Does temporal and spatial segregation explain the complex population
structure of humpback whales on the coast of West Africa?
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Abstract Humpback whales (Megaptera novaeangliae)
in the Southeastern Atlantic Ocean (International Whaling
Commission ‘Breeding Stock B’—BSB) are distributed
from the Gulf of Guinea to Western South Africa. Genetic
data suggest that this stock may be sub-structured, but it
remains unknown if this is due to reproductive segregation.
This paper evaluates the spatial and temporal population
structure of BSB humpback whales using a combination of
maternally and bi-parentally inherited markers. The genetic
differentiation that we identify in this study could be due to
a combination of (1) spatial and/or temporal segregation on
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breeding grounds in the greater Gulf of Guinea, (2) the pos-
sibility of maternally inherited site fidelity to specific feed-
ing grounds and (3) the use of two generalized but exclusive
migratory routes (coastal and offshore) between feeding and
breeding areas. Further, photo-identification and genetic
sampling efforts in other areas of the Sub-Saharan Western
Africa winter range and targeted deployment of satellite tags
would help to clarify some of the apparent complexity in the
population structure of animals biopsied in this region.

Introduction

Understanding the processes by which marine populations
diverge or remain homogeneous remains a major challenge
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in evolutionary biology. The accurate description of popu-
lation genetic structure over a species geographic range has
great importance for effective management and conserva-
tion and can inform us about the past and present evolu-
tionary dynamics of a species. In terrestrial environments,
populations are frequently well defined and distinct from
each other, often physically separated by barriers to mixing
and interbreeding (e.g. Avise 2000). Spatial relationships
between populations are a consequence of historical bioge-
ography, evolutionary relatedness, and ongoing gene flow.
Differences in dispersal ability and geographic distribution
are important influences on patterns of phylogeographic
structure. Generally, species that have little dispersal poten-
tial exhibit pronounced spatial genetic structure, while
those that have great dispersal potential show less spatial
structure (Ward et al. 1994; Waples 1998). In the marine
environment, physical barriers to dispersal are often absent,
and one may expect species with high dispersal capacities
to demonstrate less population structure (Palumbi 1994).
However, recent genetic studies have revealed population
genetic structure in highly mobile marine species (e.g.
Shaw et al. 1999; Chow et al. 2000; Knutsen et al. 2003;
Bowen and Karl 2007; André et al. 2011). Differences in
behaviour within species, such as the timing of migration,
the level of site fidelity and sex-specific philopatry, can
result in the accumulation of genetic differentiation even
in highly mobile marine species. Information on the spatial
and temporal patterns of population structure can improve
our understanding of underlying intrinsic and extrinsic pro-
cesses (e.g. Palsbgll et al. 2004; Fontaine et al. 2007).

Population sub-structure is found in a wide variety of
species and ecosystems and can be of elementary impor-
tance for conservation and management (Ruckstuhl and
Neuhaus 2005). Many cetacean species have worldwide
distributions but are composed of distinct populations
inhabiting different oceanic regions and hemispheres (Rice
1998). In this group, sex or age segregation is broadly
observed (Chittleborough 1965; Brown et al. 1995;
Lyrholm et al. 1999; Whitehead 2003; Loseto et al. 2006),
and most assessments of these point to adaptive advan-
tages, including social structure, environmental constraints
or habitat requirements associated with particular life-his-
tory events (Laidre et al. 2009).

Southern Hemisphere humpback whales (Megaptera
novaeangliae) undertake annual migrations between high-
latitude waters, where they feed during the summer, and
low-latitude waters, where they breed during winter months
(Dawbin 1966). In the Southern Ocean, their winter distri-
bution is divided into six longitudinal sectors surrounding
the Antarctic, termed Areas I-VI (Mackintosh 1942) and
used for sub-population identity by the International Whal-
ing Commission (IWC). Seasonal distribution data and
a limited number of ‘discovery tag’ recoveries between

these high-latitude feeding areas and low-latitude breeding
grounds led to the designation of seven breeding grounds
termed breeding stocks A—G (IWC 1998). In the eastern
South Atlantic Ocean (breeding stock B), whales migrate
past the west coast of South Africa (Matthews 1938) to
wintering areas in what we term here the ‘greater Gulf of
Guinea’, including Angola, the Congo’s and Gabon (Mack-
intosh 1942; Budker and Collignon 1952; Walsh et al.
2000). The most recent available genetic data (mitochon-
drial DNA and microsatellites) suggest that there is some
stock structure in this region: whales that overwinter in the
greater Gulf of Guinea, here called the Tropical Southeast
Atlantic (TSA), differ genetically from those sampled off
the West coast of South Africa (WSA; Rosenbaum et al.
2009; Pomilla 2005). However, as the latter area appears to
serve primarily as a migratory corridor and a feeding site,
the origins of this difference, as well as the actual breeding
site for a potential second sub-stock, are unknown (IWC
1998; Rosenbaum et al. 2009; Barendse et al. 2010). Previ-
ous molecular studies using mitochondrial DNA only found
indications of population sub-structuring, based on haplo-
type frequencies and low gene flow rates between the two
regions (Rosenbaum et al. 2009). Nuclear DNA analysis
(Pomilla 2005) supported in part this division, but showed
some connectivity between the two areas, reported as two
genetic matches between Gabon (TSA) and WSA: fur-
ther, photographic matching has resulted in a total of five
matches between these two regions (Barendse et al. 2011).
On the West South African coast, recent observations indi-
cate a regular and extended presence of whales as late as
March including direct observations of feeding on euphausi-
ids during the austral spring and summer months. Data from
early twentieth century catches during the summer season
off Namibia suggest that this area, besides functioning as
a migratory corridor, also serves as an important feeding
ground for some members of the population (Best et al.
1995; Findlay 2000; Barendse et al. 2010, 2011, 2013).

A number of questions regarding the definition of
Breeding Stock B, the population structure and the pre-
cise geographic area it utilizes, remain unanswered. Pos-
sible explanations could be attributed to temporal and/or
spatial structuring of the stock. Evidence of temporal and
geographic sub-structure has been found in other winter-
ing grounds (Smultea 1994; Medrano-Gonzalez et al. 1995;
Dawbin 1997). There can also be significant differences in
the timing of arrival and departure of whales from a breed-
ing area, based on their reproductive status (Dawbin 1997),
and the temporal distribution of matrilines at breeding
grounds (Medrano-Gonzilez et al. 1995).

