute tribal 
reservations, dated  150-3500 years before p resent (ybp). T o  detect 
a  pre-w haling botüeneck, we used genetic da ta  from  these dated  
ancient samples along w ith a  m odern  gray w hale dataset in two 
different an d  com plem entary analyses: 1) serial coalescent
simulations with approxim ate Bayesian com putation  to determ ine 
posterior probability  distributions for dem ographic param eters; 
and  2) a  Bayesian M C M C  m ethod  [8], w hich uses a  coalescent 
approach  to com pare  the likelihood o f different histories.

In  addition  to investigating genetic diversity o f m odern  and  
ancient samples, we used stable isotope analysis to investigate how 
feeding ecology m ay have changed since whaling, particularly  
a round  the O lym pic peninsula and  V ancouver Island. Today, 
m ost gray whales feed in the Bering, C hukchi and  Beaufort Seas, 
though a small num ber o f “ sum m er residents” are know n to feed 
n ear V ancouver Island and  o ther locations in the Pacific 
N orthw est (e.g. [23]). A bundan t bones found in archaeological

sites a round  the C hukchi peninsula (e.g. [24]) suggest the m ajority 
o f  gray whales fed in the Bering Sea and  no rthw ard  in the past. 
How ever, the larger population  size o f gray whales before whaling 
m ay also have resulted in alternative foraging habitats or 
strategies. In  particular, productive areas in the Pacific N orthw est 
including the inlets and  sounds of V ancouver Island m ay have 
supported sizeable feeding populations [25]. Stable isotope 
analysis, particularly  carbon  (S13C) and  n itrogen (S15N), can be 
used to distinguish betw een m arine foraging areas on a b ro ad  
geographic scale (reviewed in [15,26]), and  thus can be used to 
determ ine w hether the ancient gray whales from  the Pacific 
N orthw est represented  a local feeding group. Because the samples 
used in this study come from  the same region as the m odern  
feeding agreggation of gray whales in  the Pacific Northw est, we 
com pared stable isotope (S13C an d  S15N) values betw een ancient 
and  m odern  samples to determ ine w hether ancient samples were 
derived from  individuals representing a  local feeding subpopula­
tion.

Materials and Methods

Samples
M odern  m itochondrial control region sequences from  120 

eastern Pacific and  45 w estern Pacific gray whales were obtained 
from  N C B I [17]. T hese datasets are com prised of samples from 
b o th  stranded individuals across the m igratory route (eastern 
Pacific) an d  biopsies (western Pacific) across num erous years. 
Subsequent sam pling in the eastern  Pacific population  [3] found 
essentially the same distribution of m itochondrial haplotypes as in 
[17], suggesting this dataset contains a  reasonable representation 
o f the haplotype distribution in the population. Forty-two of these 
samples w ere ream plified and  sequenced in our laborato ry  and  
sequenced b lind  in bo th  directions (see [27] for methods), and  
sequences w ere com pared with those from  N C B I. Subsam ples o f 
40 w hale bones were collected from  previously excavated sites in 
N orthw est W ashington (USA) from  the M akah  an d  Q uilleute 
T ribal Reservations, including the O zette  site [28], a  shell m idden 
deposit on  the M akah T ribal Reservation, an d  a shell m idden on 
the Q uilleute T ribal R eservation (Table 1, Figure 1). Excavations 
took place betw een 1971 an d  2005. All bones were dated  based on 
previously-established site provenience [28] o r A M S-14C dating  at 
Law rence L iverm ore N ational L aboratory  (Livermore, CA) after 
correction for the m arine reservoir (North Pacific surface reservoir) 
[29,30,31],

DNA Extraction, Amplification and Sequencing
D N A  extraction an d  am plification were perform ed under strict 

ancient D N A  contam ination  control m easures (see “A uthentica­
tion” below). T h e  surface o f each sample was rem oved via sanding 
and  ca. 0 .1 -0 .3  g o f bone was rem oved using a drem el tool. E ach 
subsample was ground  into a  fine pow der an d  incubated  overnight 
a t 55°C with 1.25 m L o f extraction buffer (0.5 M  E D T A  at 
p H  8.0, 0 .5% SD S and  0.5 m g /m L  proteinase K) in a  1.5 m L 
tube. D N A  was extracted using Q iaquick D N A  Extraction 
colum ns (QIAGEN) according to m anufacturer’s instructions.

W e am plified four overlapping fragm ents o f the m itochondrial 
control region sized 180-250 bp  (Table 2). First, a  182 bp 
fragm ent was am plifed using prim ers F22 and  R 258 as described 
in [32] and  sequenced to determ ine species identity. W e amplified 
all samples identified as gray whales a t three  additional fragm ents. 
Am plification conditions were as follows: 0.1 p M  each prim er,
2.5 m M  M gC l2, 0.2 m M  dN T P, 1.5 m g /m L  sperm idine, 2.5 pL  
D N A  tem plate, and  1.25 U  A m plitaq G old (Applied Biosystems). 
Amplifications w ere perform ed on a  B ioR ad cycler w ith the

PLoS ONE I w ww.plosone.org 2 May 2012 | Volume 7 | Issue 5 | e35039

http://www.plosone.org


T a b le  1 . Ancient samples: sam pling  locations, units  a n d  da te s  
In ca lendar  years based  on  direct radiocarbon da ting  o f  bones  
(samples In Italics) o r  o f  a ssoc ia ted  shell middens.

Sam ple Site D a te  (ybp)

BAL4 45CA24B70 300-500

BAL5 45CA24B70 150-250

BAL6 45CA24B70 370-490

BAL12 45CA24B70 300-400

BAL15 45CA24B70 300-500

BAL16 45CA24B70 300-500

BALI 7 45CA24B70 150-250

B A L I 8 45CA24B70 280-370

BAL19 45CA24B70 150-250

BAL20 45CA24B70 150-250

BAL21 45CA24B70 260-380

BAL23 45CA24B70 310-420

BAL24 45CA24B70 430-520

BAL25 45CA24B70 320-420

BAL28 45CA400 2450-2690

BAL37 45CA23 660-880

45CA24B70 =  O zette  site; 45CA400 =  Shell m idden  deposit; 45CA23 =  Shell 
m idden on  Q uilleute Indian reservation. 
doi:10.1371 /journal.pone.0035039.t001
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T a b le  2. Pri mers used in t h e  anc ien t  DNA analysis (5 '-3 ' 
direction).

Prim er n a m e S e q u e n ce Reference

dlpF22 CCACCAT CAGCACCCAAAGC [32]

dlpR258 TGCTCGTGGTGTARATAATTGAATG [32]

ERdlpFI CCCAT AGTARTT AGT ATT CCCCT GT G This study

ERdlpRI CACAGGGGAAT ACT AAYT ACT ATGGG This study

ERdlpF2 CTTCACTACGGAAGTTAAAGCCCG This study

ERdlpR2 CGGGCTTT AACTTCCGT AGT GAAG This study

ERdlpF3 CAGCATGCCGCGTGAAACCAGCAACCC This study

ERdlpR3 GGGTTGCTGGTTTCACGCGGCATGCTG This study

ERdlpF4 GCAGGG AT CCCT CTT CT CGCACCGG This study

ERdlpR4 CCGGTGCGAGAAGAGGGATCCCTGC This study

doi:10.1371 /journal.pone.0035039.t002

following profile: initial dénatu ration  a t 95 "C for 12 m inutes, 40 
cycles o f 9 4 "C /3 0  s, 5 5 "C /3 0  s, 72 "C /4 0  s, and  a  final extension 
at 72"C for 10 minutes.

