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Abstract

Population differentiation in environments without well-defined geographical barriers represents a challenge for wildlife
management. Based on a comprehensive database of individual sighting records (1988-2009) of blue whales from the
winter/calving Gulf of California, we assessed the fine-scale genetic and spatial structure of the population using individual-
based approaches. Skin samples of 187 individuals were analyzed for nine microsatellite loci. A single population with no
divergence among years and months and no isolation by distance (Rxy=0.1-0.001, p>0.05) were found. We ran two
Bayesian clustering methods using Structure and Geneland softwares in two different ways: 1) a general analysis including
all individuals in which a single cluster was identified with both softwares; 2) a specific analysis of females only in which two
main clusters (Loreto Bay and northern areas, and San Jose-La Paz Bay area) were revealed by Geneland program. This study
provides information indicating that blue whales wintering in the Gulf of California are part of a single population unit and
showed a fine-scale structure among females, possibly associated with their high site fidelity, particularly when attending
calves. It is likely that the loss of genetic variation is minimized by male mediated gene flow, which may reduce the genetic
drift effect. Opportunities for kin selection may also influence calf survival and, in consequence, have a positive impact on
population demography in this small and endangered population.

Citation: Costa-Urrutia P, Sanvito S, Victoria-Cota N, Enriquez-Paredes L, Gendron D (2013) Fine-Scale Population Structure of Blue Whale Wintering Aggregations
in the Gulf of California. PLoS ONE 8(3): €58315. doi:10.1371/journal.pone.0058315

Editor: Zhanjiang Liu, Auburn University, United States of America

collection and analysis, decision to publish, or preparation of the manuscript.

* E-mail: dgendron@ipn.mx

Received October 31, 2012; Accepted February 1, 2013; Published March 7, 2013

Copyright: © 2013 Costa-Urrutia et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Instituto Politecnico Nacional Consejo Nacional de Ciencias y Tecnologia (SEMARNAT-2002-C01-0628. Universidad Auténoma de Baja California (Project
12C-0351). The American Cetacean Society - Monterey Bay (081209) Whales and Dolphin Conservation Society. The funders had no role in study design, data

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Detecting population structure in taxa characterized by
continuous  distribution in environments without well-defined
geographical barriers is one of the most challenging problems in
population genetics. This applies to the conceptual definition of
populations, but also represents a challenge for conservation and
wildlife management. Following the evolutionary paradigm
proposed by [1] we consider a population as “a group of
individuals of the same species living in close enough proximity
that any member of the group can potentially mate with any other
member”. However, fine-scale genetic structure may be a
confounding factor if the population shows distinct levels of
genetic stratification as heterogeneity are among adjacent breed-
ing groups or spatial segregated kin selection [2].

Many aspects of life history, as well as several environmental
factors, can influence the structure of populations and, therefore,
the individual’s dispersal potential alone does not always allow
predictions about the gene flow among populations. This is
especially true for cetaceans, for which movements are not limited
by physical barriers. Although most cetacean species show wide
distributions and high potential for dispersal, their populations
usually exhibit some kind of structure [3,4,5,6,7], that may depend
on the local distribution of resources and/or their social system

(8].
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Female philopatry and migration patterns are known to have a
strong influence on population structure in large mammals [8,9],
as observed in humpback whales, Megaptera novaeangliae [10],
northern and southern right whales Fubalaena glacialis and E.
australis respectively [11,12,13], grey whales, Eschrichtius robustus
[14,15], and sperm whales, Physeter macrocephalus, [16,17]. Recently,
maternal site fidelity was also suggested for the Antarctic blue
whales (Balaenoptera musculus intermedia), that showed divergence in
mitochondrial DNA and microsatellite markers among the six
feeding grounds in the Antarctic [18]. In general, baleen whale
females disperse less than males [8], but few studies addressed the
fine-scale population structure, probably because of the time and
effort required to obtain long-term serial records of individually
recognized whales.