Here we present data on microsatellite and mitochon-
drial DNA variation in order to evaluate how the tempo-
ral and spatial distribution of humpback whales along the
West coast of Africa can influence underlying population



structure. Using a considerably larger sample size than
previously published and a combination of maternally and
biparentally inherited markers, we provide additional evi-
dence for the complexity of population structure and gene
flow of humpback whales on the West coast of Africa.

Materials and methods
Sample collection, DNA extraction and sex determination
Samples were collected from humpback whales in multiple

years at four sampling sites: Sdo Tomé and Principe (2004—
2005, N = 5), Gabon (2000-2006, N = 1,696), Angola

(Cabinda Province; 1998, N = 13), and WSA (1990-2009,
N = 304) for a total of 2,018 samples (Fig. 1). The present
data set includes the mitochondrial DNA and microsatellite
data (Gabon data between 2000 and 2002, Angola 1998,
and WSA between 1990 and 2003), used in Rosenbaum
et al. (2009) and Pomilla (2005), respectively.

Skin tissues were mostly obtained using biopsy darts
(Lambertsen 1987), but also included sloughed skin and
samples from stranded specimens. Samples were preserved
in 95 % Ethanol or salt saturated 20 % Dimethyl Sulfox-
ide solution (DMSO) and later stored at —20 °C until pro-
cessed. Total genomic DNA was extracted from the tissue
samples using proteinase K digestion, followed by a stand-
ard Phenol/Chloroform extraction method (Sambrook et al.
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1989) or using QIAamp Tissue Kit (QiaGen) following the
manufacturer’s protocol.

Sex determination was either carried out by Polymer-
ase Chain Reaction (PCR) amplification followed by Taql
restriction endonuclease digestion of the ZFX/ZFY region
of the sex chromosomes (Palsbgll et al. 1992), or using
multiplex PCR amplification of the ZFX/ZFY sex linked
gene (Berubé and Palsbgll 1996).

Mitochondrial DNA and microsatellite molecular analyses

A 520 bp segment within the mtDNA control region was
amplified by PCR, with primers DIp 1.5 and Dlp 5 as
described by Baker et al. (1993). Reactions of 25 pL total
volume, containing 50 mM KCI, 10 mM Tris—HCI pH 8.8,
2.5 mM MgCl,, 200 uM of each dNTP, 1.0 uM of each
primer, and 0.05 U/l Taq Gold polymerase, were conducted
either on a Perkin—Elmer Thermocycler or an Eppendorf
Gradient Mastercycler, following standard PCR procedures
(94 °C for 4 min, followed by 30 cycles of 94 °C denaturing
for 45 s, 54 °C annealing for 45 s, and 72 °C extension for
45 s). Amplified PCR products were cycle sequenced with
dye-labelled terminators in both directions. Reactions were
run on a 3700 or 3730 DNA Analyzer (Applied Biosystems,
Inc.). PCR amplifications included negative control reactions
to check for exogenous contamination.

Ten microsatellite loci, proven to be polymorphic in
humpback whales, were used in this study: GATAO02S,
GATAO053, GATA417 (Palsbgll et al. 1997), 199/200,
417/418, 464/465 (Schilotterer et al. 1991), EVIPm,
EV37Mn, EV94Mn, EV96Mn (Valsecchi and Amos 1996).
The 5’-end of the forward primer from each locus was
labelled with a fluorescent tag (HEX, 6-FAM, and TET,
Qiagen-Operon; NED, Applied Biosystems, Inc). PCRs were
carried out in a 20 or 10 pl volume with the following condi-
tions: 50 mM KCI, 10 mM Tris—HCI pH 8.8, 2.5-3.5 mM
MgCl,, 200 uM of each dNTP, 0.4 WM of each primer, and
0.025 U/pl Taq Gold polymerase (Perkin—Elmer). Amplifi-
cations were completed in either a Perkin—Elmer 9600 Ther-
mocycler or an Eppendorf Gradient Mastercycler, after opti-
mization of published annealing temperatures and profiles.
PCR products were loaded with the addition of an internal
standard ladder (GS600 LIZ, ABI) on a 3700 or 3730 DNA
Analyzer (Applied Biosystems, Inc). Microsatellite alleles
were identified by their sizes in base pairs using the software
GENEMAPPER 4.0 software (ABI).

Data analysis
Error checking and duplicate samples

Specific guidelines were used during laboratory work
and scoring procedures to reduce genotyping errors.

Automation was introduced whenever possible during PCR
setup and manipulation of genomic DNA or PCR prod-
ucts. Negative controls were run at the PCR step to con-
trol for exogenous contamination. Two reference samples
of known allele size were added to each amplification and
subsequent analyses to standardize scoring. Scoring was
automated in GENEMAPPER, and allele sizing was sys-
tematically checked by hand. Samples that yielded ambigu-
ous allele peaks were repeated a second time. Genotyping
error was checked by re-amplifying and re-typing 15 % of
the total, chosen at random. In order to detect errors in our
dataset, such as identifying possible non-amplified alleles
(null alleles), large allele dropout and scoring errors due
to stutter peaks, we used the programs DROPOUT 1.3
(McKelvey and Schwartz 2005) and MICRO-CHECKER
2.2.3 (Van Oosterhout et al. 2004). Overall, 10 cases of
allele dropout were detected and resolved by duplicate
genotyping.

Duplicate samples, within each population and year,
were detected from microsatellite genotype identity using
MS_Tools (Park 2001) and were subsequently excluded.
The probability of different individuals in each population
sharing the same genotype by chance (Probability of Iden-
tity, Pjp) was estimated using GENALEX 6.5 (Peakall and
Smouse 2012). Samples which had information of less than
8 loci were excluded from subsequent analysis.

