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Evidence for male dispersal along the coasts but no 
migration in pelagic waters in dusky dolphins 
(Lagenorhynchus obscurus)

IN S A  C A S S E N S ,* K O E N  V A N  W A E R E B E E K ,+  P E T E R  B. B E S T ,t A T H A N A S IA  T Z IK A ,*
A N T O N  L. V A N  H E L D E N ,f  E N R IQ U E  A . C R E S P O §  and  M IC H E L  C. M IL IN K O V IT C H *
*Laboratory of Evolutionary Genetics, Institute of Molecular Biology and Medicine, Université Libre de Bruxelles, rue Jeener & Bracket 
12, 6041 Gosselies, Belgium, t Peruvian Centre for Cetacean Research (CEPEC), Jorge Chavez 302, Pucusana, Lima-20, Peru., 
fM ammal Research Institute, University of Pretoria, Pretoria, 0002 South Africa., §Laboratorio de Mamíferos Marinos, Centro 
Nacional Patagónico, Boulevard Brown S/N, Puerto Madryn, Chubut, Argentina., 1Museum of New Zealand Te Papa Tongarewa, PO 
Box 467, Wellington, New Zealand

Using nine nuclear species-specific microsatellite loci and two mitochondrial gene frag­
ments (cytochrome b and control region), we investigated the processes that have shaped 
the geographical distribution of genetic diversity exhibited by contemporary dusky 
dolphin (Lagenorhynchus obscurus) populations. A total of 221 individuals from four 
locations (Peru, Argentina, southern Africa, and New Zealand) were assayed, covering most 
of the species' distribution range. Although our analyses identify a general demographic 
decline in the Peruvian dusky dolphin stock (recently affected by high natural and human- 
induced mortality levels), comparison between the different molecular markers hint at 
an ancient bottleneck that predates recent El Niño oscillations and human exploitation. 
Moreover, we find evidence of a difference in dispersal behaviour of dusky dolphins along 
the South American coast and across the Atlantic. While data in Peruvian and Argentine 
waters are best explained by male-specific gene flow between these two populations, our 
analyses suggest that dusky dolphins from Argentina and southern Africa recently separated 
from an ancestral Atlantic population and, since then, diverged without considerable gene 
flow. The inclusion of a few New Zealand samples further confirms the low levels of genetic 
differentiation among most dusky dolphin populations. Only the Peruvian dusky dolphin 
stock is highly differentiated, especially at mitochondrial loci, suggesting that major 
fluctuations in its population size have led to an increased rate of genetic drift.
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The divergence of populations into local or geographical 
varian ts w ith in  a species is an  in tu itive  sta rting  poin t 
for discussing spéciation in delphinid cetaceans. Indeed, 
species of true dolphins often com prise m orphotypes that 
substan tia lly  differ in  colour pa tte rn , body  dim ensions, 
and  cranial structure (Perrin et al. 1991; Rosei et al. 1994; 
Hoelzel et al. 1998b; W ang et al. 1999; Jefferson & Van

Introduction
W aerebeek 2002; Kingston & Rosei 2004; N atoli et al. 2004). 
However, species designation in the current taxonom y of 
cetaceans is clearly problem atic (Milinkovitch etal. 2002). 
G roups of individuals are often classified into the same 
binom ial species not because in terbreed ing  or lack of 
cladistic hierarchy has been dem onstrated, bu t because 
evidence for separating them  into reproductively isolated 
groups is lacking. Unfortunately, high hum an-induced 
m ortality levels, especially because of direct and incidental 
catch in coastal waters, threaten m any cetacean populations 
that m ight represent such evolutionary distinct lineages or 
incipient species (Perrin et al. 1991; W oodley & Read 1991;
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Van Waerebeek et al. 1997; Pichler & Baker 2000). Obviously, 
one major challenge in the analysis of genetic variation is 
to w ork out the relative contributions of distinct processes 
such as genetic drift, population divergence, gene flow, 
and selection (all likely to be variable both in tim e and 
space). For several reasons, this task is particularly complex 
in cetaceans. First, m any  cetacean species show  high 
dispersal abilities an d  are d is trib u ted  across hab itats 
where m ovem ents are difficult to record and barriers to 
m igration are seldom  understood. Second, strongly biased 
sex-specific dispersal can result in incongruent population 
histories for males and females (Baker et al. 1998; O 'Corry- 
Crowe et al. 1997; Bérubé et al. 1998; Hoelzel et al. 1998b; 
Brown G ladden  et al. 1999; Escorza-Trevino & D izon 
2000). Third, complex behaviours such as philopatry and 
social o rgan ization  into k inship  g roups can cause, even

in sym patry or on a small geographical scale, significant 
population subdivision (Hoelzel 1998; Hoelzel et al. 1998a). 
Finally, detailed inform ation on past and recent effective 
population sizes is lacking in most delphinid species. This 
often makes data interpretation difficult as fluctuations in 
population size lead to varying rates of drift, hence, to a 
nonlinear variation of genetic differentiation through time 
(Chakraborty & N ei 1977; Hedrick 1999).

In the present paper, we provide insights into the pro­
cesses shaping geographical patterns of genetic diversity in 
dusky dolphins. This small delphinid species is distributed 
in southern hem isphere w aters along the coasts of western 
and eastern South America (Peru, Chile, Argentina), south­
ern Africa (Nam ibia, South Africa), an d  N ew  Z ealand 
(Fig. la). A lthough sightings of dusky dolphins have also 
been recorded from  the vicinity of m any oceanic island
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Fig-1 (a) M ap of the Southern H em isphere 
showing general location (arrows) of sampled 
populations and distribution range of Lag­
enorhynchus obscurus (crosshatched area). 
Sample sizes are given between parentheses.
(b) Sam pling sites a long  the coast of 
Nam ibia and South Africa. Tissue samples 
were collected from stranded or incidentally 
caught dusky dolphin individuals. Observa­
tional d a ta  suggest a d is trib u tio n  gap 
near the N am ibian-South African border.
(c) Sam pling sites in Peruv ian  waters. 
They correspond  to th ree  h a rbours w here  
d u sk y  d o lp h in  carcasses are landed after 
they have been directly caught in local 
fishery activities. Circle size is proportional 
to the num ber of individuals sam pled at 
each site.
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groups (e.g. Gough and Falkland Islands in the Atlantic), a 
continuous pelagic distribution in the southern oceans has 
not been confirmed (Van W aerebeek et al. 1995). D istribu­
tional in form ation  an d  m orphological stud ies, w hich 
have revealed significant differentiation in cranial charac­
teristics and  body size am ong geographical regions (Van 
W aerebeek 1993a,b), led au thors to propose a disjunct 
distribution w ith discrete dusky dolphin stocks confined 
to continental shelves and islands (Van W aerebeek et al.
1995). A com prehensive u n d erstan d in g  of the species' 
population structure is urgently needed given that direct 
takes of small cetaceans for hum an consum ption and bait 
in shark fisheries is a major conservation problem , espe­
cially in Peruvian w aters (Van W aerebeek & Reyes 1990, 
1994a,b; Van W aerebeek 1994; Van W aerebeek et al. 1997). 
Furtherm ore, the upw elling system  off Peru and  northern 
Chile forms an extremely rich but very unstable environment. 
Indeed, recurren t El N iño sou thern  oscillations (ENSO) 
events w ith the characteristic w arm ing of surface waters — 
that blocks the upw ard mixing of deeper, nutrient-rich water 
— cause high mortality levels among marine plant, inverte­
brate, and vertebrate species (Cooper & Laurie 1987; G ilbert 
et al. 2001; Kiesecker et al. 2001; Sheppard  et al. 2002). Pre­
lim inary results even show  evidence for an R-selection 
m ode of rep roduction  in P eruv ian  dusky  dolphins, sug­
gesting an adaptation to high losses through an extremely 
young age at reproduction (Van W aerebeek & Read 1994).