W e purified all succesful am plification products using Q iaquick 
colum ns (QIAGEN). All purified products w ere sequenced in bo th  
directions on  an  ABI 3100 Genetic Analyzer. A subset o f  20%  of 
am plification products were cloned (with a  m inim um  o f 8 
sequences pe r product) to determ ine w hether exogenous ampli-

Puget Sound

Olympic Peninsula 
(Washington state)

Figure 1. Sampling locations for archaeological material on the Olympic Peninsula, Washington state, USA. 1 = Shell m idden deposit 
on Makah Tribal Reservation (45CA400); 2 = O zette site (45CA24B70); 3 = Shell m idden deposit on Quilleute Tribal Reservation (45CA23). Sam ples were 
excavated betw een  1971 and 2005 [28], 
doi:10.1371/journal.pone.0035039.g001
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cons were present, using ABI T opo  kit. Sequences were cleaned, 
edited an d  aligned in Sequencher 4.0 (GeneCodes).

Authentication
A ncient D N A  extraction and  p re-P C R  procedures were 

perform ed under strict controls to m inim ize contam ination  risk 
and  controls were included at each step to m onito r contam ination. 
Prim ers were designed specifically for cetaceans, and  laboratories 
in w hich extractions and  P G R  were perform ed had  never had  any 
m odern  whale o r cetartiodactyl D N A  or tissues in the facilities. 
Ancient D N A  extraction and  p re -P C R  procedures took place in a 
specialized facility, spatially isolated from  facilities in w hich PC R , 
cloning and  sequencing take place. T h e  ancient D N A  facility is 
equipped w ith positive airflow to p reven t/m in im ize  exogenous 
contam inants from  entering  the room , an d  overhead U V  lam ps to 
destroy non-target DNA. No researchers are perm itted  to enter 
the clean room  w ithin 24 hours o f contact with facilities in which 
P C R  occurs. P rior to extraction o f D N A  from  ancient m aterial, all 
surfaces w ere cleaned w ith A lconox detergent and  a  bleach 
solution (10-30% ), an d  room , m aterials (including tubes, tips, 
pipettors, an d  foil) an d  reagents (excluding proteinase K) were 
U V -irrad ia ted  overnight. Extractions and  P C R  set-up were 
perform ed in a  Class II lam inar flow hood. Samples were stored 
in separate airtight plastic bags until use. E ach sam ple represents a 
different individual because subsamples cam e from  the same 
com plete skeletal elem ent, h ad  different 14C dates, or w ere from 
different sites.

All extractions an d  amplifications included negative controls at 
a  ratio o f one control for every four samples. M ultiple, overlapping 
amplifications w ith different p rim er pairs w ere used to confirm  all 
SNPs. Amplifications w ere repeated  for 20%  o f samples. As 
described above, 10% o f am plified fragm ents were cloned and  
sequenced to determ ine the extent o f  contam ination  by exogenous 
DN A. In  addition, 25% of gray whale samples were re-extracted 
and  am plified independently  by a  separate laboratory. N ew  gray 
whale haplotypes were deposited in N C B I with corresponding 
sample nam es (Accession num bers JQ 910911^JQ 910926).

Genetic Diversity
A ncient sequences were aligned to previously published control 

region sequences for bo th  eastern and  w estern Pacific gray whales
[17] using Sequencher 4.0 (GeneCodes). H aplotype diversity (Hd), 
the genetic diversity param eters W atterson’s ? and  nucleotide 
diversity (n), an d  T ajim a’s D w ere estim ated using D naSP  v.5 [33]. 
W e m easured  genetic differentiation betw een sample sets using FSr  
[34], an d  derived 95% confidence intervals from  20,000 bootstrap 
replicates using the p rogram  A rlequin v. 3.1 [35].

Coalescent Simulations and Demographic Analyses
T o explore w hether bottlenecks could result in observed 

patterns, we used a rejection-based approxim ate Bayesian 
com putation  (ABC) approach  [36] with serial coalescent simula­
tions. W e sim ulated a  range o f dem ographic histories (including 
population  bottlenecks o f different sizes/tim ing and  various pre- 
bottleneck sizes) an d  used an  ABC fram ew ork to com pare 
observed and  sim ulated values o f sum m ary statistics to estim ate 
the posterior probability  distributions o f dem ographic param eters. 
In  these simulations, population  size param eters were estim ated in 
term s of female effective size (Ncf), or the num ber o f breeding 
females. T o  relate these estim ates to previously published figures, 
we converted betw een effective female size an d  census size using 
three  steps (see [4,5] for additional details an d  rationale): 1) female 
effective size is converted to effective size (Nc) by  m ultiplying by 2 
to account for males; 2) effective size (Nc) is converted to all adults

(Np) by  m ultiplying by 2, and  3) A dult population  (Nr) is 
converted to census size (N), o r the total num ber o f individuals in 
the population  including juveniles, by  m ultiplying by 1.5.

W e varied dem ographic scenarios as follows. T h e  tim e of the 
bottleneck was varied from  1-100 generations ago, prebottleneck 
size was varied from  N cf=  3333-19 ,333  (equivalent to 
N  = 20,000-116,000) in the past, and  m inim um  abundance at 
the bottleneck was varied from  N cf=  17-1667 (equivalent to 
N =  100-10,000 individuals) (Figure 2). T h e  range o f original 
abundance em ployed in the sim ulations was derived from  today’s 
census size and  an  analysis o f genetic diversity in nuclear introns o f 
gray whales [5], and  the range o f bottleneck sizes was derived from 
the highest [18] an d  lowest [37] estim ates available in the 
literature. Sim ulations use a generation  tim e of 15.5 years, equal to 
the m edian age o f reproductive females [38], T h e  m olecular 
substitution m odel used (HKY+G) was selected using the p rogram  
M O D E L T E S T  using Akaike Inform ation  C riterion  (AIC) [39]. A 
range o f m utation  rates from  4 .0 0 -8 .0 0 x 1 0  8 bp  1 yr 1 were 
em ployed based on the analysis o f [27], w hich used cytochrom e-b 
d a ta  to calibrate rate  o f substitution in the control region o f gray 
whales. T h e  m ethod  used to derive this rate, w hich is 2 to 4.4-fold 
faster th an  the phylogenetically derived ra te  (e.g. [40]), has been 
found to be  consistent w ith results obtained in subsequent studies 
o f m am m alian  rates [41,42,43]. T o  test the sensitivity o f results to 
m utation  rate, we also repeated  the analysis using rates derived 
from  Bayesian M C M C  analysis o f ancient and  m odern  da ta  (see 
below). W e chose sample sizes an d  ages o f samples to reflect our 
em pirical dataset. Sim ulations were generated  in Bayesian Serial 
S IM C O A L  [44,45] and  rejection-based ABC was im plem ented in 
the statistical package R  version 2.0 following the algorithm  
described in [13]. W e perform ed 1,000,000 simulations with 1000 
acceptances. W e used five sum m ary statistics (7tmodCm, FSr
(ancient-m odern comparison), H d modcrn and  H d ancicnt) to estim ate 
posterior likelihoods for three param eters: 1) bottleneck tim e in

Sample 2 (n=16)

96,000

Sample 1 (n=120)

22,000

10,000

Time (generations ago)

0 10 20

Figure 2. Simulated demographic scenario. The size o f th e  ancient 
population is assum ed to  range from 20,000-116,000 (census size). 
The m odern population is assum ed to  have a census size of 22,000. The 
size and timing of th e  bo ttleneck  (pictured here a t 10,000 individuals 
and 10 generations ago) w ere varied betw een  100-10,000 (census size) 
and 1-100 generations ago. 
doi:10.1371/journal.pone.0035039.g002
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generations (Uct); 2) m inim um  size o f population  (Negbot)); and  3) 
pre-bo ttleneck abundance (Negprebot))-