The blue whale (Balaenoptera musculus) is a cosmopolitan species,
with both coastal and oceanic distribution. Like most baleen
whales, this species migrates between feeding grounds, located in
areas at high latitudes, and calving grounds at mid and low
latitudes [19]. This species was one of the main targets of
commercial whaling and, due to its reduced population size and
slow recovery rate, it is still considered endangered [20]. The
largest known remnant population, between 2000 and 3000 blue
whales [21], inhabits the eastern North Pacific. This population
appears to be separated from populations in the central and
western North Pacific, as suggested from differences in call types
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[22,23]. The link between the blue whales sighted oft California,
their main feeding area in summer, and those in the Gulf of
California (GC) in winter has long been demonstrated by photo-
recapture evidences [24] and also well-illustrated through the
movements of individuals tracked with satellite tags [25]. Around
300 blue whales are estimated to winter annually in the GC, and
then migrate northwest along the Pacific coast of Baja California,
following the seasonal shift of marine productivity around the
peninsula [26]. Long-term surveys and photo-identification
records in the southwestern GC showed seasonal residence periods
that ranged widely from few days to over 70 days [26]. This study
has also pointed out that the GC is an important calving and
feeding ground for this population, thus making it a promising site
where to study the fine-scale population structure of this species.

A molecular analysis of Southern Hemisphere blue whale
feeding aggregations showed that three geographic areas (South-
cast Pacific, Indian Ocean and Antarctica) were occupied by
distinct populations, and in each of them no structure was found
probably due to small sample sizes [27]. More recently, a low but
significant divergent structure was found among the six feeding
grounds in the Antarctic Ocean [18]. However, a larger sample
size was used to analyze the Perth Canyon and Bonney Upwelling,
two Australian feeding grounds, but no population structure was
found [28].

In this paper we investigated the population structure of blue
whales in the GC, the only studied calving ground for this species
using an extensive data base of individual sighting histories
obtained during the last 22 years [29]. Being interested only in the
fine-scale structure of a small, localized, but continuously
distributed aggregation, we selected microsatellites as the optimal
marker to carry out our study [30,31]. We expected to find some
structuring, at least among females, due to the high female site
fidelity and philopatry found in calving grounds of other baleen
whales [8,9,15,18], and to the observed bias toward females in the
sex ratio of blue whales sampled in the GC (females/males = 1.5/

1) [26].

Methods
Study Area

The GC is a narrow internal sea that separates Baja California
Peninsula from the Mexican mainland, located between 23° to
31°N and between 107° to 115°W in the Northeast Pacific Ocean
(Figure 1). It is 1,120 km long and 150 km wide on average, with
an area of about 200,000 square kilometers [32], considered highly
productive from December to June [33].

Sample Collection

We conducted 2-6 day-long surveys between January and May
1988-2009, covering the area between the cities of La Paz and
Loreto (Figure 1). Moreover, longer surveys were conducted
covering the whole GC in 2005 and the Upper GC in 2006. Once
a whale was sighted, the GPS positions were recorded and
photographs for individual identification were taken [34]. We used
the CICIMAR photo-ID catalogue categorized by the dorsal fin
shapes and the body pigmentation patterns to identify the animals
[29].

From 1997 to 2009 skin-blubber biopsies were collected with a
similar system as described in Lambersten [35], using a dart of
7 mm of diameter and 40 mm long stainless steel core sampler
with three internal, inward-facing barbs. The dart is screwed in the
tip of an arrow designed with a stopper that limits the depth of
penetration and makes the arrow rebound out with the sample in
it. The arrow was fired from a 68 kg crossbow at a distance of
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about 10 m from the whale and retrieved once it floated. Skin-
blubber biopsies were extracted from the dart using sterilized
stainless tweezers. In order to prevent contamination between
samples and infection to the animals, the core sampler was
sterilized before each biopsy attempt by immersion in a 50%
chlorine solution, then transferred to a 70% ethanol solution,
exposed for 10 s to a blowtorch flame and finally wrapped in
aluminium foil.