Here, we use m ultiple m arkers w ith different m odes of 
inheritance and different m utation rates to investigate how  
the closely related, bu t considerably m orphologically dif­
ferentiated populations evolved. More specifically, w e first 
exam ined w hether a high proportion of genetic diversity 
has been lost in the Peruvian dusky dolphin stock possibly 
impacted by recent ENSO and ongoing hum an exploitation. 
Second, w e investigated population  structure and  disper­
sal param eters, such as sex-specific m igration rates, and 
we attem pted using, am ong others, a recently developed 
Bayesian m ethod (Nielsen & W akeley 2001; H ey & Nielsen 
2004; H ey et al. 2004) to d is tin g u ish  betw een  an equ i­
librium  (ancient population separation w ith ongoing gene 
flow) an d  nonequ ilib rium  (no gene flow, b u t rem nan t 
shared  varia tion  as a resu lt of a recent popu la tion  split) 
m odel of pop u la tio n  divergence. Third, w e exam ined 
w hether genetic structuring on a small geographical scale 
could be detected: a d istribu tion  gap has been proposed  
in the proxim ity of the N am ibian-South African border 
(Fig. lb) in southern African waters, and  dusky dolphins 
sam pled  in  specific P eruvian  harbours m ight originate 
from  restricted fishing grounds that differ am ong harbours 
(Fig. le , V an W aerebeek, u n p u b lish ed  data). If clearly 
characterized, fixed genetic differences am ong such local 
groups could provide valuable inform ation to catch statis­
tics studies by allowing assigning individuals of unknow n 
origin to a specific geographical group. Finally, the inclusion

of dusky dolphin sam ples from  N ew  Zealand allows us to 
provide a first insight on how  this population is related to 
other dusky dolphin stocks.

Materials and methods

Tissue collection and D N A  extraction

Skin, bone, an d  cartilage sam ples w ere collected from  
stranded , incidentally  or directly caught dusky  do lph in  
specim ens (Lagenorhynchus obscurus) covering m ost of the 
species' distribution range (Fig. la). W hile exact sam pling 
locations are unknow n for the individuals from  A rgentina 
(N  = 31) and N ew  Zealand (N  = 6), m ost dusky dolphin 
sam ples collected in southern African (N  = 64) and Peruvian 
(N  = 120) waters can be assigned to precise localities along the 
coast (Fig. lb,c) possibly allowing for a fine-scale phylogeo- 
graphical analysis within these populations. For skin samples, 
standard  proteinase K digestion and phenol-chloroform 
extraction procedures (Hillis et al. 1996) were used. Genomic 
D N A  from  bone, cartilage, an d  too th  sam ples w as 
extracted using the Qiagen DNeasy tissue kit. After a first 
treatm ent w ith em ery paper on the outer surface in order 
to reduce contam ination sources, sam ples w ere pow dered 
using a m ortar either after 2-12 h at -8 0  °C or w ith liquid 
nitrogen. Starting w ith less than 40 g tissue pow der, we 
followed the Qiagen extraction protocol for anim al tissues, 
bu t added  twice the volum e of all solutions in the digestion 
and  precipitation steps and increased incubation time at 
55 °C to at least 48 h in a shaking w ater bath. Only the 
supernatant w as loaded onto the colum ns in order to avoid 
any obstructions w ith nondigested material, and a single 
elution step w as done w ith 100-150 |xL of buffer EB.

Sequencing and genotyping

Two m itochondrial gene fragm ents (cytochrome b and the 
control region) w ere am plified and directly sequenced 
(BigDye Terminator Cycle Sequencing; Applied Biosystems) 
on bo th  strands on an ABI 377 or ABI 3730 autom ated  
sequencer (Applied Biosystems). The full cytochrome b 
gene (1140 bp) w as analysed for m ost sam ples using two 
pairs of prim ers from  (Cassens et al. 2000). However, pro­
bably resulting from  degraded DNA, these amplifications 
failed for most bone, cartilage, and tooth samples, and we 
designed three new  primer pairs, defining smaller fragments 
(< 300 bp), for analysing the m iddle part of the cytochrome 
b gene: CB_Frag2_F 5'-CAGTCGCACATATCTGTCG, 
CB_Frag2_R 5'-TGATGAATGGGAGGATAAAGTGG, 
C B Frag3 F 5'-AG AATGAATCTG AGGCGGA, CB Frag3 R 
5'-ATTGATCGTAGGATTGCGT, CB Frag! F 5'-CTAGC- 
ACTAACCTTATTCACCC, CB Frag! R 5'-TGGCCTCC- 
AATTCATGTTAGG. D ifficult PCR (polym erase chain 
reaction) w ere carried out at least twice and along w ith two
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Table 1 The m icrosatellite loci used in this study

Locus Repeat* Prim er sequences (5'-3')+ Ta (°C) Range (bp) A

Lobs_ DÍ7.1 (t g )3/ ( t g )4/
(t g )2/ ( t g )19

F: ATCAGGGAGAGGTGAGAAGGGC 
R: GTTTCTTCCTTGCTTAGTCTTTTGCTACCTTA

63 118-152 17

Lobs_ Di9 (t g )16 F: CAGTGAAGCÄATGAAGAG 
R: GTTTCTTAGATGACTGACTTGAAGGAG

53 86-112 13

Lobs_ Dil9 (CA)n F: CCCÄAAATAAAACTGATGAGCAG 
R: GTTTCTTGGTAGAGTCACAGTGTGTGC

58 86-128 18

Lobs_ Di21 (TG)1S F: CCTGGTGGCTGTCATTTGTGGAATA 
R: GTTTCTTCTGTACTCCCTTGGGGGCAAAC

63 98-128 16

Lobs_ Di24 (g t )9(g a )10 F: CCTCACTCAGGGGGAAATGGATTTA 
R: GTTTCTTGCTACTAAAATTGGACTCCCTGGAG

63 102-130 15

Lobs_ DÍ39 (c a )21 F: ATTAAAACACTGATAACCCCGGACA 
R: GTTTCTTAAAAGCTATTTTGTGCTGTCACCTA

63 90-110 9

Lobs_ Di45 (c a )13 F: ATTTTGCAAACACAAGTG 
R: GTTTCTTCTACTATTTGAATGAAAAGAGAG

53 94-112 10

Lobs_ Di47 (TG)n /(C G )3 F: TAGGGAGCCTATGTAAGACTTA 
R: GTTTCTTCAGGTTTACAGAATAGGACTTATTT

58 98-106 5

Lobs_ TT6 (AAAT)S F: AAACAAAGACCCACCACA 
R: GTTTCTTCTCTTAATCTTAACATATTCCATAT

53 80-92 4

*The 'repeat' colum n show s the structure of the repeat region in the cloned allele, w ith a forw ard slash signifying intervening unique 
sequence; +For each locus, the forw ard (F) prim er w as fluorescently labelled and the reverse (R) prim ers include a GTTTCTT tail 
(underlined) at its 5 ' -end to force A + alleles and, hence, im prove binning of alleles. Ta, annealing tem perature; Range, range of alleles sizes 
observed; A, observed num ber of alleles (across all samples).