In  addition, all ancient and  120 m odern  sequences were used to 
com pare the likelihood o f different dem ographic scenarios in a 
Bayesian M C M C  analysis as im plem ented in BEA ST v 1.5.3. 
M O D E L T E S T  [39] was used to determ ine the best-fitting 
substitution m odel. Based on these results, analyses were run  
using the H K Y + G  substitution m odel with a  relaxed m olecular 
clock (uncorrelated lognormal) in o rder to allow rates to vary 
am ong branches [46], and  30,000,000 iterations after a  burn-in  o f 
100,000 iterations, w ith sample ages used in the calibration an d  a 
uniform  prio r on  m utation  ra te  o f 4 .00 -8 .00  x IO-8  b p -1 y r- 1 . 
W e selected the num bers o f iterations and  burn-in  steps to ensure 
m odel convergence, and  averaged results over five replicate runs. 
Both geneaologies and  m odel param eters were sam pled every 
3000 iterations. M ixing an d  convergence were determ ined to be 
adequate based on  the effective sample sizes (ESS) o f each 
param eter, as evaluated in T racer v. 1.3. W e com pared the 
following dem ographic models: constant population  size, expo­
nential growth, and  Bayesian skyline plo t (BSP) using 10 tem poral 
groups. W e com pared  support for models by  calculating Bayes 
factors using the harm onic  m eans o f sam pled m arginal likelihoods 
for each m odel [47]. Additionally, BEA ST v l.5 .3  was used to 
assess levels o f post-m ortem  D N A  dam age and  take account o f this 
dam age in dem ographic analyses (see [48]). T h e  potential for such 
dam age to confound dem ographic analyses is an  im portan t 
consideration in  assessing the ability o f ancient o r historical 
sequences to shed light on past population  processes (e.g. [49]). 
How ever, R am b au t et al. [48] showed th rough  simulations that 
w hen dam age was m easured an d  accom odated  in aD N A  analyses, 
evolutionary param eters and  dem ographic reconstructions were 
correcdy recovered.

Finally, we also evaluated past population  dynam ics using the 
Bayesian skyline plo t (BSP) m ethod  o f D rum m ond  et al. [8]. In  this 
m ethod, a  sample o f gene sequences (including sequences sam pled 
a t different points in time) is used to estim ate effective population 
size th rough  time, using an  M C M C  sam pling procedure. T he 
m ethod  produces credibility intervals th a t incorporate  bo th  
phylogenetic e rro r an d  uncertain ty  inheren t in  reconstructing 
the coalescent process. How ever, using lim ited sequence da ta  from 
a  single locus can  reduce the pow er o f this m ethod  to detect 
population  dynam ics in the past [22]. T o  determ ine w hether our 
ancient samples w ere adequate for detecting the signature o f a 
botdeneck in Bayesian dem ographic analyses, we repeated  the 
analyses on sim ulated datasets with identical ancient sam pling bu t 
know n dem ographic histories. W e analyzed two dem ographic 
scenarios in w hich bottlenecks were assum ed to have occurred  at 
800 or 1200 ybp (reducing the population  from  96,000 individuals 
to 22,000). All o ther param eters (such as m utation  rate  and  
generation  time) were identical to those used in the dem ographic 
simulations described above.

Stable Isotope Analysis
In  addition  to assessing the stable isotope com position (S13C and  

S15N) o f all ancient gray whale samples, we collected bone 
fragm ents from  m odern  gray whale bones for the purpose of 
com parison. Fourteen gray whale bones were analyzed from  the 
U S N M  collection, Sm ithsonian Institution. T h e  m ajority o f the 
U S N M  samples come from  anim als harvested in the 1960s and  
70s a t a  California whaling station across different years [38], and  
are therefore likely represent a  random  subsam ple o f the 
population. Bone fragm ents w ere dem ineralized in 0.5 N  hydro­
chloric acid (HC1) for — 12—15 h r a t 5°C. T h e  resulting m aterial 
was trea ted  repeatedly with a  ch lo ro fo rm /m ethano l (2:1) m ixture

to rem ove lipids an d  then  lyophilized. D ried  samples (~ 0 .5  mg) 
were sealed in tin boats and  analyzed using a C arlo-E rba 
elem ental analyzer interfaced with a  Finnegan D elta Plus X L  
mass spectrom eter (Geophysical Laboratory , C arnegie Institution 
o f W ashington). Results are expressed as 8 values, 8 C or 
8 N — 1000[(Rsampie/ R stanciard)- l]> w here R sampie and  I2M î I . are 
the 13C / 12C or 5N / 14N  ratios o f the sample and  standard, 
respectively. T h e  standards are V ienna-Pee D ee Belem nite 
lim estone (V-PDB) for carbon  and  atm ospheric N 2 for nitrogen. 
Units are expressed as parts pe r thousand  or per mil (%o). W ithin- 
ru n  standard  deviation o f an  acetalinide standard  was ^0.2% o for 
b o th  8 C and  8 N  values. As a  control for the quality o f collagen, 
we m easured  the [C ]/[N ] ratio o f each sample; weight percent 
[C ]/[N ] ratios o f all bone collagen samples were 2.8 -3 .2, w ithin 
the theoretical [C ]/[N ] ratio o f unaltered  collagen [50]. W e 
applied a  correction to all carbon  isotope values to account for the 
global decrease in the 13C p roportion  o f atm ospheric carbon 
dioxide (i.e., “ Suess Effect”), due largely to fossil fuel burning, over 
the last 150 years. Based on  ice core records [51], we applied a 
tim e-dependent S13C correction to historic samples (1912-1975) o f 
— 0.005 per m il/y ea r betw een 1860 and  1960 (n = 1), and  —0.022 
pe r m il/y ea r since 1960 (n = 13). This resulted in relatively m inor 
(m ean = —0.3%o) S13C corrections for the m odern  samples since 
m ost o f  them  (12/14, ~ 8 5 % ) were collected prio r to 1970.

Results
W e extracted an d  am plified D N A  from  38 o f 40 samples. 

A lignm ent o f control region sequence w ith baleen  whale sequences 
from  N C B I showed th a t 16 o f the 38 sequences grouped w ith gray 
whales (rem aining sequences grouped w ith hum pack, blue or 
sperm  whales). No exogenous contam inants o r m ism atches were 
detected in any o f the cloned sequences o r sequences from 
independendy extracted specimens. Blind resequencing o f a  subset 
(25%) o f m odern  sequences did no t yield any sequence discrep­
ancies w ith N C B I data. O nly  genetic da ta  from  gray whales 
(383 bp) were used for the rem aining analyses.

Genetic Diversity
T h e  level o f haplotype diversity across ancient samples 

(Hd = 0.933) was com parable to th a t found in m odern  Eastern 
samples (Hd = 0.948) an d  h igher th an  th a t o f  m odern  W estern 
samples (Hd = 0.700) (Table 3). N ine haplotypes were obtained 
from  the sixteen gray w hale samples, including three  haplotypes 
previously unobserved in either the eastern or w estern Pacific 
populations. These unique haplotypes differed by four (one 
individual), two (one individual) and  one (two individuals) base 
pa ir changes from  know n haplotypes. All b u t one o f these 
changes were transitions. Values o f Q(S) and  nucleotide diversity 
(n) were also similar across m odern  and  ancient eastern Pacific 
samples. T ajim a’s D values w ere nonsignificant for all three sets 
o f  samples.

Both a  haplogroup netw ork constructed using T C S  [52], and  a 
neighbor-joining tree constructed using PAUP* [53] show that 
ancient samples are no t distributed random ly across the distribu­
tion o f m odern  eastern Pacific samples, b u t cluster in one p a rt o f 
the netw ork or tree (Figure 3a, 3b). Significant differences in 
haplotype frequencies were observed betw een each pa ir o f samples 
(p<0.001). T h e  observed FSt  value betw een m odern  eastern and  
ancient eastern was 0.1004 (95% CIs: 0 .0640-0.1344). T he 
difference betw een m odern  w estern samples an d  ancient sequenc­
es (F s t = 0.2794) was greater th an  the difference betw een m odern  
eastern an d  w estern sequences (Fs T = 0.1125).
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T a b le  3 . Sum m ary  statistics (±SD) for a nc ien t  Eastern Pacific 
(EP) sam ples,  M odern  EP, and  m odern  Western Pacific (WP) 
samples.

