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Abstract The finless porpoise (Neophocaena phocaeno-

ides) inhabits a wide range of tropical and temperate waters

of the Indo-Pacific region. Genetic structure of finless

porpoises in Chinese waters in three regions (Yangtze

River, Yellow Sea, and South China Sea) was analyzed,

including the Yangtze finless porpoise which is widely

known because of its highly endangered status and unusual

adaptation to freshwater. To assist in conservation and

management of this species, ten microsatellite loci were

used to genotype 125 individuals from the three regions.

Contrary to the low genetic diversity revealed in previous

mtDNA control region sequence analyses, relatively high

levels of genetic variation in microsatellite profiles

(HE = 0.732–0.795) were found. Bayesian clustering

analysis suggested that finless porpoises in Chinese waters

could be described as three distinct genetic groups, which

corresponded well to population ‘‘units’’ (populations,

subspecies, or species) delimited in earlier studies, based

on morphological variation, distribution, and genetic

analyses. Genetic differentiation between regions was

significant, with FST values ranging from 0.07 to 0.137.

Immigration rates estimated using a Bayesian method and

population ancestry analyses suggested no or very limited

gene flow among regional types, even in the area of overlap

between types. These results strongly support the classifi-

cation of porpoises in these regions into distinct evolu-

tionarily significant units, including at least two separate

species, and therefore they should be treated as different

management units in the design and implementation of

conservation programmes.

Introduction

A long-standing goal in evolutionary and conservation

biology is to understand the extent to which current pat-

terns of diversity in separated populations have been

influenced by natural selection, genetic drift, gene flow

coupled with their interactions (Palstra et al. 2007). Small,

isolated populations are assumed to be vulnerable to local

extinctions as a result of stochastic factors and more prone

than large populations to lose genetic variation through

random drift, resulting in a decrease in adaptive fitness

(Frankham et al. 2003; Gilpin and Soule 1986; Lynch et al.

1995; Westemeier et al. 1998), which may further exac-

erbate population decline. As predicted by population

genetic theory, due to genetic drift and/or inbreeding, small

populations should show lower levels of genetic variability

than large populations (Hartl and Clark 1997). However,

gene flow can counteract the potentially adverse effects of

genetic isolation and the loss of genetic diversity in small

populations while simultaneously limiting genetic differ-

entiation between populations (Palstra et al. 2007; Van

Rossum et al. 1997). Conversely, speciation may result

from more limited gene flow and subsequent differentiation

(e.g., Terry et al. 2000). In either case, knowledge of

population structure and natural patterns of gene flow can

contribute to a better understanding of species’s ecology

and evolution, and to the implementation of informed
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conservation and management measures (Parsons et al.

2006).

The finless porpoise (Neophocaena phocaenoides)

inhabits a wide range of tropical and temperate waters in

the Indo-Pacific region (Reeves et al. 1997; Kasuya 1999).

Obvious variation at morphology and different geographic

distribution pattern have been noted for a long time, and

individuals from different geographic regions have been

identified to be different species (e.g., Pilleri and Chen

1980, Wang et al. 2008) or subspecies within a single

species (e.g., Rice 1998). Geographic variation in external

morphology and differences in growth and reproduction

pattern of finless porpoises in Chinese waters were noted,

and three populations (or ecological/morphological forms)

were suggested by Gao (1991) and Gao and Zhou (1993):

the Yellow Sea population, the South China Sea popula-

tion, and the freshwater Yangtze River population. Gao and

Zhou (1995a, b, c) further conducted a series of careful and

comprehensive surveys on the external morphometrics,

skull, and postcranial skeleton of these populations. They

found that the width of denticulate region, the height of

dorsal ridge, the number of rows of dorsal denticles, and

stepwise discriminant analysis of skeletal morphology

could reliably identify the aforementioned three popula-

tions in Chinese waters. The freshwater-adapted Yangtze

River population, endemic to the middle and lower reaches

of the Yangtze River, is characterized by a narrow tuber-

culed area on the dorsal ridge and was referred to

N. p. asiaeorientalis (Gao and Zhou 1995a). Due to its

small population size and rapid decline, the Yangtze finless

porpoise has attracted wide attention in recent years,

especially when the extinction of another freshwater ceta-

cean sympatric with the finless porpoise in the Yangtze

River (the Baiji Lipotes vexillifer) has likely already

occurred (Turvey et al. 2007). Surveys conducted in some

segments of the Yangtze River found that finless porpoises

have decreased annually by approximately 7.3% from 1989

to 1999 (Wei et al. 2002) and only around 1,000 porpoises

were estimated to remain in the river system (Wang et al.

2006). The Yellow Sea population, although also charac-

terized by a similar dorsal surface as the Yangtze River

porpoise, is distributed in the Yellow/Bohai Sea and the

northern East China Sea and was referred to N. p. sun-

ameri, whereas the South China Sea population, which is

characterized by a wide area of tubercules on the dorsal

surface and distributed in the South China Sea and the

southern East China Sea, was referred to N. p. phocaeno-

ides (Gao and Zhou 1995a). Although the Yellow Sea

population (or N. p. sunameri) and the South China Sea

population (or N. p. phocaenoides) are potentially sym-

patric in the southern East China Sea and the northern

South China Sea (especially in the Taiwan Straits), genetic

and morphological evidence suggests little genetic

exchange in the overlap area, and likely (although rela-

tively recent) species-level differentiation (Wang et al.