Diversity estimates

From the 520 bp mtDNA control region fragment, a
477 bp consensus region, containing the majority of vari-
able nucleotide positions in the mtDNA control region of
humpback whales, was examined for each sample (Baker
et al. 1993). Sequences were aligned and assembled using
SEQUENCHER 4.5 (Gene Codes, Inc). DNA sequence
variation patterns were characterized into mtDNA hap-
lotype definitions following the nomenclature developed
in Rosenbaum et al. (2002) and Rosenbaum et al. (2009).
Matching of sequences to haplotypes was done using
DNASP 5.0 (Rozas et al. 2003). Levels of mtDNA poly-
morphism within the sample set were measured by estimat-
ing haplotype (h) and nucleotide (1) diversities (Nei 1987),
using ARLEQUIN 3.5 (Excoffier and Lischer 2010).

For microsatellite data, genetic diversity was measured
as the observed heterozygosity (Ho) and expected hete-
rozygosity (He) under Hardy—Weinberg assumptions (Nei
1987) using GENALEX software. Evaluation of possible
deviations from Hardy—Weinberg (HW) equilibrium and
linkage disequilibrium (LD) was performed using Fisher’s
Exact test and Markov chain methods (iterations per batch
set at 10,000; Guo and Thompson 1992) implemented in
GENEPOP 4.0 (Raymond and Rousset 1995). Signifi-
cance levels (P = 0.05) for departure from HW and LD



were corrected for multiple comparisons with a Bonferroni
correction (Rice 1989). Allelic and private allelic richness
within each population (and by season) were estimated
using rarefaction implemented using the software HP-Rare
1.1 (Kalinowski, 2005), to account for variance in samples
size among regions.

Analysis of population structure

For spatial structure analysis, we tested the TSA (com-
bined samples from Gabon, Sdo Tomé, and Angola) and
WSA (samples from the West coast of South Africa), using
population divisions suggested by Pomilla et al. (2006) and
Rosenbaum et al. (2009).

For the temporal analysis, data were partitioned accord-
ing to seasonal humpback whale presence in each area,
taking into account the data available for these regions and
the sampling months. As such, only Gabon and WSA data
were suitable for use. In Gabon, the whales are present dur-
ing the breeding season from July to November (Rosen-
baum and Collins 2006). Whales sampled off the coast of
Gabon were divided into ‘Early’ season (E_GAB), includ-
ing samples collected in July and August, and ‘Late’ sea-
son (L_GAB), with samples collected in September and
October. For WSA, the whales pass by during the north-
ward (July/August) and southward (October/November)
migrations, while some whales are present in the area
until late summer (February; Barendse et al. 2010). Here,
the season was divided into ‘Regular’ season (R_WSA),
including samples collected between July and October, and
‘Late’ season (L_WSA), with samples collected between
November and February (late Spring and Summer). In this
way, the regular season in South Africa corresponded to the
entire season in Gabon. Note that the term ‘season’ is used
hereafter to refer to these seasonal groupings, unless stated
otherwise. The dataset was further stratified to evaluate the
effect of sex (males, females).

The degree of geographic (TSA vs WSA) and temporal
(time of the season in each region) population subdivision
for mitochondrial DNA was assessed using @¢p and Fygr.
&g takes into account the relationships between haplo-
type based on molecular distance (Excoffier et al. 1992),
whereas Fgr considers only the difference in overall hap-
lotype frequencies (Weir and Cockerham 1984). The sig-
nificance of the observed @ or F statistic was tested using
a null distribution generated from 10,000 nonparametric
random permutations of the data. Chi square statistics have
been shown to have greater power than sequence-based
statistics for detecting population structure (Hudson et al.
1992). To test for a random distribution of individuals
between the two populations, we conducted an Exact Test
of population differentiation. The significance of this test is
an indication of the non-random association of individuals

among populations for both global and pairwise compari-
sons. All of these tests were performed in ARLEQUIN. No
correction for multiple tests was applied to significant lev-
els of pairwise comparisons (Perneger 1998; Narum 2006).

For microsatellites, three genetic metrics were used. The
distances between microsatellite genotypes were estimated
either by counting the number of different alleles between
two genotypes, the equivalent of estimating weighted Fgr
over all loci, or by counting the sum of the squared number
of repeat differences between two haplotypes, the equiva-
lent of estimating Rgy over all loci (Slatkin 1995; Micha-
lakis and Excoffier 1996), both metrics were performed
using ARLEQUIN. Additionally, D, (Jost 2008) was cal-
culated using SWAP 0.9 software (http://www.uni-marbur
g.de/fbl7/fachgebiete/naturschutz/naturschutzbiologie/
downloads?language_sync=1), which evaluates popula-
tion differentiation by quantifying genetic diversity within
populations based on the effective number of alleles (using
a rarefaction method).

A Bayesian model-based clustering approach was
implemented in order to identify the number of popula-
tions (K) present in the dataset using the software STRUC-
TURE 2.3.4 (Pritchard et al. 2000; Hubisz et al. 2009),
which applies a Markov Chain Monte Carlo (MCMC)
algorithm. An admixture model, as well as a correlated
allele frequency model, was used with prior information
on the origin of samples (TSA and WSA). The maximum
number of populations (K) was assumed to vary between
1 and 5. For each potential value of K, 6 independent runs
were performed. Burn-in length and length simulation were
set at 500,000 and 5,000,000 steps, respectively. The most
likely number of clusters (K) was chosen as that showing
the maximum estimated mean log-likelihood of the data
(LnP(D)) (Pritchard et al. 2000) and confirmed by calculat-
ing AK, the second-order rate of change of LnP(D) with
respect to K after Evanno et al. (2005) using STRUCTURE
HARVESTER (Earl and VonHoldt 2011).

Measures of migration rates, dispersal and connectivity

Effective migration rates and divergence time estimates
between the two regions were obtained using the mitochon-
drial DNA data set and a maximum likelihood framework
based on coalescence theory, implemented in the software
MDIV (Nielsen and Wakeley 2001). MDIV simultane-
ously estimates the migration rate per gene per generation
between populations, scaled by effective population size
(M = 2N_m), the divergence time scaled by the effec-
tive population size (T' = #/2N,) and the parameter theta
(6 = 4N,;). These parameters were obtained using a finite
sites model (HKY) to allow for the possibility of multiple
mutations per site. We ran 5 x 10° cycles with a burn-in
of 5 x 10° to minimize dependence on initial conditions.