Tajima's
N N(H) Hd n  0(S) D

Ancient 16 9 0.933 ±0.035  0 .0130± 0.0016 0 .0127±0.0053 -0 .031
EP

M odern  120 30 0 .948± 0 .007  0.0191 ± 0 .0009  0.0189±0.0041 0.906
EP

M odern  45 10 0 .700± 0 .049  0 .0187±0.0012 0 .0190±0.0045 1.392
WP

N = num ber o f  sam ples; N(H) = n um ber o f  haplo types; Hd = hap lo type  diversity, 
9(S) = W atterson 's th e ta  [76]; n  = n ucleo tide  diversity [77]. Values o f  Tajima's D 
w ere  nonsignificant for all sam ples (p>0.10). 
doi:10.1371 /journal.pone.0035039.t003

Coalescent Simulations and Demographic Analyses
Posterior density curves and  p rio r distributions for the three 

param eters o f interest are shown in Figure 4. T h e  m axim um  a 
posteriori estim ate was for a  bottleneck tim e 6 generations ago 
(90% highest posterior density interval (HPD) = 5 -6 0  generations). 
Estim ates for m inim um  abundance (N^bot) an d pre-bottleneck 
abundance (N(cf)prebot) were translated  from  units o f female 
effective size (N,¡ ef)) to census size (N) using conservative factors 
to account for sex ratio, the ratio  o f b reeding adults to all adults 
and  the ratio o f  juveniles to adults [5]. This resulted in m axim um  a 
posteriori estimates o f Nbot = 9,070 (90% H P D  = 3,750-9,740) and  
Nprebot = 100,670 (90% H P D :59 ,940-111,550).

Bayesian M C M C  m ethods as im plem ented in BEA ST can  also 
be used to m easure m utation  rates directly w hen ancient da ta  are 
available [54], T hese m ethods can produce upw ardly biased 
estim ates o f m utation  rates in  populations that deviate from  simple 
dem ographic histories, especially in  cases w here population 
bottlenecks have occurred  or population  structure is o r was 
p ronounced  [55], as is likely to be the case for the population 
considered here. How ever, in o rder to test the sensitivity o f  the 
ABC analysis to a  range o f rates, we im plem ented this m ethod to 
derive control region rates. T h e  Bayesian M C M C  m ethod  gives a 
ra te  o f 0 .032-0 .194  (95% H PD ; m ean 0.11) substitu tions/s ite/M y 
w hen applied to this dataset, a  wide range th a t overlaps w ith the 
full range o f rates used in this study. This b ro ad er range of 
m utation  rates with a  h igher m ean  value produces a  w ider range of 
N e values with smaller M LEs, resulting in M LEs o f N bo t= 8,890 
(90% H P D  = 2,500-9,610) and  N prcbot = 69,890 (90%
H P D :41 ,220-109,210), an d  T bot = 13 (90% H P D  = 9-68).

W e used ancient and  m odern  sequences to com pare the 
likelihood of different dem ographic scenarios in a  Bayesian 
M C M C  analysis. A Bayes factor analysis o f sam pled m arginal 
likelihoods for each m odel indicated some support for the Bayesian 
skyline plot (BSP) m odel over the dem ographic m odels o f  constant 
o r exponential grow th (BF>2). T h e  skyline population  tren d  is 
also consistent with a  recent decline (Figure 5). BSP analyses using 
sim ulated datasets showed b ro ad  declines th a t were consistent with 
the bottleneck dates sim ulated (e.g. roughly 1200 ybp). However, 
for b o th  the real dataset an d  sim ulated datasets, confidence 
intervals are extrem ely wide and  the skyline plots do not 
successfully recreate the m ost recent fine-scale population  dynam ­
ics over the past — 150 years (population bottleneck followed by 
regrowth). T h e  m ean ra te  o f post-m ortem  dam age estim ated in 
BEA ST was 2 .3 7 x 1 0  errors pe r base pa ir (95% highest 
posterior density interval: 6 .9 9 x 1 0  7 .2 5 x 1 0  8). This estim at­

ed ra te  is lower th an  several o ther D-loop datasets derived from 
samples o f com parable (though generally older on  average) age, 
sueli as ox (4-8 kya, H PD : 3.87 x l 0 _7-8 .5 7  x lO -4 ), m oa (1 - 
6 kya, H PD : 1.75 x lO -5  to 3 .58-3 ), and  musk ox (0M 4 kya, 
H PD : 9.81 x 1 0_8-1.91 x lO - 3 ) [56],

Stable Isotope Analyses
A ncient gray whales h ad  significantly h igher m ean  S13C values 

(ANOVA or pooled T-test, p < 0 .0 5 ) than  the m odern  whales 
(Figure 6); there w ere no differences in m ean  S15N  values. T he 
m ean  (±SE) S13C value for Suess corrected m odern  (n = 14) and  
ancient (n = 16) gray whales was —13.7 (±0.2) and  —13.1 (±0.1) 
respectively. T h e  m ean (±SE) S15N  values for m odern  and  ancient 
samples were 14.2 (±0.2) and  14.7 (±0.2), respectively. For 
m odern  samples, for w hich age and  sex w ere sometimes known, no 
obvious effects were observed based on these factors (though small 
sample size prevents a  thorough  analysis).

Discussion
A ncient gray whale sequences show high genetic diversity, bu t 

this diversity is no t random ly distributed w ith respect to today’s 
haplotype distribution (Figure 3). T here  are at least two potential 
causes for this non-random  distribution: past population  structure, 
and  a  large dem ographic bottleneck that resulted in the reshuffling 
o f haplotype frequencies.

Population structure in the past could result in significant 
genetic differences betw een m odern  and  ancient whales. All 
ancient samples w ere collected from  the same geographic a rea  (the 
O lym pic Peninsula) and  were likely caught in or outside o f the 
Strait o f  Ju a n  de Fuca, raising the possibility th a t this a rea  m ight 
have h a rbored  a genetically unique population  in the past. This 
possibility is particularly  w orth  exploring because a  small subset o f 
the m odern  gray whale population  uses the Strait o f Ju a n  de Fuca 
and  Puget Sound as a  sum m er feeding ground, w hereas the large 
m ajority o f gray whales travel n o rth  to the Bering Sea and  
northw ard  to feed [25]. Photoidentification da ta  shows that at least 
some o f these individuals re tu rn  year after year to the a rea  to feed 
(Calambokidis et al. 2002). T hough  an  earlier genetic study found 
no evidence that these anim als represented  a unique population 
[23], a  m ore recent analysis detected slight bu t significant 
differentiation betw een the southern feeding aggregation and  the 
gray whale population  as a  whole [57].

T o  explore pre-w haling feeding ecology an d  test the hypothesis 
o f  population  structure in the past, we investigated the stable 
isotope signature o f the ancient whales and  a  set o f m odern  gray 
whale bones from  the ETSNM collection. W e presum e the ETSNM 
whales, w hich w ere m ostly collected a t a  whaling station near 
R ichm ond, California in the 1970s, represent a  random  subset o f 
the population  because whales were taken in different years along 
their central m igration route, and  thus w ould carry  the isotopic 
signature o f the p rim ary  n o rth ern  feeding grounds. G ray whales 
are unique am ong large cetaceans in th a t they m igrate an d  feed 
close to shore, typically < 8 0  km  [38], and  therefore we w ould not 
expect distance from  shore to be a  confounding factor in 
in terpreting  isotopic results. I f  in fact the ancient whales 
represented  a genetically distinct resident aggregation in the past, 
the m ost likely scenario is that these whales w ere feeding in the 
Strait o f Ju a n  de Fuca and  Puget Sound, w hich w ould result in 
different iso topic signature due to differences in foraging latitude. 
Phytoplankton an d  dissolved organic m atter S13C and  S15N  values 
are negatively correlated with latitude in the northeast Pacific 
O cean  [58,59,60]; tem perate latitude systems (e.g., California 
Current) have h igher isotope values by ~ 1 —2% than  high latitude

PLoS ONE I w ww.plosone.org 6 May 2012 | Volume 7 | Issue 5 | e35039

http://www.plosone.org


Eastern Gray Whale Genetics

H a p lo g ro u p  “A" [

H a p lo g ro u p  "B "