We avoided duplicating biopsy samples within and between
seasons by comparing newly photographed whale (digital camera
viewing) with those included in a field catalogue of biopsied
whales. The biopsies collected from 1997 to 2001 were preserved
in 20% dimethylsulfoxide (DMSO) saturated with table salt [36],
thereafter samples were immediately frozen in liquid nitrogen. It is
important to clarify that biopsy-sampling procedure started in
1997, but several of the biopsied individuals in our data base have
long sighting histories; thus all the sightings from each biopsied
individual were used in this study.

Ethics Statement

Photo-identification and biopsy samples were collected under
the annual research permits () issued by the Secretaria de Medio
Ambiente Recursos Naturales y Pesca (180796-213-03, 071197-
213-03, DOO 750-00444/99, DOO.0-0095, DOO 02.-8318)
from 1997 to 2001, and by the Direccién General de Vida
Silvestre, Secretaria de Medio Ambiente y Recursos Naturales
(SGPA/DGVS-7000, 00624, 01641, 00560, 12057, 08021, 00506,
09760) from 2002 to 2009, which now represents the only
approved Government institution to issue research permits on
endangered species in Mexico. By issuing these annual research
permits they approved the number of blue whale skin-blubber
biopsies collection for each year of the permit. Our institution does
not have an Animal Ethics Committee; therefore no information is
given on that aspect.

Sample Processing and Analysis

Total DNA was extracted from skin using the standardized
protocol [37]. We carried out genotyping at 19 microsatellite loci
on a subset of 92 samples to evaluate polymorphisms. We found
low variability (two to four alleles) for nine microsatellites: AC45,
CAAAT74, AC82, GT122, GT129, GT227, CAl41, GATAS53
[38], DIrFC17 [39]. The 10 most polymorphic and informative
loci were chosen for further analyses (Table 1) [40,41,42]. We
performed PCR reactions with 30 ng of DNA template and the
following reagent concentrations: 22 mM Tris-HCI pH 8.4,
55mM KCI, 1.2 U DNA Tag Polymerase (Invitrogen™?),
0.5 uM of each primer (forward primers were labeled with a
fluorescent dye, 6-FAM®, VIC® or NED®, of Applied Biosystems),
0.2 mM dNTPs and MgCl, concentration as specified in Table 1.
The following PCR cycling profile was used: initial denaturation
step at 94°C for 2 min, followed by 7 cycles consisting of
denaturation at 96°C for 20 sec, annealing at AT°C (see Table 1)
for 30 sec and extension at 72°C for 30 sec, followed by 25 cycles
of denaturation at 95°C for 30 sec, annealing at AT°Cy (see
Table 1) for 30 sec and extension at 72°C. for 30 sec, and a final
extension step at 72°C for 15 min. We resolved PCR products on
an ABI Prism 310 genetic analyzer using the GeneScan™ 600
LIZ® size standard (Applied Biosystems) and included non-
template PCR controls to check for cross-contamination and
replicates (nine percent of the samples) to evaluate the reproduc-
ibility and genotyping errors. We processed the raw ABI files with
GeneMarker® 1.9 software (SoftGenetics) to obtain the genotypes,
validated the allele binning with FlexiBin software [43], and
checked the genotypes for null alleles and genotyping errors with
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Figure 1. Map of the study area.
doi:10.1371/journal.pone.0058315.g001

Micro-checker v.4.0.7 [44]. The gender of each individual was
identified by PCR amplification of ZFX and ZFY genes [45].

Data Analysis

Heterozygosity, hardy-weinberg equilibrium and linkage
disequilibrium. We calculated the number of alleles per locus,
the observed (Hp) and the expected (Hg) heterozygosity and with
Arlequin 3.1 [46]. We tested linkage disequilibrium (LD) between
loci, deviations from Hardy-Weinberg equilibrium (HWE) for
each locus, and global deviation from HWE for all loci, using the
MCMC method (10000 iterations) [47] implemented in Genepop
4.0 [48]. We corrected the significance levels of HWE and LD test
for multiple comparisons with sequential Bonferroni adjustments
[49]. We calculated Fig coefficient in Fstat 2.9.3.2 [50].