The maximum value for the theta parameter was 0. The
choice of & = 0 provides the model with a flat prior hypoth-
esis, which has the least influence on parameter estimation.
Maximum values for 7 and M were set at 3 and 45, respec-
tively. Five converged runs with different random seeds
were used to identify M, T, and 6 values corresponding to
the maximum likelihood.

Assignment/exclusion of individuals using predefined
subpopulations and possible first generation migrants was
assessed using GENECLASS 2.0 (Piry et al. 2004), which
does not assume that all potential source populations have
been sampled. A Bayesian-based method for computation
and a resampling algorithm for probability computation
with 10,000 simulated individuals were chosen (Rannala
and Mountain 1997). This method tests the null hypothe-
sis that an individual was born into the population where
it was sampled by estimating the probability of drawing
that individual’s multilocus genotype from the allele dis-
tributions observed in a series of study populations. When
compared with other assignment methods, the Bayesian
method described by Rannala and Mountain (1997) allows
recent immigrants to be identified on the basis of their mul-
tilocus genotype and has considerable power for detecting
immigrants, even when the overall level of genetic differ-
entiation among populations is low (Cornuet et al. 1999).
Statistical thresholds for the confidence of excluding a
population as the origin of an individual whale were estab-
lished with Monte Carlo resampling methods with P < 0.01
for excluding populations.

Evidence of sex-biased dispersal was tested using the
program FSTAT 2.9.3 (Goudet 2001) and included exami-
nation of differences in mean relatedness between same-
sex pairs Fig, sex-specific Fgr, and sex-specific mean-cor-
rected assignment indices (Alc). A randomized approach
with 10,000 permutations was employed to test whether the
difference in dispersal between the sexes was significant. In
the case of sex-biased dispersal, the sex with greater disper-
sal tendencies is predicted to show a lower mean Alc than
the more philopatric sex (Favre et al. 1997; Mossman and
Waser 1999). This genetic test has been shown to perform
well even with species that have no extreme sex-biased dis-
persal tendencies (Mossman and Waser 1999).

Movements of specific individuals between different
areas are suggestive of current interchange. To document
such movements, we used a genetic capture-recapture
approach based on the attainment of unique individual
genetic profiles and searched for genotype matches between
different areas (Waits et al. 2001). GENALEX was used for
this analysis and applied only to those samples for which
we have information on 9 or 10 loci.

Results
Sample size and sex ratio

Location and sample sizes for each sampling site and for
the divisions described above are illustrated in Fig. 1. The
2,018 analysed tissue samples were determined to represent
1,640 different whales: 1,421 individuals in region TSA
and 219 in region WSA. The average probability of iden-
tity Pp) for each population was small enough to exclude
duplicate samples with high confidence (Table 1). The
overall resampling rate (proportion of known individuals
re-sampled in the same area in different years) was signifi-
cantly lower (x2 = 29.86, P < 0.000, Yates correction) for
TSA (6.61 %) than for WSA (17.56 %).

Sex was determined for 1,600 individuals, resulting in
938 males and 449 females for TSA and 103 males and
110 females for WSA. For TSA, the observed overall pro-
portion of 2.1:1 males to females differed significantly
(Xz = 171.7, a = 0.000, df = 1) from a 1:1 sex ratio; for
WSA (1:1.1 males to females) there was no significant
deviation from parity.

Genetic diversity

A consensus region of 477 bp of the mitochondrial DNA
control region was assembled and 135 maternal haplotypes
were detected based on a total of 84 polymorphic sites
(Table 1). Two new haplotypes (all WSA samples) were
found that had not been previously described (Rosenbaum
et al. 2009). Sequences representing these new haplotypes
have been deposited in GenBank (Accession numbers

Table 1 Genetic diversity in humpback whales based on mitochondrial DNA and 10 microsatellite loci for two regions: TSA—comprising sam-
ples from Gabon, Sdo Tomé and Angola and WSA—samples from the west coast of South Africa

Region Mitochondrial DNA Microsatellites

H P PS h T H, H, P(D)
TSA 129 42 81 0.980 (0.000) 0.021 (0.011) 0.743 (0.004) 0.745 (0.049) 1.9 x 10712
WSA 71 3 64 0.971 (0.004) 0.021 (0.011) 0.751 (0.008) 0.740 (0.051) 3.2 x 10712

H number of haplotypes, P number of private haplotypes, PS polymorphic sites, & haplotype diversity, m nucleotide diversity, H, observed het-
erozygosity, H, expected heterozygosity, PI probability of identity. Values in parentheses are standard deviation



Table 2 Allelic richness and

; S Locus Spatial Temporal

private allelic richness (values

in parentheses) estimated from a TSA WSA E_GAB L_GAB R_WSA L_WSA

rarefaction algorithm calculated

over the 10 microsatellite loci, 28 12.60 (2.87)  10.57 (0.83) 12.28 (0.92)  11.28(0.94) 10.95(0.05)  10.50 (0)

for the spatial and temporal 53 12.09 (1.43)  11.39 (0.73) 11.66 (0.24) 1221 (0.51)  10.89 (0.10)  10.79 (0.08)

divisions 199-200  7.34(0.57)  7.42(0.65) 7.09(0.12)  7.25(045)  6.96(0.09)  7.21(0.31)
417 16.96 (2.64)  17.23(2.91) 16.68 (1.48)  15.64 (0.74) 14.93(0.07) 16.30 (1.31)
417418  10.88 (0.77) 11.53(1.42) 10.23 (0.19)  11.12(0.59) 9.96 (0.06)  11.03 (0.80)
464-465 6.65 (0.76) 6.00 (0) 6.28 (0.30) 6.71 (0.63) 6 (0) 5.98 (0)
Evl 4.00 (0) 4.00 (0) 4.00 (0) 4.00 (0) 4(0) 3.93 (0)
Ev37 17.35 (1.66)  16.84 (1.15) 16.94 (0.56)  16.89 (0.38)  17.89 (1.06)  16.06 (0.01)
Evo4 9.60 (0.27)  9.63 (0.30) 9.49 (0.06)  9.50 (0.06)  8.97 (0) 9.58 (0.12)
Ev96 12.19 (0.80)  11.47 (0.08) 11.82(0.04) 12.24(0.56) 11.96 (0.07)  10.96 (0)
All loci 10.97 (1.17)  10.61 (0.82) 10.65 (0.39)  10.68 (0.49) 10.25(0.15)  10.23 (0.26)

KF768654-KF768655); 42 haplotypes were only present DeltakK = mean(|L"(K)]) / sd(L(K))

in the TSA region and 3 were only present in the WSA 55

region. Haplotype (h) and nucleotide diversity () esti-

mates obtained were similar for TSA and WSA regions 5.0

(Table 1).