negative controls to check for contam ination both during 
the extraction and  am plification procedures. Forty-one 
sequences new  to this study were aligned w ith already 
published dusky dolphin haplotypes (Cassens et al. 2003), 
an d  a cytochrom e b a lignm ent of 795 bp , encom passing 
a total of 215 individuals, was used in all analyses. In 
addition, a portion of the m itochondrial control region 
(591 bp) was PCR-amplified and  directly sequenced w ith 
the prim ers L15926 (modified from  (Kocher et al. 1989)) 
and H00034 (from (Rosei et al. 1994)) for 153 individuals in 
order to com pare its genetic variability w ith that of the 
cytochrom e b. The presence of double peaks in som e 
sequences indicated that nuclear copies of m itochondrial 
genes are frequently am plified (Cassens & Milinkovitch, in 
preparation). Therefore, to avoid amplification of shorter 
nuclear copies, we sequenced, in a few individuals, the 
cytochrome b gene and the control region on a m uch longer 
m itochondrial fragm ent (about 3.9kb) first am plified w ith 
the Expand™ Long Template PCR system (Roche) using an 
annealing temperature at 62 °C and the following primers: 
LongtR N A G lu-For 5'-GTCTCACATGGACTYYAACCA- 
TGACCAATGA, Long_12S-Rev 5'-GGGTTT ATCGRTT AY- 
AGAACAGGCTCCTCT. All new  mitochondrial haplotypes 
(cytochrome b and control region) have been deposited in 
GenBank under accession numbers [AY821635-AY821653 
(cytb) and AY821573-AY821634 (control region)].

N uclear DNA variation w as assayed using nine species- 
specific microsatellite loci that we isolated from  a genomic

library of Lagenorhynchus obscurus using the following pro­
cedure: genomic DNA w as partly digested w ith Sau3AI 
an d  a fraction  of the resu lting  D NA fragm ents ranging  
from  400 bp to 800 bp was isolated after electrophoresis in 
an agarose gel. The fragments corresponding to the selected 
fraction w ere purified, ligated to a zero background vector 
and transformed into competent cells. Clones were hybridized 
w ith oligonucleotide probes specific to dinucleotide, tri 
nucleotide and  tetranucleotide repeats. Recom binant 
DNA molecules were isolated and sequences of inserted 
genomic DNA fragments were obtained by cycle sequencing 
and electrophoresis on an ABI 377 (Applied Biosystems). 
The full sequence of each positive clone was fed into the 
program  o l ig o f a k t o r y  (unpublished, Laboratory of Evo­
lutionary Genetics, Université Libre de Bruxelles) that designs 
optim al (i.e. m inim izing dim er and hairpin interactions 
and maximizing specificity) prim ers flanking the repeated 
sequence. W e screened  12 in d iv id u a ls  for varia tio n  at 
12 microsatellite loci and selected nine loci (Table 1) on the 
basis of variability and clarity of amplification patterns. 
Unique sequences of the cloned alleles are available from  
GenBank (AY821564-AY821572). The 5'-end of the forward 
prim er from  each selected locus set w as fluorescently  
labelled. Reverse prim ers w ere designed w ith a GTTTCTT 
tail to reduce variability  in adénylation of am plification 
products an d  thereby im prove genotyping consistency 
and allele binning (Brownstein et al. 1996). Each PCR reac­
tion contained: 1 x PCR buffer (50 m M  Tris/H C l, pH  8.3),
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2 -4  m M  MgCl2, 1 m M  dNTP, 0.6 |x m  of each prim er, 0.75 U 
of FastS tart Taq D N A  po lym erase  (Roche M olecular 
Biochemicals), an d  1 pL (-10-50 ng) of genom ic DNA in 
a final volum e of 25 pL. For difficult DNA extractions (i.e. 
from  bone, cartilage, and decayed tissue samples), 0 .8- 
2.0 m g /m L  BSA w as added  to the PCR reaction. All loci 
w ere am plified w ith an initial dénaturation step at 94 °C 
for 5min; followed by 25 -39 cycles (depending on the locus 
an d / or tem plate quality) at 94 °C for 30 s, 53-63 °C for 30 s, 
72 °C for 1 min; and  a final extension at 72 °C for 45 min. 
PCR products from a total of 216 individuals were separated 
elec trophoretically  u sing  an A pplied  Biosystem s 3100 
autom ated sequencer. Allelic sizes w ere scored against the 
size standard GS500 LIZ (Applied Biosystems) and analysed 
using the g e n e s c a n  3.7 and g e n o t y p e r  3.7 software (Applied 
Biosystems).

For sam ples w ith  unknow n  gender, PCR-based sex 
determ ination  w as perform ed using the four prim ers 
described by (Rosei 2003). PCR products w ere separated 
by electrophoresis on 2% agarose (Biozym) gels and gender 
w as determ ined from  the resulting banding patterns.

Genetic diversity

For each mtDNA data set (cytochrome b and control region), 
we used the program  a r l e q u i n ,  v.2.000 (Schneider et al. 
2000) to identify the num ber of haplotypes, and  calculate 
haplotypic diversity (H) and nucleotide diversity (n) w ithin 
populations. For microsatellite data, we tested for significant 
heterozygote deficiency per locus and  per population 
(with the exception of the N ew  Zealand 'population ' that 
has been excluded from  all equilibrium  tests because of its 
sm all size) u sing  a H ard y -W ein b erg  exact test based  
on M arkov chain iterations (Guo & Thom pson 1992). The 
assum ption of independence w ithin each possible pair of 
loci w as assessed using a likelihood-ratio statistic, whose 
d is tribu tion  is ob ta ined  by a p erm u ta tion  p rocedure  
(Slatkin & Excoffier 1996). All these tests were done w ith 
a r l e q u i n ,  version 2.000 (Schneider et al. 2000) and critical 
significance levels for m u ltip le  testing  w ere corrected  
following the sequential Bonferroni procedure (Rice 1989). 
The follow ing statistics of nuclear genetic variation 
w ithin populations w ere com puted as averages over the 
nine m icrosatellite loci w ith  the softw are g e n - s u r v e y  

(Vekemans & Lefèbvre 1997): num ber of alleles per locus 
(K); observed  heterozygosity  (H0); an d  gene d iversity  
(He), com puted according to (Nei 1987). W e also examined 
allelic richness (A) that takes into account unequal sam ple 
sizes using the rarefaction m ethod (El M ousadik & Petit
1996): Allelic richness w as calculated for the sm allest 
num ber of individuals typed for a locus in a sam ple as 
im plem ented in f s t a t , version 2.9.3 (G oudet 1995). To 
assess the im pact of recent dem ographic changes on genetic 
d iversity , w e u sed  the heterozygosity  excess test of

(Cornuet & Luikart 1996). Indeed, populations that have 
experienced a recent reduction of their effective population 
size see their allelic diversity reduce faster than their hetero­
zygosity. Heterozygosity excess w as estim ated based on 
10 000 replications and tested for significance (one-tailed 
W ilcoxon test) u sing  the p rog ram  b o t t l e n e c k ,  v .l .2.02 
(Piry et al. 1999). U sing the sam e softw are, w e exam ined 
the distribution of allele frequencies for a so-called 'm ode- 
shift' that discrim inates recently bottlenecked from  stable 
populations (Luikart et al. 1998).