East hap6 1 1 
West napei 
East hapet

Batis

East h a t t i
Easi hapAFl

L- Easi hapWl
East haoMI 
BatPS j f  —  
Easi haoG1

i West haoFi

Eau.hapHi 
West hacMi

East haps I
East hap Xi 

East hapftl
East hapABi 

Wast..hapu
_________ I— East hapACl

1 East hapAG!

—  0001 subsMubons/Ma

Gray whales: haplogroup 
network (TCS)

m odern  - E aste rn  P acific  |fl= 120 |

I W o d c rn  -  W e s to r n  P a c if ic  1 rï= a5 |

Anciont - Eastern Pacific |n s 1EJ

Figure 3. Phylogenetic network and tree constructed from  modern and ancient gray whale haplotypes. (a) H aplogroup netw ork for 
ancient eastern  Pacific and m odern eastern  and w estern Pacific sam ples (constructed in TCS [52]). H aplogroups w ere defined by grouping to g e th er 
sequences with one  or zero differences, (b) Neighbor-joining (m idpoint-rooted) tree using ancient and m odern haplotypes from PAUP* [53], The 
HKY85 m odel [75] was used to  correct genetic  distances. Ancient sam ples have the  prefix BAL and are d eno ted  with an arrow. Each haplotype is 
represented  only once in th e  tree. 
doi:10.1371/journal.pone.0035039.g003

systems (e.g., Bering Sea). As such these isotopes have been  used 
extensively to exam ine differences in foraging latitude in m odern  
and  ancient m arine m am m als [14,15,61,62], After correcting for 
the Suess effect, we found slight bu t significant differences in m ean 
S13C values betw een the two groups; m ean  S15N  values were not 
significant. Assum ing ancient an d  m odern  groups forage at similar 
trophic levels, the overall isotopic p a tte rn  is in agreem ent w ith that 
expected if ancient O zette  gray whales foraged in lower latitude 
waters than  the m odern  group, w hich is know n to forage at high 
latitudes in the Bering Sea. Thus, it rem ains possible that at least a 
subset o f these whales w ere occasional sum m er residents in the 
area, particularly  in light o f the recent analysis by [57]. However,

the small observed isotopic differences in S13C and  S15N  an d  small 
sample sizes suggest that draw ing a  firm  conclusion about 
geographic structure from  these isotopic da ta  w ould be p rem ature . 
Finally, it is also possible that the ancient whales from  O zette 
represent a  genetically unique population, due to structuring along 
ano ther ecological axis o ther th an  feeding. Fu rther tests o f the 
hypothesis o f population  structure in the past will require 
additional ancient samples from  this region and  new  locales.

W e tested the second possible cause for nonrandom  distribution 
o f ancient haplotypes, a  dem ographic bottleneck, using serial 
coalescent simulations an d  rejection-based A pproxim ate Bayesian 
C om putation  approach. W e selected dem ographic scenarios used
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in coalescent sim ulations by using a range of values o f population 
size in the past and  today from  census [63] an d  genetic da ta  [5], 
and  exploring potential bottleneck dynam ics that m ight have 
occurred  in the interim . T hese analyses dem onstrate that a  subset 
o f  dem ographic scenarios are m ost likely to produce the observed 
sum m ary statistics in m odern  and  ancient samples. In  particular, 
the observed FSr  value can result from  a bottleneck followed by 
rap id  population  growth. Sim ulations dem onstrate that, as 
expected, m ore severe bottlenecks create h igher Fs t  values. 
Results indicate highest support for a  population  bottleneck that 
betw een 5 -6 0  generations ago (90% H PD ), with a  m axim um  
likelihood estim ate o f 93 years or 6 generations, w hich roughly 
corresponds to the end o f the central period  o f com m ercial 
w haling (Figure 4). Little is know n about the size o f the gray whale 
population  during  the height o f industrial w haling a round  1890, 
though it is know n that the population  was determ ined to be 
“ com m ercially extinct” [16], Previous estimates vary from  150

based on visual census [37] to 10,000 based on  population  m odels
[18], Sim ulation results give an  M L E  o f 9,070 (90% H P D : 3 ,7 5 0 - 
9,740), m uch closer to the latter value. This larger estim ate is in 
agreem ent with the rap id  grow th o f the gray whale population 
during  the last ha lf o f  the 20th century, and  brings estimates o f p re ­
w haling abundance from  w haling records (which reflect whales 
killed in addition to the num ber o f individuals rem aining a t the 
bottleneck) into slightly closer alignm ent with those from  genetics. 
T h e  posterior distribution o f pre-bottleneck census size 
(MLE = 100,670, 90% H P D :59 ,940-111,550) is h igher th an  those 
estim ated from  w haling records, and  corresponds to the distribu­
tion o f 96,000 (78,000-116,000) previously estim ated from  a 
separate genetic dataset (nine nuclear introns and  cytochrom e 

[5])-
In  addition  to the sim ulation approach, we used a Bayes factor 

analysis to determ ine w hich dem ographic m odel (constant, 
exponential growth, or Bayesian skyline plot) provided the best
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fit to the data. T h e  BSP provided a better fit than  the o ther two 
models (BF>2), suggesting a  population  decline. T h e  skyline plot 
analyses based on  m odern  and  ancient control region sequences 
are consistent w ith a  recent decline, and  there  is no indication of
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samples; error bars represent standard errors. No significant overall difference betw een  ancient and m odern sam ples is observed once 
m odern sam ples are corrected for the  Suess effect. The Suess effect results in an average shift in S13C of 0.3%. 
doi:10.1371/journal.pone.0035039.g006
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an earlier m ajor decline. T hough  the possibility rem ains that our 
dataset violates the assum ption o f panm ixia, previous studies 
indicate that skyline plots a re  relatively robust to such violations 
[8,11]. T h e  BSP analysis also successfully reconstructed  earlier
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hypothetical declines in sim ulated datasets using the same sample 
size and  age distribution as in our em pirical dataset, indicating that 
if a  decline from  100,000 to 20,000 individuals occurred  earlier in 
the Holocene, we w ould expect to detect it w ith our dataset. 
How ever, in bo th  cases credibility intervals are large due to small 
ancient sample size and  uncertain ty  inheren t in the coalescent 
process and  phylogenetic reconstruction, lim iting the inferences we 
can draw  from  these results. In  addition, previous analyses o f 
ancient D N A  datasets using Bayesian skyline plots (e.g. [8,11]) and  
bow head whales [64] indicate th a t this m ethodology was unable to 
reconstruct very recent declines o r botüenecks. Additional loci and  
ancient samples w ould be needed to gain enough statistical pow er 
to quantify very recent botüenecks with confidence.

E stim ating dem ographic param eters from  genetic da ta  requires 
the estim ation o f evolutionary rates and  o ther uncertain  factors. 
R ecen t studies have suggested m tD N A  m utation  rates estim ated 
from  phylogenetic da ta  are inappropriate  for intraspecific studies 
because of tim e dependency of m olecular rates (older calibration 
points produce slower clock rates) [54,65]. In  this study, we 
addressed this prob lem  by  using a range o f evolutionary rates 
derived from  intraspecific calibration o f the control region based 
on  variation  a t a  linked locus [27]. This m ethod  utilizes m ore 
recent calibration points and  is thus better able to detect multiple 
hits/hom oplasy , a  com m on feature o f the m am m alian  control 
region th a t m ay contribute to differences betw een pedigree-based 
and  phylogenetic ra te  estimates [66]. Bayesian M C M C  m ethods 
have been used to m easure m utation  rates direcüy w hen ancient 
da ta  are available [54], b u t sim ulation studies found these m ethods 
can overestim ate the true rate for populations in w hich botüenecks 
have occurred or those w ith p ronounced  structure [55] (however, 
it is im portan t to note th a t some o f the sim ulation scenarios used in 
the latter study included non-representative sampling). In  addition, 
a  recent study found th a t some ancient D N A  datasets, including 
bow head whale, p roduced  artifactual rate  estimates as a  result o f 
low inform ation content am ong  o ther factors including sequence 
ages [67]. For this reason, we consider the range o f rates derived 
from  intraspecific calibration [27] to be the best available estimates 
for use in this analysis, in the absence o f a  m olecular ra te  curve 
[46] for baleen  w hale species.