All 10 microsatellite loci were highly polymorphic, with 43

the number of alleles per locus ranging from 4 (Ev1) to 22 - 20

(GATA417). No significant differences were found between 3

he observed heterozygosity (H,) and the heterozygosity =

the observed heterozygosity o) a e heterozygosity 3s

expected (H,) under Hardy—Weinberg assumptions across

loci. When Fisher’s method was applied to combine tests 30

across populations, all pairwise combinations of loci were

in linkage equilibrium. The overall allelic richness is simi- 25

lar to each region (TSA and WSA) and to each season

2.0 25 3.0 35 40

(E_GAB; L_GAB; R_WSA; L_WSA); however, by locus,
there were differences in allelic richness and several pri-
vate alleles were present not only in each region, but also in
each season too (Table 2).

Population structure

For the spatial (TSA vs WSA) analysis, the among-groups
component of the Analysis of Molecular Variance analysis
was significant for mtDNA data when both the haplotype
frequencies as well as molecular distances were consid-
ered (Fgr = 0.007, P = 0.001; @4 = 0.005, P = 0.007).
For microsatellite data all estimators showed differentia-
tion (Fgr = 0.002, P = 0.001; Rgr = 0.003, P = 0.007;
D, = 0.016, SD = 0.002). The Exact test of population
differentiation was consistent with these results (P < 0.05).

Clustering analysis conducted on the whole dataset
indicates that the most likely number of distinct genetic
entities is K = 3, based on AK (Fig. 2) and K = 1 based
on LnP(D) [LnP(D): —64,947.55 for K = 1; LnP(D):
—65,039.13 for K = 2; LnP(D): —65,172.8 for K = 3)

Fig. 2 Variation of AK for K = 2 to K = 5, following Evanno et al.
(2005)

Table 3 Pairwise comparisons of genetic differentiation of hump-
back whales between seasons in Gabon and WSA for mitochondrial
DNA and microsatellites

Seasons mtDNA Microsatellites
Fgr Pgr Fgr Rgr

E_GAB vs L_GAB 0.000 0.000 0.000 0.000
E_GAB vs R_WSA 0.004* 0.001 0.000 0.000
E_GAB vs L_WSA 0.008* 0.005 0.003 0.003
L-GAB vs R_WSA 0.005% 0.000 0.001 0.002
L_GAB vs L_WSA 0.010%* 0.005 0.003 0.003
R_WSA vs L_WSA 0.000 0.004 0.001 0.000

Significant values are highlighted in bold (P < 0.05). (*) indicate sig-
nificant values for the Exact test



Table 4 Pairwise comparisons of genetic divergence of humpback whales between Seasons in Gabon and WSA for mitochondrial DNA (Fgp

and @gp) and microsatellites (only Fgp) by sex

Seasons mtDNA Microsatellites

Fsr Py Fsr

Females Males Females Males® Females Males
E_GAB vs L_GAB 0.001 0.000 0.002 - 0.001 0.000
E_GAB vs R_WSA 0.004 0.007* 0.008 - 0.002 0.002
E_GAB vs L_WSA 0.006* 0.009* 0.007 - 0.000 0.002
L_GAB vs R_WSA 0.010* 0.008* 0.021 - 0.002 0.002
L_GAB vs L_WSA 0.011* 0.011* 0.012 - 0.001 0.003
R_WSA vs L_WSA 0.000 0.008* 0.000 - 0.000 0.002

Significant values are highlighted in bold (P < 0.05). (*) indicate significant values for the Exact test

* As none of the @gy values for males were significant, we chose to not show their values

Table 5 Sex-biased dispersal test results based on 10 microsatellite
loci of humpback whales from TSA and WSA regions

Alc vAlc Fig Fgp
Males —0.048 14.641 0.008 0.002
Females 0.089 12.888 —0.003 0.001
P value 0.459 0.101 0.654 0.543

Differences in sex-specific assignment index (Alc), variance of cor-
rected assignment index (vAlc), mean relatedness (Fig) and Fgp were
tested for significance using 10,000 permutations

(STRUCTURE results—Figure S1). Although, there was
evidence of admixture between the two groups based on
the assignment of individuals to clusters, when K = 2,
the proportion of samples assigned to each popula-
tion was not completely symmetric; 35.5 % of animals
showed strong assignment (Q > 0.8) to Cluster 1 (TSA)
and 31.5 % strongly assigned to Cluster 2 (WSA). Inter-
estingly, of the animals from WSA that were strongly
assigned to Cluster 2, 78 % were animals sighted in Late
Season.

In the temporal analysis, weak but significant popu-
lation subdivision was found between seasons but only
between regions and only at haplotype frequency level
(Fgt = 0.003, P = 0.000) (Table 3). In the pairwise com-
parisons, Fgr showed differentiation between different sea-
sons in the two regions while ®@¢ only showed differen-
tiation between Late season in WSA and both seasons in
Gabon (Table 3). The Exact test was significant between
the two regions. A lower level of differentiation was found
for microsatellite data using both Fgr and Rgp statistics
(Fgt = 0.001, P = 0.000; and Rgy = 0.001, P = 0.033).
In the pairwise comparisons, significant genetic differentia-
tion was only found between Late season in WSA and both
seasons of Gabon, supporting results obtained with ®gr
(Table 3).