Population structure and dispersal behaviour

To estimate phylogeographical structure, we inferred a 
m edian-jo ining g rap h  (Bandelt et al. 1999) for bo th  the 
control region and cytochrome b gene data sets using the 
program  n e t w o r k ,  v .2 .0  (available at h ttp ://w w w .fluxus- 
engineering.com /sharenet.htm ). For each m tDNA data 
set, we estim ated genetic differentiation am ong predefined 
popu la tions in  term s of pairw ise FST-values based  on 
genetic d istances am ong hap lo types (using absolute 
num ber of differences). For microsatellite data, we first 
used an allele-size perm utation procedure to test whether 
m icrosate llite  allele sizes are in fo rm ative  w ith  respect 
to genetic d ifferen tia tion  (H ardy  et al. 2003) as im ple­
m ented in SPAGEDI, version 1.1 (H ardy & Vekemans 2002). 
Nonrejection of the null hypothesis (FST = R ST) led to the 
calculation of genetic d ifferentiation betw een each pair 
of populations using FST values (Weir & Cockerham 1984) 
as Fs t is m ore appropriate than R ST w hen differentiation is 
caused mainly by drift. We also examined fine-scale genetic 
structure at the nine microsatellite loci, com paring dusky 
dolphins from Namibia (N = 15) and South Africa (N  = 46) in 
Southeast Atlantic waters, and from the two adjacent harbours 
Pucusana (N  = 105) and Cerro Azul (N  = 13) in Peruvian 
w aters (cf. Fig. lb,c). All F-statistics estimations w ere per­
form ed using the a r l e q u i n  software (Schneider et al. 2000).

To test w hether our a priori definition of populations 
(based on the geographical location of sam pled individu­
als) is consistent w ith genetic information, we also applied 
tw o Bayesian approaches to ou r m icrosatellite d a ta  set. 
The program  b a p s ,  version 2.0 (Corander et al. 2003) jointly 
estim ates the posterior probabilities for the following 
param eters: the num ber of clusters w ith  d ifferen t allele 
frequencies tha t ranges betw een one an d  the num ber of 
so-called 'sam pling  u n its ' (e.g. d ifferen t geographical 
sam pling locations or individuals, see below), the partition 
of sam pling  un its  am ong the in ferred  clusters, an d  the 
relative allele frequencies. Two initial sam pling unit levels 
have been specified: while the individual-level analysis 
(each of the 216 dusky dolphin individuals represented a 
different sam pling unit) necessitated an MCMC (Markov 
Chain M onte Carlo) analysis (several runs of 50 000 itera­
tions w ith  a burn -in  of 10 000, an d  sam pling every five
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generations), a second run  w ith individuals pre-assigned 
to six subpopulations (Peru-Pucusana, Peru-Cerro Azul, 
Argentina, Namibia, South Africa, and N ew  Zealand) could 
be perform ed by enum erative calculation. In addition, we 
used the program  s t r u c t u r e , version 2.0 (Pritchard et al. 
2000) for estim ating the num ber of populations repres­
ented by the six sam ple locations to give us a separate 
insight into how  genetic variation is organized, s t r u c t u r e  

uses a Bayesian MCMC approach to cluster individuals 
into g roups w hile m inim izing H ardy-W einberg  d isequi­
librium  and  gam etic phase d isequilibrium  betw een loci 
w ithin groups. The num ber of populations (JO m ost com­
patible w ith the observed data can be obtained by maxi­
mizing the estim ated log-likelihood of the data for different 
values of K  (P ritchard et al. 2000). W e perform ed a series 
of independent runs for K  from  one to six populations, 
assum ing correlated allele frequencies and an adm ixture 
model w ith an estim ated proportion a  of adm ixed indi­
viduals, w ith a burn -in  of 500 000 iterations an d  a data 
collection period of 3 x IO6—1 x IO7 iterations. Three runs for 
each value of K w ere perform ed to check for convergence.

To d iscrim inate the relative im portance of gene flow  
and genetic drift as explanations for observed levels of dif­
ferentiation am ong populations, we used a recently devel­
oped MCMC m ethod for the analysis of genetic data under 
a general 'isolation w ith m igration' m odel (IM) (Nielsen & 
W akeley 2001; Hey & Nielsen 2004). U nder this model, a 
population gives rise to two populations of constant size 
which can then exchange alleles. Using control-region haplo­
types found in Atlantic w aters (given that fluctuations in 
population size are likely to have occurred in the Southeast 
Pacific, Peruvian individuals w ere excluded from  the ana­
lysis), the posterior probabilities for six population para­
meters have been estimated simultaneously as implemented 
in the program  IM: the sizes of the Argentine, southern 
African, and their ancestral population (04 = 4NjU, 02 = 
4N2u, 9a = 4N au); the two m igration rates (m1 = n q /u  and 
m 2 = and  the tim e of population splitting (t = tu); all
of them  scaled by the m utation rate u. To ensure a suffi­
cient mixing of parallel MCMC chains and convergences of 
the estimates, we repeated runs three times (search para­
meters used: t30, m l5 , m25, q i i 00, b500 000,1107, nlO, fg, 
gl0.8, and g20.01).

To test for possible bias in dispersal between m ale and 
female dusky dolphins, w e analysed our microsatellite 
data set using two different statistics. First, as we expect 
m easures of genetic differentiation in the m ore philopatric 
sex to be h igher than  those in  the m ore d ispers ing  sex, 
sex-specific FST values (Weir & C ockerham  1984) w ere 
com pared. Second, we used individual assignm ent indices 
(first introduced by (Paetkau et al. 1995) and later m odified 
by (Favre et al. 1997)) that calculate, for each individual, the 
probability of assigning its m ultilocus genotype to each 
population . Because m em bers of the d ispersing sex will

include residents (with com mon genotypes) and im m i­
grants (with rare genotypes), the variance of the assign­
m ent index (vAIc) for the sex dispersing m ost should be 
largest. Dusky dolphin populations off Peru, Argentina, 
and southern Africa w ere com pared pairwise. A random ­
ization approach (10 000 perm utations) w as used to test 
w hether the statistics differed significantly between the 
two sexes, as im plem ented in f s t a t , version 2.9.3 (Goudet 
1995). Given the polygynous m ating system  and other life- 
history characteristics of dusky dolphins, it is predicted 
that males are more prone to disperse and therefore only 
one-tailed tests have been carried out.