A dditional uncertainties in the estim ates o f total population  size 
(N) arise from  o ther param eters needed  for the analysis, including 
the ratio o f  b reeding adults to total adults (N e/N ), generation time, 
the sex ratio  and  the ratio o f juveniles to adults. W hile gray whale- 
specific estim ates exist for the latter two values, N e /N  is very 
poorly know n for m ost species [68]. A review o f em pirical studies 
suggested th a t the num ber o f  b reeding individuals in a  population 
is typically an  o rder o f m agnitude below the total num ber 
(averaging 0.10-0.11), and  th a t N e /N  rarely falls above 0.5 in 
na tura l populations [69]. T heoretical analyses suggest th a t N e /N  
approaches 0.5 in m ost populations with constan t size [70]. 
Factors th a t can reduce N e /N  include uneven sex ratios, 
population  botüenecks and  variance in reproductive success (e.g. 
[71,72]). In  this analysis, we used a conservative estim ate o f  N e /N  
(0.5), w hich will produce smaller estim ates o f total population  size; 
however, it is im portan t to recognize the additional uncertain ty  
in troduced by this calculation. W hile em pirical and  theoretical 
studies indicate th a t this value is unlikely to be  an  underestim ate 
for gray whales, it is possible th a t the true N e /N  ratio m ight be 
m uch smaller. Likewise, generation tim e is difficult to m easure 
with precision in wild populations, and  m ay no t necessarily be 
stable across evolutionary tim e scales. In  this analysis, we use a 
standard  definition o f generation time, calculated as the m ean  age

o f reproductive females, assum ing no decline in fecundity with age 
[68]. A decline in fecundity with age w ould reduce the estim ated 
generation tim e, causing a  proportional increase in the population 
size estim ated from  genetic data. If, on  the o ther hand , the average 
generation tim e o f gray whales across the last several thousand 
years was greater than  estim ated here (for exam ple if whaling 
caused average generation  tim e to decrease), it w ould cause a 
p roportional reduction  in D N A -based Aj estimates. T hese caveats 
regarding life history param eters underscore the uncertainties 
associated w ith inferring population  size and  dynam ics from 
genetic data, w hich have been  discussed in dep th  in previous 
works (e.g. [6,7,73]).

Overall, the genetic evidence presented  here supports the 
hypothesis th a t gray whales experienced a  m ajor population 
decline, and  th a t this reduction  occurred  recendy. Stable isotope 
results show only very slight differences betw een ancient and  
m odern  whales, indicating the hypothesis o f  population  substruc­
ture in the past a round  the a rea  o f the O lym pic p en insu la / 
V ancouver Island rem ains a  possibility and  w arrants further 
investigation using larger sample sizes. T hough  our ability to infer 
w hat was surely a  com plex dem ographic history is lim ited by the 
num ber o f ancient samples available and  large uncertainties 
associated with the coalescent an d  evolutionary processes, these 
first ancient da ta  for gray whales dem onstrate the value o f paired  
genetic an d  isotopic studies o f ancient samples, showing th a t a 
population  bottleneck can  result in  significant genetic differenti­
ation betw een ancient and  m odern  samples w ithout requiring 
spatial structure. Both dem ographic simulations an d  coalescent 
analyses indicate th a t genetic da ta  are consistent w ith a  recent 
bottleneck an d  a  pre-bottleneck size o f > c a . 60,000. R ecent 
models o f  gray w hale carrying capacity during  the Pleistocene 
suggest th a t enough benthic hab ita t existed to support a 
population  of this size [74], Future exploration of the im pacts o f 
population  structure (particularly betw een eastern and  western 
populations) an d  analysis o f whaling records m ay be inform ative 
regarding the unresolved discrepancy betw een w haling estimates 
and  genetic estimates o f historic abundance. U nderstand ing  the 
causes and  extent o f  the decline in m arine species is im portan t to 
their future m anagem ent and  aids in reconstructing the past states 
o f ocean ecosystems. T h e  analyses presented  here corroborate an 
em erging body o f evidence dem onstrating  historic baselines for 
m any m arine populations m uch larger th an  previously estim ated.

Acknowledgments
We are grateful to the M akah Tribe, the M C R C , and the Quileute tribe 
for providing access to samples. W e particularly thank J . Bowechop 
(MCRC) and G. Wessen (Wessen and Associates, Inc), for logistical 
assistance. W e thank E. Hadly, M. Hofreiter, and M. Meyer for assistance 
with ancient DNA laboratory work and valuable discussions, and D. Petrov 
and M. Pinsky for replicating the results in an independent laboratory. A. 
Drum m ond and S. H o provided valuable guidance with the BEAST 
analyses, and C. A nderson provided helpful guidance with Serial 
SIM COAL. Two anonymous reviewers provided comments that improved 
the manuscript. Finally we thank C. Potter a n d j. M ead (USNM) for access 
to modern gray whale bones for isotopic analysis, and T. Guilderson of 
LLNL for his assistance with radiocarbon dating.

Author Contributions
Conceived and designed the experiments: SEA. Performed the experi­
ments: SEA SDN. Analyzed the data: SEA SND. Contributed reagents/ 
materials/analysis tools: SEA SDN SRP. W rote the paper: SEA SDN SRP.

PLoS ONE I w ww.plosone.org 10 May 2012 | Volume 7 | Issue 5 | e35039

http://www.plosone.org


Eastern Gray W hale Genetics

References
1. Springer A M , Estes J A , van  V liet G B, W illiam s T M , D oak D F , et al. (2003) 

Sequential m egafaunal collapse in the N orth  Pacific ocean: an on goin g legacy o f  
industrial whaling? Proc N a d  A cad Sei U S A  100: 1 2 2 2 3 -1 2 2 2 8 .

2. C lapham  IJ , Aguilar A , H atch  L T  (2008) D eterm inin g spatial and tem poral 
scales for m anagem ent: lessons from  w haling. M ar M am m  Sei 24: 183—201.

3. Alter SE, R am irez SF, N igen d a  S, U rban R am irez J , Bracho L R , et al. (2008) 
M itochondrial and N u clear G enetic V ariation across C alving Lagoons in 
Eastern N orth  Pacific Gray W hales (.Eschrichtius robustus). J  H eredity 100: 34—46.

4. R om an  J , Palum bi S R  (2003) W hales before w haling. Science 301: 5 0 8 -5 1 1 .
5. Alter SE, R yn es E, Palum bi S R  (2007) D N A  evidence for historic population  

size and past ecosystem  im pacts o f  gray whales. Proc N a d  A cad  Sei 104: 
1 5 1 6 2 -1 5 1 6 7 .

6. C lapham  P, Palsboll P, Pastene L, Sm ith T , W alloe L (2005) Esdm ating pre­
w haling  abundance. J  C etacean  R es M anage 7{Suppl.): 386—387.

7. Baker C S , C lapham  PJ (2004) M odelling the past and future o f  whales and  
w haling. Trends in Ecology and E voludon 19: 365—371.

8. D rum m on d  AJ, R am baut A , Shapiro B, Pybus O G  (2005) Bayesian coalescent  
inference o f  past popu lation dynam ics from  m olecular sequences. M olecular  
Biology and E voludon 22: 1185-1 1 9 2 .

9. de Bruyn M , H oelze l A R , Carvalho G R , H ofreiter M  (2011) Faunal histories 
from  H olocen e  ancien t D N A . Trends in Ecology and E voludon 26: 405—413.

10. Ram akrishnan Y, H adly EA, M o u n ta in J  (2005) D etecting  historical botdenecks 
using tem poral genetic data. M ol Ecol 14: 2 9 1 5 -2 9 2 2 .