When the samples were stratified by sex, the pairwise
comparisons using the mitochondrial DNA dataset showed
that Late season females in WSA were significantly differ-
ent from females in Gabon (independent of the season), and
Regular season females in South Africa were different from
Late season females in Gabon. Significant differences were
also found between males from the two regions (Table 4).
For the microsatellite dataset, Fgr results were significant
for both females and males from Late season in WSA, and
were significantly different from females and males sam-
pled in Gabon (Table 4).

Measures of migration rates, dispersal and connectivity

Likelihood estimates of population migration rates per
generation were high, with M = 39.776 (SD = 0.45747),
T = 0.0345 (SD = 0.003) and the parameter theta
0 = 15.657 (SD = 0.789). As expected, estimated scaled
divergence times exhibit the opposite behaviour to migra-
tion rate.

The power to assign any individual to one of the popu-
lations was relatively high. When the assignment criterion
was to assign the individual to the population with the high-
est probability value, the method was able to assign 76.8 %
of the samples to the population from which they had been
sampled. If the assignment criterion was set by exclusion at
P < 0.01, 42 migrants were identified, 22 in TSA (1.47 %)
and 20 in WSA (7.6 %).

Tests for sex-biased dispersal did not yield significant
differences between sexes for any of the indicators. Fur-
thermore, while three indicators (Alc, vAlc, FIS) tended
to match the expectations for higher dispersal in males
than females, the other (Fgr) showed the opposite trend
(Table 5).

The genetic capture-recapture approach recovered a
total of 11 matches involving nine individuals (Table 6)



Table 6 Matches found

Individual Sex GA date GC WSA date GC
between Gabon (GA) and WSA
#1 F 08/09/2001* Pair 16/12/2001* Pair—defecation
o #1 - 17/11/2009 ?
Individuals, sex, date of #2 F 09/09/2002°  M-C 10/01/2003*  M-C
collection in each site and the ]
group composition (GC) when #2 - 25/10/2004 Pair
the sample was collected are #3 M 07/08/2001 ? 21/11/2005 Male with a M-C
i;()\éded, (?lroup ?fscr'lpt}l’m'l: #4 F 16/08/2002 Pair 07/11/2006 Pair
—C—mother—calf pair; Pair— . .
two adults; Competitive—at #5 M 04/09/2003 Competitive 18/01/2003 Pair
least three adults with one #6 F 26/09/2004 Competitive 08/11/2004 Pair—defecation
nuclear animal, a principal #7 M 14/08/2005 Competitive 17/10/2005 3 Adults
escort and challengers) #8 F 20/08/2006  Competitive  12/10/2001  Pair—mixed group of whales
Matches described by Pomilla g M 04/092006  Competitive  17/12/2001 20 individuals—milling/feeding

et al. (2006)

between Gabon and the WSA. Two of these have already
been described by Pomilla et al. (2006). All of these
whales were sampled later in the year off WSA, between
12 October and 18 January, then off Gabon. Four of them
were re-sampled in the same year (with a minimum of
43 days and a maximum of 136 days between sightings)
and the other seven were re-sampled in different years
(a maximum interval of 8 years between capture and re-
capture). Seven matches involved females (one of them
with a small calf) and four males. Two individuals were
sampled in Gabon and then re-sampled twice (each of
them) in South Africa. Three of the individuals sampled
in Gabon were re-sampled while feeding in South Africa
(including observed defecation). Two individuals were
sampled in WSA and then re-sampled in Gabon (5-year
interval).

Discussion

Using a combination of maternally and biparentally inher-
ited markers, as well as a large sample size, this study pre-
sents evidence for the existence of sub-structure in Breed-
ing Stock B, which may be due to possible spatial and/or
temporal segregation.

Explanation for complex population structure

The present study provided new insights into the com-
plex population differentiation of Breeding Stock B as a
whole, and re-affirmed previous genetic analyses (Rosen-
baum et al. 2009; Pomilla 2005; Pomilla et al. 2006) that
indicated significant differentiation between these two
areas (TSA and WSA). However, the differences found
in previous studies were only at Fgp level for mtDNA
and for microsatellite data differentiation was found
only when Angola (Cabinda) and Gabon were grouped
together.

The results from STRUCTURE seem to support this
subtle differentiation but were not conclusive. The best
K found was three using the AK method of Evanno
et al. (2005). This method showed that the real number
of groups is best detected by the modal value of AK, a
quantity based on the second-order rate of change with
respect to K of the likelihood function. It also efficiently
detects the uppermost level of population structure of the
data. The subgroups created by the best individual assign-
ment produced by STRUCTURE permits identification of
sublevels of structuring (Evanno et al. 2005). Using the
LnP(D) method, no structure was found (K = 1). However,
it has been demonstrated that this method does not provide
a correct estimation of the number of clusters, K (Evanno
et al. 2005). The new version of STRUCTURE (Hubisz
et al. 2009) incorporates a model in which sampling loca-
tion is incorporated into the Bayesian prior for the analy-
sis, thus increasing power to detect population structure in
data sets where divergence is low or the number of loci
is moderate (<20). Nonetheless, even this new model does
not perform well at either determining the correct value of
K or estimating admixture proportions for admixed popu-
lations with Fgp < 0.2 (Hubisz et al. 2009), as was the case
in this study.

The present study, based on a more extensive sample
than prior assessments and combining maternally and bi-
parentally inherited markers, identified subtle yet statisti-
cally significant spatial and temporal sub-structuring for
humpback whales sampled along the west coast of Africa.
In pairwise comparisons among seasons and sites, animals
sampled in Gabon (independently of the season) were sig-
nificantly different from the ones that were sampled in the
late season (spring = November) and summer (Decem-
ber to February) off WSA, for both statistics and mark-
ers. This differentiation was true for both sexes. This is of
further interest given that many of the matched individuals
between Gabon and WSA were sampled at the latter local-
ity during the late season.
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Together, the spatial and temporal heterogeneity found
suggests that the WSA coast is not wholly a migratory cor-
ridor and/or feeding ground utilized by all whales migrat-
ing from Gabon. This is supported by additional evidence:
(1) Based on catch histories, Findlay (2000) suggested
a degree of spatial segregation of this stock, with some
whales habitually using alternate migration routes and thus
avoiding capture (e.g. some animals migrated further off-
shore outside of the range of shore-based whalers). The
existence of a concentration of pelagic catches in the South
Atlantic 750-1,400 km offshore at the same latitude and
the same season as the WSA feeding ground confirms that
some whales must take a more direct route to their South-
ern Ocean feeding grounds from further north (Barendse
et al. 2011); (2) Recent telemetry data indicated a simi-
lar pattern; whales tagged in Gabon travelled south to the
central Angolan coast and then offshore along the Walvis
Ridge, passing WSA far offshore before reaching 40°S,
where they diverged and continued south as far as Bouvet
Island (54°26'S-3°24’E; Rosenbaum et al. accepted); (3)
A recent model averaged abundance estimate for hump-
back whales sighted in WSA was 510 (SE 143; 95 % CI
230-790; Barendse et al. 2011), which is far fewer animals
compared with 1,404 individuals genetically identified in
Gabon alone.