Results

Genetic diversity

Mitochondrial DNA. Cytochrome b gene sequences were 
com pared am ong 215 dusky dolphins sam pled from  four 
populations (Peru, Argentina, southern Africa, and N ew  
Zealand). Of the total of 795 nucleotides scored, 53 sites are 
polym orphic and  define 48 distinct haplotypes. A total of 
62 haplotypes are identified am ong 153 dusky dolphin 
individuals that have additionally been sequenced at the 
5'-end of the control region (591 nucleotides analysed, 64 
variable sites). The single observed  gap  in  the control 
region alignm ent was treated as missing data and recoded 
as a p resen t/absen t character at the end of the data matrix. 
Overall sequence variability is higher in the control region 
than in the cytochrome b fragment (with average haplotypic/ 
nucleo tide d iversity  of 0.97/1.63%  an d  0.89/0.56% , re­
spectively; Table 2). P opu lations considerably  d iffered  
in levels of genetic variation only at the cytochrome b gene: 
haplotypic diversity w as lowest in Peruvian w aters (0.68), 
whereas it ranged from  0.87 in Argentina to 0.93 in N ew  
Zealand. N ucleotide diversity varied from  0.15% in Peru to 
0.95% in N ew  Zealand (Table 2).

Microsatellites. All nine nuclear loci are polymorphic within 
each of the four analysed populations. After adjusting 
the significance level for m ultiple comparisons, all of the 27 
population /locus com binations are in H ardy-W einberg 
equilibrium and there is no evidence of linkage disequilibrium 
betw een  loci. All popu la tions show  com parable levels 
of nuclear genetic diversity (Table 2): the allelic richness, 
averaged  across the n ine loci an d  calcu lated  for six 
geno typed  ind iv iduals  from  the w hole sam ple, is 5.38 
and  ranges from  5.11 in N ew  Zealand to 5.27 in Argentina, 
whereas the expected m ean heterozygosity across all 
populations is 0.716 and ranges from  0.694 in N ew  Zealand 
to 0.735 in the southern African population. Analyses of 
heterozygosity excess and of allele frequency distribution 
mode-shift d id  not detect any significant recent bottleneck 
in any of the four populations (Table 2).
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Table 2 Sum m ary of genetic variability statistics for (a) the m itochondrial cytochrome b gene (b) the m itochondrial control region, and (c) 
nuclear m icrosatellite data

Populations All Peru A rgentina Southern Africa N ew  Zealand

(a) m tDNA-cytochrom e b
N* 215 119 29 61 6
No. of haplotypes 48 13 10 22 5
H t 0.89 ± 0.02 0.68 ± 0.04 0.87 ±0.03 0.90 ± 0.02 0.93 ±0.12
ti (in percentage)!: 0.56 ±0.31 0.15 ±0.10 0.40 ± 0.23 0.58 ± 0.32 0.95 ± 0.56

(b) m tDNA-control region
N 153 118 14 21
No. of haplotypes 62 38 12 13
H 0.97 ±0.01 0.95 ± 0.01 0.97 ±0.04 0.96 ± 0.02
7i (in percentage) 1.63 ±0.83 1.23 ±0.64 1.23 ±0.69 1.43 ±0.77

(c) m icrosatellite data
N 216 120 29 61 6
K 8.25 10.8 8.1 9.0 5.1
A 5.38 5.16 5.27 5.14 5.11
H 0 0.7262 0.7009 0.7122 0.7325 0.7593
H e 0.7162 0.7012 0.7340 0.7350 0.6944
P (H excess)/m ode sh ift! 0.87/no 0.33/no 0.71 /n o 0.13/no

*N, num ber of dolphins analysed; +H, haplotypic diversity; fit, nucleotide diversity per site; For microsatellites, m ean values (across nine 
loci) are given for the num ber of alleles per locus (K), the allelic richness (A) expected for six genotyped individuals (i.e. the sam ple size of 
the N ew  Z ealand sample), and the observed (H0) and expected (HE) heterozygosity per locus; ^Results of two bottleneck tests are show n 
at the bottom  of the table: P-values for heterozygosity excess (one-tailed Wilcoxon) test under the TPM m odel w ith 10% m ultistep changes, 
and presence or absence (no) of a m ode-shift in allele frequency distributions.

Population structure and dispersal behaviour

Phylogeographical patterns. The median-joining reticulated 
g raphs for the cytochrom e b gene an d  contro l region 
indicate that m itochondrial dusky dolphin haplotypes can 
clearly be separated into tw o major haplogroups (Fig. 2): 
the first com prising all P eruv ian  ind iv iduals , an d  the 
second co rrespond ing  to all o ther popu lations. N ote 
however, that one Argentine haplotype (p2) falls into the 
Peruvian control-region haplogroup, suggesting that this 
individual is a recent m igrant (Fig. 2b). N o clear phylo­
geographical structuring is observed am ong haplotypes 
from Argentina, southern Africa and N ew  Zealand. The two 
re ticu la ted  g raphs differ in one im p o rtan t aspect: while 
internal node haplotypes of the cytochrome b gene are often 
present in high frequencies (and are sometim es found in 
m ore than one population, e.g. a l .l) ,  m any of the control- 
region lineages, especially in Atlantic waters, are connected 
to central missing intermediates indicating that ancient haplo­
types have been replaced by m ore recent haplotypes (and 
no control-region haplotype is shared between Argentine 
and southern African waters). Surprisingly, haplotypes from 
N ew  Zealand are scattered am ong Atlantic haplotypes, 
m ost often at the tip of distantly related lineages.

F-statistics. Based on microsatellite markers, no significant 
population structuring w as found on a local geographical

Table 3 Genetic differentiation in term s of pairw ise F-statistics. 
Above diagonal, genetic distance-based PST values are given for 
m tD NA sequence data: first line, control region; second line, 
cytochrome b gene. Below diagonal, PST values are given for the 
nine nuclear m icrosatellite loci. ***, P < 0.001; **, P < 0.01; *, 
P < 0.05; ns, P > 0.05

Peru A rgentina
Southern
Africa

N ew
Zealand

Peru 0.435*** 0.462*** /
0.726*** 0.602*** 0.735***

A rgentina 0.035*** 0.082** /
0.043* 0.288**

Southern Africa 0.039*** 0.019*** /

O 00

N ew  Zealand 0.013ns -0.002ns 0.014ns

scale: neither betw een dusky  do lph ins from  different 
P eruv ian  harbou rs nor betw een  N am ib ian  an d  South 
African individuals (FST of 0.004 and -0.001, respectively). 
O n the other hand, all three m arkers analysed (cytochrome 
b, control region, an d  m icrosatellites) indicate tha t the 
Peruvian, A rgentine, and  sou thern  African populations 
are significantly  d ifferen t from  each other (Table 3). For 
the com parisons Peru vs. A rgentina and Peru vs. southern 
Africa, FST values are su rp rising ly  low  a t the nuclear
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Q  Peru Ç) South Africa (^\) Argentina ^  New Zealand
Fig. 2 Genealogical relationships am ong cytochrome b gene (a) and control region (b) haplotypes as inferred by the m edian-joining 
algorithm. Circle size is proportional to the num ber of individuals exhibiting the corresponding haplotype. Small unlabelled black circles 
represent m issing node haplotypes. If not otherw ise stated by num bers, a branch connecting tw o haplotypes corresponds to a single 
m utational step.

microsatellite loci. Overall genetic differentiation is lowest 
across the Atlantic Ocean (i.e. between the Argentine and 
southern African populations), especially for mitochondrial 
data. Interestingly, however, the significance level for the 
population pair Argentina vs. southern Africa increases 
w ith the increasing m utation rate of the m arker (lowest for 
the cytochrome b gene, interm ediate for the control region, 
and  h ighest for m icrosatellites). U sing m icrosatellites, 
the population off N ew  Zealand could not be genetically 
differentiated, w hereas significant f ST values (from 0.148 
to 0.735 for N ew  Zealand vs. southern Africa and N ew  
Zealand vs. Peru, respectively) are observed when cytochrome 
b sequences are com pared.