11. Shapiro B, D rum m ond AJ, R am b aut A, W ilson M C , M atheus PE, et al. (2004) 
Rise and fall o f  the Beringian steppe bison. Science 306: 1561—1565.

12. Barnes I, Shapiro B, Lister A, K uznetsova T , Sher A , et al. (2007) G enetic  
structure and extinction o f  the woolly m am m oth, Mammuthusprimigenius. C urrent 
Biology 17: 1 0 7 2 -1 0 7 5 .

13. C h an YL, A nderson C N K , H adly E A  (2006) Bayesian Estim ation o f  the T im ing  
and Severity o f  a Population Botdeneck from  A n cient D N A . PLoS G enetics 2: 
e59.

14. N ew som e SD , Etnier M A , G ifford-G onzalez D , et al. (2007) T h e  shifting 
baseline o f  northern fur seal ecology in the northeast Pacific O cean . Proc N a d  
A cad  Sei 104: 9 7 0 9 -9 7 1 4 .

15. N e w so m e  S D , C lem en tz  M R , K o ch  PL (2010) U s in g  stab le  iso to p e  
biogeochem istry to study m arine m am m al ecology. M ar M am m  Sei 26: 
5 0 9 -5 9 2 .

16. H en derson  D A  (1972) M en  and W hales at Scam m on ’s Lagoon. Los Angeles: 
D aw son ’s Book Shop.

17. L eD u c R , W eller D W , H yde J , Burdin A M , R osei PE, et al. (2002) G enetic  
differences b etw een  western and eastern gray whales Eschrichtius robustus. 

J  C etacean  R es M anage 4: 1—5.
18. W ade PR , Perrym an W  (2002) “A n  assessm ent o f  the eastern gray whale 

popu lation in  (2002). ” {U npublished paper S C /5 4 /B R G 7  presented to the 
IW C Scientific C om m ittee, Shim onoseki, J apan , (2002)).

19. M oore SE, G rebm eier J M , D avies J R  (2003) Gray w hale distribution relative to 
forage habitat in the northern Bering Sea: current conditions and retrospective 
sum mary. G a n J  Zool 81: 7 3 4 -7 4 2 .

20. Perrym an W L, D on ah u e M A , Perkins PC , Reilly SB (2002) Gray w h ale ca lf  
production 1994—(2000): are observed fluctuations related to changes in seasonal 
ice cover? M ar M am m  Sei 18: 12 1 -1 4 4 .

21. R eeves R R  (2002) T h e  origins and character o f ‘aboriginal subsistence’ whaling: 
a global review. M am m al R eview  32: 71—106.

22. H o SYW , Shapiro B (2011) Skyline-plot m ethods for estim ating dem ographic  
history from  nucleotide sequences. M olecular Ecology R esources 11: 423 M 3 4 .

23. Steeves T E , D arlin g  J D , R osei PE, Sch aeff C M , F leischer R G  (2001) 
Prelim inary analysis o f  m itochondrial D N A  variation in a southern feed ing  
group o f  eastern N orth  Pacific gray whales. C onservation G enetics 2: 379—384.

24. Krupnik II (1984) Gray w hales and the aborigines o f  the Pacific Northw est: T he  
history o f  aboriginal whaling. In: Jon es M L, Swartz SL, Leatherw ood S (eds). 
T h e Gray W hale. N e w  York: A cadem ic Press.

25. D arling J D , K eogh  K E , Steeves T E  (1998) G ray w h ale {.Eschrichtius robustus) 
habitat utilization and prey species off V an cou ver Island, BC. M ar M am m  Sei 
14: 6 9 2 -7 2 0 .

26. H obson  K A  (1999) T racing origins and m igration o f  wildlife using stable 
isotopes: a review. O eco log ia  120: 314—326.

27. Alter SE, Palum bi SR  (2009) A  com parative analysis o f  patterns o f  m olecular 
evolution in cytochrom e-b and the control region in baleen  whales. J  M ol Evol 
68: 9 7 -1 1 1 .

28. H uelsbeck, D R  (1994) T h e  Utilization o f  W hales at O zette. In: O zette  
A rchaeological Project R esearch  R eports, V o lu m e II, Fauna {ed. S. R . Samuels), 
pp 265—302. R eports o f  Investigations 66. Seattle: D epartm en t o f  A n thropology, 
W ashington State University, Pullm an, and N ation al Park Service, Pacific 
N orthw est R egional Office.

29. Druffel E R M , Griffin S, G uilderson T P , K ashgarian M , S ou th on J , et al. (2001) 
C hanges o f  subtropical N orth  Pacific radiocarbon and correlation with clim ate 
variability. R adiocarbon 43: 15—25.

30. H ideshim a S, M atsum oto E, A b e O , K itagaawa H  (2001) N orthw est Pacific 
m arine reservoir correction estim ated from  annually band ed  coral from  Ishigaki 
Island, Southern Japan. R ad iocarbon 43: 473—476.

31. Y on ed a M , U n o  H , Shibata R , K um am oto Y , Y oshida K , et al. (2007) 
R adiocarbon m arine reservoir ages in the western Pacific estim ated b y  pre­
b om b m olluscan shells. N u clear Instrum ents and M ethods in Physics R esearch B
259: 4 3 2 -4 3 7 .

32. Y an g D Y , Speller G F (2006) C o-am plification o f  cytochrom e b and D -loop  
m tD N A  fragm ents for the identification o f  degraded D N A  samples. M olecular 
Ecology N otes 6: 6 0 5 -6 0 8 .

33. R ozas J , Sánchez-D elB arrio JG , M esseguer X , R ozas R  (2003) D n aSP , D N A  
polym orphism  analyses by the coalescent and other m ethods. Bioinform atics 19: 
2 4 9 6 -2 4 9 7 .

34. H udson  R R , Slatkin M , M addison W P  (1992) Estim ation o f  levels o f  gene flow  
fom  D N A  sequence data. G enetics 132: 5 8 3 -5 8 9 .

35. Excoffier L, Laval G, Schneider S (2005) Arlequin ver. 3.0: A n integrated  
software package for popu lation genetics data analysis. Evolutionary Bioinfor­
m atics O nline 1: 4 7 -5 0 .

36. B ea u m o n t M A , Z h a n g  W , B a ld in g  D J (2002) A p p ro x im a te  b ayesian  
com putation in  population genetics. G enetics 162: 2025—2035.

37. T ow n sen d  C H  (1885) Present condition o f  the California gray w h ale fishery. 
Bulletin o f  the U S  Fisheries C om m ission  6: 340—350.

38. R ice D W , W olm an A A  (1971) T h e  Life H istory and Ecology o f  the Gray W hale  
{Eschrichtius robustus). Specia l Pub lication  N o . 3, A m erican  Society  o f  
M am m alogists.

39. Posada D , Crandall K A  {1998) M O D E L T E S T : testing the m odel o f  D N A  
substitution. B ioinform atics 14: 81 7 —818.

40. R o o n ey  A P, H oneycu tt R L , Derr J N  {2001) H istorical population size change o f  
b ow head whales inferred from  D N A  sequence polym orphism  data. Evolution  
55: 1 6 7 8 -1 6 8 5 .

41. Jackson JA , Baker G S, V a n t M , Steel DJ, M edrano-G onzalez L, et al. {2009) Big  
and slow: p h ylogenetic estim ates o f  m olecular evolution in baleen  whales 
{suborder M ysticeti). M olecular Biology and Evolution 26: 2 4 2 7 -2 4 4 0 .

42. Phillips C D , Trujillo R G , Gelatts T S , Sm olen  MJ, M atson  G W , et al. {2009) 
A ssessing substitution patterns, rates and hom oplasy at H V R I o f  Steller sea lions, 
Eumetopias jubatus. M ol E col 18: 3379—3393.

43. Pinksky M L, N ew som e S, D ickerson B R , Fang Y , van T u in en  M , et al. {2010) 
M igration, population structure and resilience to disturbance: using the past to 
predict the future. M olecular Ecology 19: 2 4 1 8 -2 4 2 9 .