Temporal variation in population structure. Based on
photo-recapture records, we defined groups (more than 10
individuals) according to field season when individuals were
sighted (hereafter “years”), and to the month and year of sightings
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(hereafter “month-year™). As a result of this criterion, the 1997—
2009 period for the “years” category, and the 1999-2009 period
for the “month-year” category were analyzed (Table 2). Addi-
tionally, individuals were assigned to one of three categories based
on the number of years (consecutive or not) in which we observed
them (“sighting frequency groups”): i) occasional (observed only in
one year), ii) frequent (two-four years), and iii) highly frequent (five
years or more).

All above grouping criteria (years, month-years and sighting
frequency) were tested for departure from our population sex ratio
(see results) with chi-square test. We tested deviation from HWE
and calculated the fixation indices- Rgt [51] and Fsr [52] of
genetic differentiation between groups with Arlequin 3.1. Adjust-
ments for multiple comparisons were made for dependent
(Benjamini-Yekutieli, [53]) and independent samples (sequential
Bonferroni’s, [49]) for HWE, Fgr and Rgp. We used the
correction for dependent samples [53] for year and month-year
groups, since the same individual could be included in more than
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Table 1. Statistics of the nine microsatellite loci.

MgCl, AT,/
Locus (mM) AT,(°C) Na Size Ho He
GATA98® 4.7 51°/52° 9 74-120 0.69 0.73
GT541° 3.1 56°/55° 9 79-99 0.7 0.76
AC137° 3. 55°/54° 9 91-119 0.64 0.66
GT023° 3.1 60°/58° 6 114-124 0.77 0.76
CA232° 31 56°/55° 8 142-168 0.65 0.65
AC087° 3.1 56°/55° 12 165-180 0.83 0.83
EV037¢ 39 51°/52° 8 172-194 0.58 0.58
GATA417% 3.1 56°/55° 13 174-226 0.83 0.83
CA234° 31 55°/54° 13 191-215 091 0.88
Mean 9.6 0.74 0.74
SD 24 0.03 0.09

At=Annealing temperature (subscript ; and , correspond to the first and
second PCR cycle). Na=Number of alleles per locus, Size =observed range in
fragment size in base pairs (bp), Observed (Ho) and Expected (Hg)
heterozygosity per locus. Ho deficiency loci are highlight in bold (p<0.05).
36 Palsbell et al., 1999,

34 Bérubé et al. 2005,

€37 Bérubé et al. 200,

938 Valsecchi and Amos 1996.

doi:10.1371/journal.pone.0058315.t001

one group, and sequential Bonferroni’s [49] adjustment for
sighting frequency groups as they are independent groups.
Isolation by distance (IBD). To verify the presence of
isolation by distance we carried out an individual-based Mantel
test, both on the complete dataset (females and males pooled) and
on females only, using the kinship coeflicients R [54] and Rgy,
[55] as measures of genetic distance. A geographic distance matrix
was made based on geometric means of the GPS fixes, for
individuals recorded in more than one position (68%), which can
be considered a rough estimate of the center of individual activity
[56]. The P-value for the correlation coeflicient was calculated

Fine-Scale Structure in Blue Whales

with a permutation test (10000 replicates) as implemented in
Genalex 6 [57].