Bayesian clustering approaches. No clear nuclear structure 
could be detected  am ong sam pling  locations analysing 
our microsatellite data set w ith the two Bayesian clustering 
approaches. Of all possib le com binations of sam pling  
localities, the Bayesian analysis of popu la tion  structu re  
(BAPS) (Corander et al. 2003) finds the highest posterior 
probability (P = 0.9995) for a structure where southern Africa 
(South Africa + Namibia) is a separate population while 
the other four geographical locations (Peru-Pucusana, Peru- 
C erroA zul, A rgentina, N ew  Zealand) cluster together. 
The m axim um  probability  of o ther partitions is 0.01. 
The individual-level analyses (each individual represents 
a different sam pling unit), however, revealed a lack of
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Table 4 Results of three independent Bayesian cluster analysis runs (I—III) w ith various values of the param eter K  (num ber of populations 
specified a priori)

K-value
(MCMC
iterations)*

Estim ated In likelihood: ln P r(X/K) Variance in In likelihood

I II III I II III

1 (3 x IO6) -6930.2 -6931.4 -6931.0 47.8 49.2 48.9
2 (3 x IO6) -6817.6 -6821.6 -6819.2 247.9 254.9 250.8
3 (3.5 x IO6) -6917.6 -6867.5 -6897.4 555.1 478.2 517.1
4 (IO7) -7233.5 -7753.5 -7567.9 1334.9 2332.8 1988.8
5 (8 x IO6) -6969.1 -7028.9 -7011.8 838.6 964.3 910.1
6 (8 x IO6) -7276.3 -7171.5 -7116.2 1460.1 1239.1 1110.6

*The num ber of MCMC iterations is indicated in brackets (burnin alw ays = 0.5 x IO6).

Table 5 Proportion of individuals from  each sam ple location 
assigned to each of the two clusters inferred from  the 's t r u c t u r e ' 
analysis (see text for details)

Sam pling
location (sample size)

Inferred population clusters

1 2

Peru-Pucusana (105) 0.157 0.843
Peru-Cerro A zul (13) 0.084 0.916
A rgentina (29) 0.375 0.625
South Africa (15) 0.723* 0.277
Nam ibia (15) 0.777 0.223
N ew  Z ealand (6) 0.281 0.719

^Proportions greater than 0.5 are show n in bold.

phylogeographical structuring w ith m any inferred clusters 
(up to 11), m ost of them  containing either a single specimen 
or individuals from  several different sam pling locations. 
L ikewise, the s t r u c t u r e  p rog ram  suggested  th a t the 
ind iv id u als  from  the six sam pling  locations rep resen t 
m ost likely only two different groups [highest In Pr(X /K ) 
estimates for K = 2 in Table 4], although the large associated 
variances m ake th is  resu lt n o t significant. D ifferences 
am ong sam pling areas exist w ith  respect to assignm ent 
of individuals to these two groups, again differentiating 
N am ibia an d  South Africa from  all o ther popu la tions 
(Table 5). H ow ever, a h igh  degree of adm ix tu re  is also 
ind icated  in th is analysis as (i) only  for K = 1 an d  2, 
estim ates of In Pr(X /K ) reasonably  converged  across 
runs, while all Bayesian clustering analyses for K = 3, 4, 5, 
and  6 produced estimates that were less consistent across 
runs and had  very high variances (Table 4), and (ii) alpha 
values d id  not stabilize to relatively constant values during 
runs and am ong m ultiple runs for the same value of K, 
suggesting no clear population structure (Pritchard et al. 
2000).

Population differentiation in Atlantic waters: an analysis under 
the IM  model. The positions of the peaks of the m arginal 
posterior densities for the population size param eters 
im ply that ( i) the ancestral dusky dolphin population that 
gave rise to the Argentine and southern African populations 
w as very small, and (ii) the A rgentine popu la tion  has an 
effective population size about four tim es that of the 
sou thern  A frican popu la tion  (Fig. 3a). F urtherm ore, the 
analysis suggests that the two Atlantic populations diverge 
w ithout any m igration between them  (both m igration rate 
param eters are estim ated to be zero; Fig. 3b). Finally, an 
estim ation of the scaled tim e param eter (Fig. 3c) indicates 
a divergence time t of 4.7. Because the corresponding 
absolute tim e t = tu  and 9 = 4Nu, we can obtain an estimate 
of time in units of 2N  generations by dividing the estimate 
of t by one half of the estimate of 9 as described in (Hey 
et al. 2004). Unfortunately, little inform ation is available on 
the abundance of Lagenorhynchus obscurus throughout its 
range. However, using data from  (Schiavini et al. 1999), we 
can estimate the effective population size off the Argentine 
coast to be smaller than 20 000. With 9j = 185, this leads to an 
estimate of time of 4 .7/(185/2) = 0.051, in units of two N1 
generations, where N1 is the population size of the Argentine 
population. With an average generation time of 10 years, our 
analysis yields then an estimate of 20 000 years divergence 
between the Argentine and southern African populations.

Gender-biased dispersal. For a total of 120 dusky dolphins 
from  P eru  (Nmale = 55; Nfemale = 65), A rgentina (Nm = 8; 
N ( = 15), and southern Africa (Nm = 27; N ( = 27), we deter­
m ined  gender either m orphologically  or by m eans of 
molecular data (cf. M aterials and m ethods section). As 
expected w ith m ale-biased gene flow, the variance of the 
corrected assignm ent indices (vAIc) w as higher for males 
in all population com parisons (Table 6). These differences 
w ere however, significant only w hen the Peruvian and 
Argentine populations w ere used. On the contrary, no sex- 
biased dispersal could be detected using F-statistics.
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Fig. 3 Population sizes, migration rates, and 
divergence time in Atlantic dusky dolphins. 
The m arginal densities for param eters were 
obtained by fitting the 'isolation w ith m igra­
tion' m odel (IM) to the mitochondrial control 
region data set. The probability functions 
are plotted for (a) the population size para­
m eters (0J, 9o, 0A) (b) m igration param eters 
(Mj, tit,), and  (c) the divergence time para­
m eter (f).