44. Excoffier L, N ovem b re J , Schneider S {2000) SIM C O A L : a general coalescent 
program  for the sim ulation o f  m olecular data in interconnected populations with  
arbitrary dem ography. Journal o f  H eredity 91: 50 6 —509.

45. A nderson  C N K , Ram akrishnan U , C h an  Y L , H adly  EA  {2005) Serial 
SIM C O A L : A  popu lation genetic m odi for data from  m ultiple populations  
and points in  tim e. Bioinform atics 21: 1733—1734.

46. H o SY W , Larson G  {2006) M olecular clocks: w h en tim es are a’changin’. Trends  
in G enetics 22: 7 9 -8 3 .

47. Suchard M A , W eiss R E , Sinshim er JS  {2001) Bayesian selection o f  continuous­
tim e M arkov chain evolutionary m odels. M ol B iol Evol 18: 1001—1013.

48. R am baut A , H o SYW , D rum m on d  AJ, Shapiro B {2009) A ccom odating the 
effect o f  ancien t D N A  dam age on  inferences o f  dem ographic histories. M ol Biol 
Evol 26: 2 4 5 -2 4 8 .

49. A xelsson E , W illerslev E, G ilbert M T P , N ielsen  R  {2008) T h e effect o f  ancient 
D N A  dam age on  inferences o f  dem ographic histories. M ol B iol Evol 25: 
2 1 8 1 -2 1 8 7 .

50. A m brose SH  {1990) Preparation and characterization o f  b o n e  and tooth  
collagen for isotopic analysis. J  A rchaeol Sei 17: 431—451.

51. Francey RJ, Allison G E, Etheridge D M , T rudinger C M , Enting IG , et al. {1999) 
A  1000-year high precision record o f  S 13C in atm ospheric C O 2 . Tellus B 51: 
170.

52. C lem ent M , Posada D , G randall K A  {2000) TC S: a com puter program  to 
estim ate gene genealogies. M ol Ecol 9: 1657—1659.

53. Swofford D L  {2003) PA UP*. Phylogenetic Analysis U sing  Parsim ony *and  
O ther M ethods. V ersion  4. Sunderland M assachusetts: Sinauer Associates.

54. H o SY W , Shapiro B, Phillips MJ, C oop er A, D rum m ond A  {2007) E vidence for 
tim e dependency o f  m olecular rate estimates. System atic Biology 56: 515—522.

55. N avascues M , Em erson BC {2009) Elevated substitution rate estim ates from  
ancient DN A : m odel v iolation  and bias o f  Bayesian m ethods. M olecular Ecology  
18: 4 3 9 0 -4 3 9 7 .

56. H o SYW , H eupink T H , R am baut A , Shapiro B {2007) Bayesian estim ation o f  
sequence dam age in  ancient D N A . M olecular Biology and Evolution 24: 
1 4 1 6 -1 4 2 2 .

57. Frasier T R , K oroscil SM , W hite B N , D arling J D  {2011) A ssessm ent o f  
p opulation substructure in relation to sum m er feed ing ground use in  the eastern 
N orth  Pacific gray whale. Endangered Species Research 14: 39—48.

58. A ltabet M A , Pilskaln A , T h unell R , Pride G, Sigm an D , et al. {1999) The  
nitrogen isotope biogeochem istry o f  sinking particles from  the m argins o f  the 
eastern N orth  Pacific. D eep -S ea  Resesarch Part I 46: 65 5 —679.

59. V oss M , D ippn er JW , M ontoya J P  {2001) N itrogen  isotope patterns in  the 
oxygen-deficient waters o f  the Eastern T ropical N orth  Pacific O cean . D eep-Sea  
R es I 48: 1905-1 9 2 1 .

60. K ienast SS, Calvert SE, Pedersen T F  {2002) N itrogen  isotope and productivity  
variations along the northeast Pacific m argin over the last 120 kyr: surface and  
subsurface paleoceanography. Paleoceanography 17: 1—17.

PLoS ONE I w ww.plosone.org 11 May 2012 | Volume 7 | Issue 5 | e35039

http://www.plosone.org


Eastern Gray W hale Genetics

61. Burton R K , K o ch  PL (1999) Isotopic tracking o f  foraging and long-d istance  
m igration in northeastern Pacific pinnipeds. O eco log ia  119: 57 8 —585.

62. A urioles D , K och  PL, Le B oeu f BJ (2006) D ifferences in foraging location o f  
M exican  and California e lephant seals: evidence from  stable isotopes in pups. 
M ar M am m  Sei 22: 3 2 6 -3 3 8 .

63. R u gh D , H obbs R C , L erczakJA , Breiwick J M  (2005) Estim ates o f  abundance o f  
the eastern N orth  Pacific stock o f  gray w hales (.Eschrichtius robustus), (1997)—(2002). 

J  C etacean  R es M anage 7: 1—12.
64. H o SYW , Saarm a U , Barnett R , H aile J , Shapiro B (2008) T h e effect o f  

inappropriate calibration: three case studies in m olecular ecology. PLoS O N E  
3(2): e l6 1 5 .

65. H o SYW , Phillips MJ, C oop er A , D ru m m on d  AJ (2005) T im e dependency o f  
m olecular rate estim ates and system atic overestim ation o f  recent divergence  
times. M olecular Biology and Evolution 22: 1 5 6 1 -1 5 6 8 .

66. H en n  B M , G ignoux C R , Feldm an M W , M ountain  JL  (2009) C haracterizing the 
tim e dependency o f  hum an m itochondrial D N A  m utation rate estimates. 
M olecular Biology and E voludon 26: 2 1 7 -2 3 0 .

67. H o SY W , Lanfear R , Phillips MJ, Barnes I, T h om as JA , et al. (2011) Bayesian  
estim ation o f  subsdtution rates from  ancient D N A  w ith low  inform ation content. 
System atic Biology D o i:1 0 .1 0 9 3 /sy sb io /sy q 0 9 9 .

68. N u n n ey  L, Elam  D R  (1994) Esdm adng the effective popu lation size o f  conserved  
populations. C onservation Biology 8: 175—184.

69. Frankham  R  (1995) Effective population size /a d u lt  population size ratios in  
wildlife: a review. G enetical R esearch  66: 95—107.

70. N u n n ey  L (1993) T h e influence o f  m ating system  and overlapping generations 
on  effective population size. Evolution 47: 1329—1341.

71. K alinowski ST , W aples R S (2002) Relationship o f  effective to census size in  
fluctuating populations. C onservation Biology 16: 129—136.

72. H edrick P (2005) Large variance in  reproductive success and the N e / N  ratio. 
Evolution 59: 1 5 9 6 -1 5 9 9 .

73. W ap les R S , P u n t A E , C o p e  J M  (2008) Integratin g  gen etic  data into  
m anagem ent o f  m arine resources: how  can w e do it better? Fish and Fisheries 
9: 4 2 3 -4 4 9 .

74. Pyenson N D , Lindberg D R  (2011) W hat happ en ed  to gray w hales during the 
Pleistocene? T h e ecological im pact o f  sea-level change on benthic feed ing areas 
in the N orth  Pacific O cean . PLoS O N E  6{7): e21295 . D o i:10 .1371 /jou rn a l.-  
p o n e.0021295 .

75. H asegaw a M , K ishino H , Y an o T  (1985) D atin g the hum an-ape split by a 
m olecular clock o f  m itochondrial D N A . Journal o f  M olecular Evolution 22: 
16 0 -1 7 4 .

76. W atterson G A  (1975) O n  the num ber o f  segregating sites in genetical m odels 
w ithout recom bination. T h eor Pop B iol 7: 256—276.

77. N e i M  (1987) M olecu lar E volutionary G enetics. N e w  York: C olu m b ia  
University Press.

PLoS ONE I w ww.plosone.org 12 May 2012 | Volume 7 | Issue 5 | e35039

http://www.plosone.org