Bayesian clustering. We carried out two Bayesian clustering
analysis, both on the complete dataset (females and males pooled)
and on females only. In the first, we used the admixture model
with correlated allele frequency implemented in Structure 2.3
[58]. The number of clusters (K) ranged from 1 to 8, and for each
K we run 10 independent MCMC runs with 10° iterations,
following a burn-in period of 60000 iterations. The mean values of
the 10 runs for each K were reported, and we chose the K value
with the highest probability (Ln P(D)) as the best estimated number
of clusters. In the second analysis, we used the mixture model with
correlated allele frequency and free Voronoi tessellation [59]
implemented in the R package Geneland [60]. This program uses
geo-referenced multi-locus genotyped individuals to probabilisti-
cally assign them to a cluster. We carried out 25 independent runs
using 10° iterations and K ax = 10. Each set of 25 runs were
ranked using the posterior probability of each, and we post-
processed the best 10 runs. We obtained the K value from the
mode value of these 10 runs, and reported the best posterior
probabilities of this mode. For post-processing a burn-in period of
60000 iterations and a 800 x200 pixel resolution for x and y axis
were used respectively. The geo-referencing of each individual
used in this analysis was the same as in the individual-IBD analysis
(see above). The range of some blue whale movements can extend
as much as the whole study area [26] and this complicates the
estimation of the position uncertainty. To calculate the uncertainty
in the positioning of individuals that was inputted in Geneland, we
did a four-step analysis: 1) using the first daily positions of the
individuals resighted between 1988- 2009; 2) estimating the 95%
area of activity with the Kernel Density Estimator (KDE) [61]
implemented in the Home Range Tool extension [62] of ArcGIS
9.3 (ESRI); 3) calculating the kernel bandwidth with the Least
Square Cross Validation method; 4) using the square root of the
mean individual KDE area as measure of uncertainty. We used
the maximum number of locations per individuals that showed no
positive correlation with the estimated size area. As a result, twenty
individuals (n =17 females, n = 3 males) were used to estimate the
KDE individual utilization area. The number of locations of these

Table 2. Blue whale grouping criteria for population structure testing at the temporal scale.

Grouping Criteria Groups Size Sex ratio HWE Rst, Fst
Years 13 16-61 2009 group: p=0.0014 Rsr=0-0.01, p>0.05?
mode=39, SD=12 X2=45, p=0.9, df=12 Remaining Groups: Fst=0-0.03, p>0.05"
p=0.3-0.008
adjusted B p=0.004,
13 test
Month-year 23 10-36 February:X>=43.1, p=0.03, df=9 March 2009:p =0.0018 Rst=0.0001-0.03,
p=0.01-0.9
mode=11, SD=8 March: X*=15, p=0.07, df=10 Remaining Groups: Fst=0.0001-0.001,
p=0.3-0.008 p=0.03-0.9
April: X2=0.6, p=0.6, df=1 adjusted B p=0.0022, adjusted B-Yp =0.008
23 test
Sighting frequency 3 39-69 X?=0.68, p=0.8, df=2 p=0.02-0.2, Rsr=0-0.001, p>0.05"
mode=39, SD=17 adjusted B p=0.01 Fsr=0-0.0004,
p>0.05°

?denotes all p-values were >0.05. Significant results are in bold.
doi:10.1371/journal.pone.0058315.t002
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Grouping criteria: see Methods. Groups = number of groups of the temporal structure analyses. Size =range, mode and standard deviations of groups. Sex ratio = sex
ratio of the group compared to overall sex ratio (1.41:1) in the population. HWE = Hardy-Weinberg equilibrium. Rst and Fsy=range values of pairwise Rsy and Fsr
comparisons among groups. Adjusted B and B-Y p-values refer to the adjusted p-values after sequential Bonferroni and Benjaminy-Yekutiely correction respectively.
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individuals ranged between 11 and 44 per individual, and no
linear correlation was found with the estimated KDE (Pear-
son=0.05, p=0.9). The mean KDEg50, was 3197.6 km?, thus the
uncertainty value used was 57 Km.

In order to verify if clusters obtained were artifacts of the models
we analyzed HWE and divergence between them, using clusters
with at least five individuals [59]. We calculated Rgr, Fsr and Fig
between and within clusters respectively. For both models we
performed 10 preliminary runs in order to know the maximum K
value and the length of the chain that should be used so as not to
affect the results.

Results

Genetic Variation

PCR conditions and statistics on the allelic variation of each
locus are presented in Table 1. The locus GATA28 showed
evidence for the presence of null alleles and we decided to exclude
this locus from the analyses. Two loci departed from HWE,
GATA98 and AC137 (Table 1), though there was no global
deviation from HWE when all loci were considered (x*=28.8,
p=0.053). No pair of loci was in linkage disequilibrium (observed
p=0.0024-0.9, sequential Boferroni p=0.0014, 36 test). The
mbreeding coefficient was close to zero (Fig=0.007, p=0.3), and
the mean observed (Hp) and expected (Hg) heterozygosity were
equal (Ho=0.74, HE=0.74) (Table 1).