The telemetry data suggest that some humpback whales
wintering in the greater Gulf of Guinea region use at least
two different migration routes for different summer feeding
grounds (Rosenbaum et al. accepted). One of these feeding
grounds is around the border between Areas II and III (at 0°
of longitude; IWC 1998) in the vicinity of Bouvet Island,
and migration to and from this feeding ground is mostly
offshore. This could explain the different catch histories
shown for the whaling ground off Gabon and others to the
south (e.g. Findlay 2000).

The other known feeding area is off the west coast of
South Africa (Best et al. 1995; Barendse et al. 2010) to
which animals possibly take a coastal migration route
between breeding and feeding grounds: whether this is the
final or only temporary destination (with Antarctic as final
destination) is not known. Genetic differences observed
between samples from Gabon and WSA could therefore
be an evolutionary consequence of long-term-directed site
fidelity to these specific feeding grounds. The different
levels of resampling of individuals found in the two areas
are consistent with this hypothesis; the overall resampling
rate of photographically identified individuals in the WSA
area is almost three times higher than in Gabon, indicat-
ing high site fidelity, with several animals returning to the
WSA region in multiple years (Barendse et al. 2010, 2011).
Variations in site fidelity by humpback whales to breed-
ing and feeding grounds have been shown elsewhere, with
high annual return rates to feeding grounds (up to 90 %;

Clapham et al. 1993; Acevedo et al. 2006) whereas fidelity
to breeding grounds appear to be more fluid, with whales
roaming widely during the winter (Mattila et al. 1994). In
the North Atlantic and North Pacific, humpback whales
feed in a number of relatively discrete sub-populations in
summer, but mix at a common breeding ground in winter
(e.g. Palsbgll et al. 2004, 2007).

Given the known exchange of individuals between
Gabon and WSA, and the paucity of samples from else-
where in the Gulf of Guinea, from BSB migratory routes
and feeding areas in general, the differentiation found
between the sampled areas likely represents only part of
a more complex picture. Evidence of temporal and geo-
graphic sub-structure has been found in other wintering
grounds (Smultea 1994; Medrano-Gonzélez et al. 1995;
Brown et al. 1995; Dawbin 1997). It is likely that Gabon
is not the final destination in the greater Gulf of Guinea for
some individuals. Humpback whales have been reported
present in several other areas, including Guinea (Bamy
et al. 2010), Togo, Nigeria, Ghana (Van Waerebeek et al.
2001, 2009), the coasts of Equatorial Guinea and Congo
(Best et al. 1999; Rosenbaum and Collins 2006) and the
islands of Bioko, Pagalu (Aguilar 1985) and Sao Tomé
(Carvalho et al. 2011). Some of the whales satellite tagged
in Gabon in 2002 moved northwards, deeper into the Gulf
of Guinea, to destinations that included Sdo Tomé and
Principe, Cameroon, Bioko Island (Equatorial Guinea)
Nigeria and Ghana (4.7°N) using inshore routes over the
continental shelf as well as offshore movements across
deep waters (Rosenbaum et al. accepted). Recent data also
show the regular presence of humpback whales in Angola
during the austral winter and spring (Weir 2011), with
singing activity relatively constant for 4 months from early
July to early November and with distinct spatial patterns
(inshore and offshore; Cerchio et al. accepted). Spatial
segregation on breeding grounds is common on wintering
areas; in the south-western Indian Ocean (stock C) sub-
structure within several longitudinally separated breeding
regions apparently exists, suggesting demographic inde-
pendence with recent exchange of individuals between
regions (Ersts et al. 2011) and probably a high degree of
shared ancestry among whales in sub-populations (Rosen-
baum et al. 2009). On the other hand, according to con-
temporary statements from early twentieth century whal-
ers, trends in pre-WWI seasonal catches (or availability
data) and incidental sightings recorded from oil platforms
in 1995, the seasonal occurrence of humpback whales of
Angola is distinctly bimodal, with waves of humpbacks
going north from May to July and south from August to
November (Barendse et al. 2011). This pattern of availa-
bility would not be completely consistent with spatial seg-
regation of whales within the greater Gulf of Guinea by
latitude, at least south of Gabon.
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Numerous studies of dispersal and population genet-
ics have shown evidence of geographic population struc-
ture and dispersal limitation (Palumbi and Warner 2003;
Palumbi 2004). Behaviour appears to be an important fac-
tor driving geographic structure in marine populations and
it has been suggested that philopatry has an important role
in driving population structure in marine turtles, sharks and
whales (e.g. Lee et al. 2007; Palumbi and Baker 1994; Par-
dini et al. 2001). Due to the remarkable mobility of hump-
back whales and the apparent absence of geographic barri-
ers within ocean basins, the formation of significant genetic
divisions between stocks indicates strong fidelity to migra-
tory destinations, as a result of a calf’s early maternally
inherited experience (Baker et al. 1994), especially in its
first year of life (Baker et al. 1998). The life history of these
whales suggests a likely mechanism for a ‘cultural’ trans-
mission of migratory destinations (Baker et al. 1990), and
is supported by analysis of maternally inherited mtDNA.