Discussion

The use of m u ltip le  m arker system s an d  differen t 
analytical approaches provides valuable insights into the 
processes that have shaped the geographical distribution 
of genetic d iversity  exhibited  by contem porary  dusky  
dolphin populations. We will, respectively, discuss the 
genetic diversity levels observed in the Peruvian population, 
the possible dispersion patterns along the South American 
coast and across the Atlantic, the fine-scale geographical 
analyses, and the relationships between dusky dolphins 
from  N ew  Zealand and other populations. W hile a com­
prehensive assessm ent of stock structu re  is critical for 
the effective conservation of populations in this delphinid 
species, we suggest that our study offers also a good empirical 
example of natural, nonequilibrium , populations where

the discrim ination of the relative im portance of distinct 
evolutionary forces, variable both in time and space, is 
challenging.

Ancient z’s. recent reduction of genetic diversity in 
Peruvian dusky dolphins

In extensively exploited cetacean populations, there is 
great concern that hum an-induced high m ortality levels 
m ay have significantly reduced  genetic variation  (Baker 
et al. 1993; Casw ell et al. 1999; Rooney et al. 1999; Pichler 
& Baker 2000). Peruvian dusky dolphins m ight have ex­
perienced such losses of genetic variability  because small 
cetaceans off Peru have been severely affected by direct 
takes for three decades (Van W aerebeek & Reyes 1990, 
1994a; Van W aerebeek et al. 1997). Furtherm ore, Peruvian
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Table 6 Gender-biased dispersal estim ated in  term s of PST values 
and variance of corrected assignm ent indices (vAlc)

All
Peru-
Argentina

Peru-
Southern
Africa

Argentina-
Southern
Africa

Fst (male) 0.043 0.024 0.053 0.009
Fst (female) 0.035 0.039 0.037 0.020
P-value 0.716 0.176 0.900 0.213
VAle (male) 15.519* 18.349 15.412 10.654
VAle (female) 10.007 10.184 10.764 7.994
P-value 0.038 0.025 0.077 0.241

^Comparisons w ith significant differences betw een sexes are in 
bold.

dusky dolphins live in an extremely unstable environm ent 
w here El N iño events recurrently cause increased rates of 
m ortality am ong m arine organism s, w ith the m ost severe 
oscillations of the last century having occurred in 1982- 
1983 and 1997-1998 (Berta & Sumich 1999). A lthough the 
lower cytochrome b haplotypic and nucleotide diversities 
in Peruvian than in other dusky dolphin populations 
[Table 2 and  (Cassens et al. 2003)] is com patible w ith  a 
general dem ographic decline of the Peruvian population, 
our analyses rather hint at an ancient bottleneck that predates 
recent El N iño oscillations an d  hum an  exploitation. For 
instance, w hen investigating microsatellite allelic distribu­
tion, no signature of a recent reduction in population size is 
detected using heterozygosity excess or mode shift analyses 
(Table 2), although this negative result m ight also be ex­
plained by the use of less than 20 loci [a typical suggested 
target num ber required to achieve high pow er for detecting 
departures from  m utation-drift equilibrium; (Cornuet & 
Luikart 1996)]. Furthermore, genetic variability levels within 
the Peruvian population is not lower than those of the other 
populations neither for the nine nuclear m icrosatellite 
loci nor, m ore im portantly, for the m itochondrial control 
region (Table 2). N ot only are microsatellite loci more likely 
than m itochondrial sequences to retain genetic diversity 
[resulting from  the fourfold higher effective population 
size for autosom al m arkers in diploid organisms; (Birky 
et al. 1989)], bu t also their high m utation rate m ay preclude 
the possibility to detect an ancient low-diversity signature. 
The contrasting  pa tte rn s of genetic varia tion  in  the tw o 
m itochondrial fragm ents (Fig. 2) — th a t are physically  
linked bu t show  different m utation rates — rather suggest 
an ancient reduction of genetic variability in Peruvian waters: 
the relatively  slow -evolving m itochondrial cytochrom e 
b gene retains low  diversity levels w ithin the Peruvian 
population whereas that signature is already obscured by 
m utations in m ore rapidly evolving m arkers such as the 5' 
end of the m itochondrial control region.

Population structure and dispersal pattern along the 
South American coast

O ur m itochondrial DNA sequence analyses reveal high 
genetic d ifferen tia tion  of the P eruv ian  dusk y  do lph in  
population. H igh pairw ise -̂ ST values including Peruvian 
dusky dolphins (Table 3) and  the unam biguous identifica­
tion of a Peruvian lineage in the median-joining graphs 
(Fig. 2) bo th  suggest a very  low  rate  of recent fem ale 
dispersal between Peruvian and other populations. Given 
that the southeastern Pacific stock is threatened by high 
hum an-induced and natural mortality rates (cf. Introduction 
& Discussion sections), this finding has relevance for con­
servation as it indicates a poor ability of Peruvian dusky 
do lph in s to recover via recru itm en t of non ind igenous 
females.

O n the contrary , genetic d iffe ren tia tion  am ong p o p u ­
lations (including the Peruvian population) is m uch less 
p ro n o u n ced  for the  n ine au to som al m icrosate llite  loci 
(Table 3). Contrasting patterns between nuclear and mito­
chondrial DNA in term s of F-statistics have often been 
in terpreted as evidence for m ale-biased dispersal that 
hom ogenizes allele frequencies am ong popu la tions at 
biparentally, but not at maternally, inherited genetic markers 
(Baker etal. 1998; L yrholm  etal. 1999; Escorza-Trevino 
& D izon 2000). H ow ever, such observed  differences in 
population structure at nuclear vs. m itochondrial loci can 
also be explained by the high rates of m utation at micro­
satellite loci: for exam ple, FST values less than  one and 
estimates of gene flow greater than zero can be obtained even 
if the populations share no allele (Hedrick 1999; Neigel
1997). M oreover, fundam en tal problem s rem ain  w hen 
using m ere m agnitude of genetic differentiation to infer 
m igration rates am ong populations, especially in  non­
equilibrium  populations (Whitlock & McCauley 1999). For 
exam ple, m easures of genetic d ifferen tia tion  such as F- 
statistics are sensitive to fluctuating effective population 
sizes an d  can considerably  increase w hen  one or bo th  
populations go through a bottleneck (Zhivotovski 2001). 
As already m entioned above, this effect is expected to be 
m ore pronounced in m itochondrial m arkers as effective 
population size should be one-fourth that of a nuclear 
locus in diploid species. Therefore, given that the Peruvian 
population  has probably  experienced one or m ultiple 
bo ttlenecks (hence, increased  genetic drift) in the past, 
it is not entirely surprising that the difference between 
nuclear an d  m itochondrial FST values is m uch low er for 
the Argentina vs. th e  so u th e rn  A frica p o p u la tio n  com ­
pariso n s th an  for the  P eru v ian  vs. each  of th e  A tlan tic  
p o p u la tio n s  (Table 3).