A total of 187 blue whale samples were analyzed for 9
microsatellite loci. We obtained a 100% match in genotyping of 5
duplicated samples that were classified as different individuals by
photo-ID. These 10 samples were excluded and we carried out all
further analyses on 177 whales (Females =99, Males =70, Not
sexed = 8). In accordance to a previous study [26], our blue whale
sex ratio (females/males = 1.41/1) was skewed towards females.

Temporal Variation of the Population Structure

Years. The number of individuals observed ranged from 16,
in 1998, to 61 in 2009 (Table 2). We found no deviation from the
1.41/1 (female/male) population sex ratio among years (Table 2).
We found a significant deviation from HWE only in 2009
(observed p =0.0007, Benjamini-Yekutieli p=0.004, 13 test). No
significant divergence was found among years (Range: Rgp=0-
0.01, p>0.05, Fs1=0-0.03, p>0.05).

Months-year. This analysis involved 23 groups observed in
February (n=10 groups), March (n=11) and April (n=2). We
found a significant deviation from the 1.41/1 population sex ratio
towards females in February (female/male=3/1; Table 2). A
significant departure from HWE was found only in March-2009
group. Out of a total of 253 month-group pairwise comparisons,
we found small but significant Rg and Fg in nine comparisons,
but not after we applied the Benjamini-Yekutieli correction
(Table 2).

Sighting frequency. Sixty-nine individuals were sighted as
occasional, 69 as frequent and 39 as highly frequent. We found no
deviation from the 1.41/1 population sex ratio among groups,
neither deviation from HWE after sequential Bonferroni correc-
tion, nor significant divergence among groups (Table 2). Since no
evidence of genetic structure in a temporal basis was found, all
samples were grouped for the spatial genetic analysis.

Spatial Structure

Isolation by distance. No cvidence of IBD was found in
individual-based Mantel tests performed on the complete data set
(Rxyoe =0.01 p=0.3, Rxyry,=0.01 p=0.17), nor in females only
data set (Rxygg =0.05 p=0.24, Rxyg,=0.05 p=0.5).
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Bayesian clustering analysis. Using the admixture model
with correlated allele frequencies implemented in Structure
software, we found only one cluster (K=1) in both analyses
(complete and females only data set, Figure 2). All individuals were
admixed and assighment values were close to 0.5. This indicates
the program is assigning individuals randomly to K populations,
owing to the lack of underlying population structure [63]. Using
the mixture model with correlated allele frequency and free
Voronoi tessellation, implemented in Geneland, only one cluster
for the complete dataset was found. In contrast, when the same
model was run only for females, most individuals (96%) were
assigned to two clusters with low but significant divergence
(Table 3). Although one of the clusters is mainly represented in the
central portion (green cluster, herein Loreto cluster) and the other
in the south (yellow cluster, herein San Jose- La Paz cluster), no
clear homogenous distribution of these clusters was found.
Individuals from the yellow cluster (named San José-La Paz
cluster) were also found in the northern GC, which suggests that
individuals from both clusters do not show a complete segregation
among these areas (Figure 3).

Discussion

In this study we investigated the fine-scale population structure
of blue whales that winter in the GC. Our work provides
information that suggests these blue whales are part of a single
population unit. This is supported by all analyses; temporal
grouping criteria, isolation by distance and Bayesian clustering
approach, conducted on complete data sets. However, structure
among females was found using the Geneland model.

The mean observed heterozygosity of blue whales in the GC
(Ho =0.74) was similar to values reported for this species in the
South Pacific (Ho=0.72) and the Antarctic (Ho=0.75) Oceans
[27], and higher than those found in Australian aggregations
(Ho=0.66 in Perth Canyon, Western Australia; Ho=10.59 in
Bonney Upwelling, Southern Australia) [28]. Despite the smaller
estimated blue whale population size in the GG (n=283,
%CV =48.4) [26], the observed diversity and the inbreeding
coeflicient (Fis close to zero) suggest a panmictic population.