The stock structure of Breeding Stock B may be more
complex due to the apparent subdivision of groups of ani-
mals with different behavioural and migratory patterns. A
multi sub-stock structure model that assumes two breed-
ing units, with the presence of multiple migratory streams
(inshore vs offshore) to different feeding areas and/or the
existence of some spatial and/or temporal segregation on
breeding grounds in the greater Gulf of Guinea would pro-
vide some explanation for the genetic differentiation found
in this study. Many populations are composed of a mixture
of individuals that reproduce at different times within a par-
ticular season and location. The timing of reproduction is
highly heritable and is thus influenced by genetic as well as
(seasonal) environmental factors (Hendry and Day 2005).
Under these conditions, gene flow is expected to be limited
between early and late reproducers even within popula-
tions having a unimodal temporal distribution of reproduc-
tive activity (Hendry et al. 2004). A temporal, instead of
spatial, restriction on gene flow would hence create a pat-
tern of isolation by time (IBT; Hendry and Day 2005); this
could be a plausible explanation for the population struc-
ture found in BSB stock if the animals arrived in the greater
Gulf of Guinea at slightly different times due to the fact
that they had migrated from different feeding areas. How-
ever, habitually early or late breeding individuals have not
been detected in any baleen whale population to date.

Connectivity, novel biogeography: a re-occurring pattern?

Direct connectivity between the two areas was demon-
strated through detection of movements by genetically
identified individuals between Gabon (TSA) and WSA,
both for females and males. All of the detected movements
were from a northerly to southerly direction (when con-
sidering month of recapture). Therefore, when recaptures

did not occur in the same year, the presumption is that the
monthly nature of recaptures (August/September in Gabon
and October—November—December—January in South
Africa) reflects an overall pattern of movement of some
animals from TSA to WSA, consistent with photo-identi-
fication results (Barendse et al. 2011). Some of the animals
from Gabon feed on the WSA coast (sighted while engaged
in feeding behaviours) and the migration rate between the
two areas is high. Potentially similar latitudinal gradations
have been observed among other populations of humpback
whales. In the south east Pacific, the main summer feeding
ground for the G Stock of humpback whales that breeds off
Colombia, Costa Rica, Peru and Ecuador (Flérez-Gonzalez
1991; Scheidat et al. 2000; Félix and Haase 2005), appar-
ently extends along the western coast of the Antarctic Pen-
insula (Mackintosh 1942; Stone et al. 1990; Stevick et al.
2004). However, the cold inshore waters of western South
America, including in the southern Patagonian fjords and
the Strait of Magellan in Southern Chile, have recently
been described as an alternative summer feeding ground for
humpback whales of this stock, with a high site fidelity and
residency to the area (Gibbons et al. 2003). However, no
genetic comparison between these areas has yet been made.

Oceanographic features may serve as migratory cues
or oceanographic boundaries. Upwelling areas, ocean cur-
rents and fronts, sea surface temperature and depth have
been recently identified as important factors influencing
the distribution and abundance of cetaceans, and may influ-
ence dispersal and population structure (e.g. Davis et al.
2002; Mendez et al. 2010, 2011; Ainley et al. 2012). For
humpback whales, breeding areas are at approximately
20° latitude in both hemispheres with average sea surface
temperatures of between 24 and 28 °C (Rasmussen et al.
2007). Breeding areas in the greater Gulf of Guinea and the
eastern Pacific (breeding stock G) occur near the equator
where SST > 24 °C (Rasmussen et al. 2007). These two
regions are considerably further to the north of other south-
ern hemisphere breeding grounds, implying that humpback
whales in these areas need to migrate farther and suggest
that the large marine upwelling ecosystems of each region
(Benguela Current and Humboldt/Peru Current, respec-
tively) influence the location of breeding grounds for these
populations.

Conclusions

Spatial differences and fidelity/philopatry to certain areas
have been identified as important mechanisms driving
genetically differentiated sympatric populations (Hoelzel
1998). Temporal influences may also play a role and should
be considered as segregating factors. In this case, it is pos-
tulated that differentiated breeding stocks mix in temporary
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assemblages, and the pattern of mixing can vary on both
spatial and temporal scales.

The results presented here do not fully resolve the ques-
tions about Breeding Stock B structure, principally because
sampling in the region has been extremely limited geo-
graphically, with 99 % of the samples coming from two
areas 3,500 km apart and collected in largely different sea-
sons. Nevertheless, some population segregation is clearly
evident, largely for whales sampled off Gabon in winter
and those in WSA in spring/summer, which suggests that
some of the whales feeding off WSA may be breeding and
calving in an area which has not yet been identified. The
implementation of further satellite tagging efforts could be
useful for assessing movements throughout the region and
could clarify patterns of connectivity between regions and
help identify the locations of unknown breeding or feeding
areas. Additional genetic samples from other areas in the
region (inshore and offshore) especially from other parts
of the Gulf of Guinea, Angola, Namibia, and further north
and west (e.g. the Bight of Benin) could give additional
information on this stock’s population structure. Increas-
ing the number of markers (microsatellites) analysed could
improve the resolution of analyses and thus the detection
of the population structure in this region. Additionally,
using other types of markers like SNPs (Genomic Single
Nucleotide Polymorphism) can be used to infer popula-
tion structure, estimate the spatial scale of gene flow and
examine population connectivity, aspects which were typi-
cally unidentified using traditional approaches (Allendorf
et al. 2010). Improving our knowledge of the patterns of
connectivity and population structure is important for the
conservation and management of these humpback whale
populations.
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Supplementary material

Figure S1 (Supplementary material) - STRUCTURE clustering results for K = 2, 3 and 4. Group labels
are B1 =TSA, combined samples from Gabon, Sdo Tomé, and Angola; B2 = WSA, samples from the
West coast of South Africa. Each individual is represented by a vertical column partitioned into
colour segments that represents its estimated admixture fraction in each cluster
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Figure S2 (Supplementary material) - Median-joining network of control region mtDNA haplotypes of
humpback whales, implemented in NETWORK 4.6. (Bandelt et al. 1999). Circle size is proportional to
the number of individuals exhibiting the corresponding haplotype. Each location within each
haplotype is coloured according to the legend: TSA region: green circle Gabon; blue circle Sdo Tomé;
yellow circle Angola — Cabinda; WSA region: red circle West South Africa.
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