Independent of the previously-described issues, our 
analyses are nonetheless consistent w ith male-biased gene 
flow along the South American coast. First, the high level 
of significance for the difference in variance of assignm ent
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indices (vAIc) betw een m ales an d  fem ales (w hen com ­
paring the two South-American populations; Table 6) is 
mostly resulting from  a high m aie-vAIc (rather than from  
a low  female-vAIc), suggesting a particularly large male- 
biased gene flow between Peruvian and A rgentine waters. 
It should be noted that tests for detecting sex-biased dis­
persal have lim ited pow er unless the bias in dispersal is 
extreme, i.e. larger than four (Goudet etal. 2002). M ore­
over, the d ifferen t perform ances of the tw o tests app lied  
to ou r d a ta  (vAIc an d  F-statistics, the la tte r detecting no 
significant sex-specific d ispersal) suggest th a t d ispersal 
occurs at rates lower than 10%, because vAIc has been 
show n to perfo rm  better only  below  these m igration  
rates (Goudet et al. 2002). Second, although Bayesian cluster­
ing m ethods (as im plem ented  in b a p s  a n d  s t r u c t u r e ) 

showed, especially in individual-based analyses, no clear 
overall population structure, both approaches were sur­
prisingly consistent in  suggesting  tha t A rgentine ind i­
viduals are more closely related to Peruvian than to southern 
A frican dusky  do lph in s (see Results Tables 4 an d  5). 
Finally, if sam pling  is sufficiently  extensive, w e expect 
to occasionally sam ple m ales th a t have d ispersed . In 
th is respect, it w o u ld  be in te resting  to sex the single 
specim en in  the A rgentine popu la tion  th a t show ed  a 
m itochondrial control region haplotype characteristic of 
the Peruvian haplogroup (p2 in Fig. 2). Unfortunately, we 
could not determ ine the gender, nor the cytochrom e b 
haplotype, of th a t ind iv id u al as a resu lt of the very  low  
q uan tity  an d  bad quality of the DNA extracted from  that 
sample. Male m igration between Peruvian and Argentine 
w aters m ight be surprising given that distances of about 
3500 km  need to be covered. However, long-range m ove­
m ents of m ore than 750 km  along the A rgentine coast have 
been recorded for two tagged dusky dolphins (W uersig & 
Bastida 1986), and seasonal m igrations have been described 
for several populations (Van W aerebeek 2002). O ur results 
suggest that gene flow should certainly be taken into account 
w hen the ecological, morphological, and genetic divergence 
of Peruvian vs. Argentine dusky dolphins is discussed.

Population structure and dispersal patterns across the 
Atlantic

Dusky dolphins are usually found in coastal w aters over 
the continental shelf, bu t have also been recorded around 
m any oceanic island groups. In the South Atlantic, for 
example, the occurrence of dusky dolphins in the vicinity 
of Gough Island m ight be explained by either a disjunct 
oceanic population or by recurrent m igration between 
A rgentine an d  sou thern  A frican w aters. A t first sight, 
genetic evidence is consistent w ith the hypothesis that 
dusky dolphins regularly cross the pelagic w aters of the 
sou thern  A tlantic as (i) genetic d ifferentiation in term s of 
F-statistics is low  for all m arkers analysed (Table 3), and

(ii) phylogeographical structuring is not clear among Atlantic 
cytochrome b nor control-region haplotypes (Fig. 2). H ow ­
ever, w hen populations or species have recently separated, 
they often share ancient genetic variation. Therefore, it can 
be difficult to determ ine w hether shared alleles are the 
result of gene flow or because of the persistence of ancient 
varia tion  th a t o rig ina ted  p rio r to the divergence of the 
tw o populations. O ur analyses provide stronger support 
for the latter hypothesis: the dusky dolphins off Argentina 
and southern Africa recently separated and, since then, 
diverge w ithout considerable gene flow. The genealogical 
rela tionsh ips am ong A tlantic hap lo types for the tw o 
m itochondrial gene fragm ents (Fig. 2) suggest that ancient 
varia tion  is still p resen t in bo th  popu la tions for the 
cytochrome b gene (e.g. central haplotype a l . l  in Fig. 2a), 
b u t has a lready  been rep laced  by m ore recent control- 
region hap lo types. W ithou t gene flow, the d ivergence 
between two populations is linearly increasing w ith time 
and variability of the m arker (assuming neutrality, constant 
population sizes, etc.). Similarly, under the infinite-allele 
m odel (Kimura & Crow  1964), m arkers w ith  higher m uta­
tion rates should provide higher resolution for differenti­
ating the diverging populations, an expectation which is 
m et by the A tlantic populations as the significance levels 
of the F-statistics increase w ith the increasing m utation  
rate of the three m arker systems used in our study (Table 3).

M oreover, the use of the newly developed IM program  
(Nielsen & W akeley 2001; Hey & Nielsen 2004; Hey et al. 
2004) for the analysis of our m itochondrial control region 
da ta  set allow s fu rthe r insigh t in to  the d ivergence of 
Argentine and southern African dusky dolphins. First, 
note that m uch larger population sizes have been esti­
m ated for both extant Atlantic populations com pared w ith 
the ancestral one. As large and expanding populations are 
more likely to retain ancestral variation, this could partly 
explain w hy Atlantic dusky dolphins still show  little dif­
ferentiation. Second, both m igration rates w ere estim ated 
to be zero, not supporting the hypothesis of ongoing gene 
flow  across A tlan tic w aters. A nd  th ird , the  conversion  
of the scaled tim e param eter led to an estimate that the 
Argentine and the southern African populations separated 
about 20 000 years ago (i.e. only about 2000 generations). 
Given the use of a single gene fragm ent and  uncertain 
abundance data, these estimations should be interpreted 
w ith great caution. If our hypothesis is however correct, 
the Argentine and  southern African dusky dolphin popu­
lations have evolved as independent evolutionary lineages 
since they separated.

Population substructuring and the phylogenetic position 
of New Zealand dusky dolphins

Many studies that investigated genetic differentiation in 
cetaceans have indicated a complex pattern  of population
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structure, even at a low  geographical scale (Hoelzel et al. 
1998a,b; Rosei et al. 1994; W ang et al. 1999). Especially in 
areas of high im pact from  fisheries and other hum an 
activities, the putative presence of m ultiple genetic stocks 
that occur in parapatry or sym patry complicates the identi­
fication of m anagem ent units. In the present study, fixation 
indices an d  Bayesian clustering  approaches ( b a p s  and  
s t r u c t u r e ) applied to our microsatellite data d id  not detect 
any genetic subd iv ision  w ith in  P eruv ian  or sou thern  
African waters, a result which is consistent w ith a population 
genetic study carried out on N ew  Zealand's dusky dolphin 
(Harlin et al. 2003).

Finally, the low  genetic differentiation of N ew  Zealand's 
dusky dolphins from  the Atlantic populations is quite sur­
prising. All five cytochrome b gene haplotypes found in 
N ew  Zealand w aters are not shared by other populations 
and  are positioned at the tips of distantly related Atlantic 
lineages w ithin the cytochrome b median-joining graph 
(Fig. 2a), consistent w ith the hypothesis that the N ew  Zea­
land dusky dolphin population originated from  m ultiple 
m igration events from  Atlantic waters. N ote that there is 
no reason the low num ber of N ew  Zealand sam ples should 
be responsible for that result.
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