The lack of a clear population structure for the whole data set
found in this study agrees with the lack of structure found in blue
whales of the southern hemisphere [28]. It also agrees with the
results on bioacoustic studies that suggest the presence of a single
population in the Northeast Pacific, extending from Vancouver to
the Dome of Costa Rica, and possibly beyond Ecuador [22,23].
Our analysis based on individual sighting frequencies also supports
one Northeast Pacific genetic stock, since occasional individuals
(sighted only one year) that possibly use other wintering grounds
are not genetically divergent from the frequent (two-four years)
and very frequent (five years or more) individuals. Movements of
blue whales from California to the Costa Rica Dome during
winter have been reported [25], but whales were also found year-
round in that upwelling-enriched area [64]. Thus, some gene flow
between the northern and southern Pacific blue whales is
plausible. In this context, if some of our occasional individuals
also use the Costa Rica Dome wintering area, they may guarantee
enough gene flow in the Northeast Pacific population so as to
result in a single homogenous genetic stock. Additionally, certain
amount of gene flow further south could not be discarded.

Although we found no genetic divergence among individuals of
different years and months-year, we observed some signs of a
temporal segregation of females. Overall, there is a bias in the sex
ratio in the GC toward females, which becomes stronger in
February in all years analyzed (month-year group, Table 2). This
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doi:10.1371/journal.pone.0058315.9003

higher proportion of females observed in February may depend on
their reproductive status. Births likely occur between January and
March [26], and late-pregnant females could be the earliest
individuals to reach the GC to give birth, producing the bias
toward females at the beginning of the season. Segregating
migration has been shown in humpback whales, although in that
species late-pregnant females is the last class of individuals to arrive
to the wintering ground [65]. Blue whales are using the GC also as
a feeding ground, where they feed principally on the abundant
euphausiid, Nyctiphanes simplex [66]. Lactating females are often
emaciated [26] and likely have higher nutritional requirements.
Therefore, pregnant females may match the birth period with the
period of highest density of their main prey, which occurs in
February-March [67].

Although we found no genetic sub-structuring of the population
when analyzing the whole data set, we obtained two clusters when
analyzing only females with Geneland. Differences in the results
between the two Bayesian approaches cannot be explained
straightforward, but it has been reported that admixture models
fail to find clusters in shallow divergent populations [68], and
especially the Structure model tends to gather individuals into the
largest cluster, suggesting an unreal lack of structure [69]. By using
a Bayesian model that takes into account spatial information, the
analysis has proven to be more powerful [60]. Even though this
approach looks promising, our result should be interpreted with

caution. When applied to wild populations, Bayesian spatial
clustering models may infer a wrong number of clusters
[63,68,70,71]. To reduce this risk we ruled out isolation by
distance that may greatly affect Bayesian clustering inference [70].
We compared the genetic divergence and the inbreeding between
and within the clusters respectively, to test if they were real or
artifact, and found a small but significant divergence. Further-
more, we used an uncertainty value produced by the analysis of
individual utilization area of blue whales in the GC.

As mentioned above, it has been reported that Structure models
fail to find structure when Fg values are low (Fs<<0.02) [63,68].
According to this, Structure model fails to find a structure among
the six Antarctic blue whale feeding grounds defined upon whaling
records (Fgr=0.005 p=0.031) [18]. Thus, it is not surprising not
to find any structure with Structure analysis under the low
divergence among clusters found in this study (Rgp=0.01,
p=0.01, Fsp=0.008, p=0.02). The spatial distribution of the
genetic clusters was not completely homogeneous, as expected in
very mobile animals, suggesting that the genetic segregation is only
partially matched by ecological segregation. Moreover, the low
values of Rgp and Fgp indicate that gene flow is maintained
between clusters, allelic frequencies are correlated among them,
and the recognition of clusters may be difficult [59,72,73].

The uncertainty in spatial position is an important parameter of
the Geneland model, and allows to take into consideration both

Table 3. Results of the fitting of the Bayesian clustering model with Geneland program.

Data set K Individuals per K Divergence (Rst, Fst) Inbreeding (F,s)
Complete 3(1) 1=1712=33=3
Females 3(2) 1=66,2=29,3=4 1-2: Rs7=0.01, p=0.01 1:F;s=0.01, p=0.3

1-2: Fsy=0.008, p=0.02 2: Fis=0.03, p=0.07

doi:10.1371/journal.pone.0058315.t003
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K=number of inferred clusters; in brackets are the number of K with significant Rsy and Fis close to zero. Individual per K=number of individuals assigned to each K. Rst
and Fsy = pairwise divergence among K, Fis =inbreeding coefficient per K. Significant divergence and inbreeding close to zero are in bold, p = p-value at 95% confidence.
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the measurement error (e.g., coordinates recorded with low
precision), and the process error (e.g., very large range of
movements). Our uncertainty value was calculated mainly from
females’ individual utilization areas and, therefore, the higher
power in detecting clusters with data on females may just be an
effect of the better representation of their spatial structure.

Fine-scale population structure has been reported in various
mammalian species. In most cases, female natal philopatry
generates aggregated grouping patterns, and this produced some
level of genetic differentiation [2,31,74]. In a worldwide sperm
whale population structure analysis [17] no microsatellite diver-
gence was found at large spatial scale (oceans), but significant
genetic heterogeneity was found between female social groups,
suggesting the presence of greater relatedness within groups than
between them, and a potential role of kin selection in sperm whale
evolution. The blue whales social structure is poorly understood
[26], but overall our results indicate 1) no temporal divergence but
seasonal segregation among females, 2) no spatial divergence from
the complete data set and the inbreeding coefficient close to zero
and 3) no homogeneous distribution of Geneland clusters, which
altogether may represent social aggregations. We suggest two
complementary hypotheses to explain the blue whale female
structure in the GC winter calving-feeding ground; one ecological,
related to resource concentration, and a behavioural one, related
to female social relationships.

From an ecological point of view, blue whale spatial distribution
is linked to the distribution of euphausiids [75,76], their dominant
prey [77]. Therfore, the whale distribution observed in the GC
may be the result of feeding area choices as found in other areas
[75,76]. In the GC, up to 30% of the blue whales recorded during
the aerial surveys were observed feeding close to the surface and/
or defecating (used as indirect clue of feeding behaviour), revealing
that feeding is an important activity for blue whales, including
lactating females, in this calving ground [26]. Mother-calf pair
feeding behaviour in a Chilean summer ground has also been
reported [78]. The southwestern GC is characterized by the
presence of several coastal islands, where dense daytime surface
swarms of the euphausiid N. simplex have been reported [66]. In
particular, the north of the Carmen Island in front of Loreto and
the area between the islands of San Jose and Espiritu Santo north
of La Paz (24°50'- 24°36") are characterized by the presence of a
very high density of N. simplex during the winter [66,79]. Each of
these two areas corresponds to the spatial distribution of one of the
two female genetic clusters. We hypothesized that, if there is a
local segregation due to the heterogeneous environment, this could
lead to some segregation among blue whale females and hence to
the observed genetic divergence.

From a behavioural point of view, blue whale female-calf pairs
prefer coastal waters, more protected from the strong dominant
North wind and swell [26]. This female preference has been
reported also in southern right whales [80,81,82] and humpback
whales [83,84]. In mammals, including baleen whales, there is
evidence of strong female site fidelity [13,85] and resulting in
genetic divergence such as in grey whale [14]; elephants [74],
ungulates [2] and sea lions [86]. In our study, the majority of
mother-calf pairs (67%, n=94) were sighted in San Jose-La Paz
area (corresponding to the yellow cluster). Moreover, most (85%
17 out of 20) genotyped mother-calf pairs were observed in San
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