2008). Although the Yangtze River population (or

N. p. asiaeorientalis) inhabits a habitat distinct from

adjacent marine waters, it is possible that the Yellow Sea

population and the Yangtze River population intermix in

the river mouth area. However, genetic differentiation

between freshwater and oceanic finless porpoises was not

addressed in that study as no specimens from the Yangtze

River were included (Wang et al. 2008).

To effectively implement conservation measures for the

endangered finless porpoise, it is important to identify

population structure, rates of gene flow among regions

(or ecological/morphological forms), and the degree of

demographic isolation from other populations (Caughley

1994) through a systematic population genetic structure

analysis. For most cetacean species, direct observation of

interchange and interbreeding is almost impossible, due to

the nature and scale of the aquatic environment (Parsons

et al. 2006). Investigations are further limited by the con-

siderable difficulties involved in long generation times and

the dearth of understanding of the barriers to gene flow

encountered by these marine animals in a seemingly con-

tinuous aquatic habitat (Rosel et al. 1995; Avise 1998).

Researchers are increasingly turning to indirect assessment

of population structure, such as by analysis of the parti-

tioning of molecular genetic variation. Consequently,

modern molecular genetic methods have played an

important role in assessing the levels of genetic structuring

among many coastal and oceanic cetacean populations

(Bérubé et al. 1998; Escorza-Trevino and Dizon 2000;

Gaspari et al. 2007; Krützen et al. 2004; Parsons et al.

2006; Fontaine et al. 2007).

Previous genetic studies, mainly based on mitochondrial

control region data, have investigated variation mainly

across the extant range of the finless porpoises in Chinese

and Japanese waters, which was characterized by a high

level of among-region genetic structure with low levels of

within-region genetic diversity (Yang et al. 2002, 2003,

2008; Yoshida et al. 2001). However, high levels of

mtDNA differentiation cannot provide a full accounting of

reproductive isolation/genetic interchange because male-

mediated gene flow is not measured using maternally

inherited mtDNA (Racey et al. 2007). In addition to

mitochondrial DNA, evaluation of nuclear microsatellite

DNA diversity is applied more and more widely in con-

servation programs because of the high variability and

precision of these markers, rendering them valuable for the

study of fine-scale population structure and contemporary

population processes (Crandall et al. 2000). In order to

have a better knowledge of ecology and population biology

relevant to conservation issues, we investigated microsat-

ellite polymorphism in the finless porpoise populations in
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Chinese waters. The objectives of this study were to: (i) re-

examine the pattern of genetic variation of finless porpoises

based on biparentally inherited nuclear markers; (ii) high-

light possible gene flow between regions which would

provide genetic information for the ESUs (evolutionarily

significant units) status of finless porpoises in those areas;

(iii) provide a broader understanding of the taxonomic

status of Neophocaena population units; and (iv) recom-

mend conservation and management priorities for finless

porpoises in Chinese waters.

Materials and methods

Sampling and DNA extraction

A total of 125 finless porpoises (33 individuals from the

Yangtze River, 23 individuals from the Yellow Sea, and 69

individuals from the South China Sea) were collected from

12 locations in coastal China, as well as the middle and

lower reaches of the Yangtze River (Fig. 1). All the sam-

ples were collected from incidentally captured individuals

coastal and Yangtze River fisheries. These samples were

a priori assigned to the aforementioned three populations

primarily according to their sampling localities as shown in

Fig. 1. Voucher specimens are preserved in the College of

Life Sciences, Nanjing Normal University, China. Geno-

mic DNA was extracted from blood or muscle using the

DNeasy tissue kit (Qiagen) following the manufacturer’s

instruction.

Microsatellite genotyping

Seven dinucleotide and three tetranucleotide loci were used

for genotyping: EV37Mn and EV104Mn from Megaptera

novaeangliae (Valsecchi and Amos 1996); PPHO110,

PPHO130 from Phocoena phocoena (Rosel et al. 1999);

and Np368, Np391, Np398, Np403, Np409, Np428 from

Neophocaena phocaenoides (Chen et al. 2007; Chen and

Yang 2008). Each forward primer had a M13 tail at its

50end (50-CACGACGTTGTAAAACGAC-30) to allow for

labeling with fluorescent primers. PCR amplifications were

conducted in 15-lL volumes containing 1 lL of dilute

template, 7.5 lL Ex Taq premix buffer (Takara), 5 pm of

each primer, 0.5 pmol of dye-labeled M13 primer [either

IRD700 or IRD800 (LI-COR)] and ultrapure water to

volume. Polymerase chain reaction (PCR) conditions were

as reported in Valsecchi and Amos (1996), Rosel et al.

(1999), Chen et al. (2007), and Chen and Yang (2008).

Amplified products were genotyped on 6.5% polyacryl-

amide denaturing gels using fluorescent imaging on a LI-

COR 4300 automated DNA sequencer and analyzed using

LI-COR SAGAGT software.

Statistical analyses

Genetic variation

Each locus per population unit was tested for deviation

from Hardy–Weinberg equilibrium (HWE) and for genetic

linkage disequilibrium using GENEPOP version 3.4

(Raymond and Rousset 1995). Exact p-values for both tests

were obtained using a Markov chain method with 10,000

dememorizations, 500 batches, and 10,000 iterations

per batch. Significance levels were adjusted using the

sequential Bonferroni correction for multiple comparisons

(Holm 1979). The number of private alleles and the

observed (HO) and expected (HE) heterozygosities were all

estimated at each locus and for each population unit with

FSTAT version 2.9.3.2 (Goudet 2001).

Population structure and differentiation

STRUCTURE (Pritchard et al. 2000), which implements a

Bayesian model-based clustering method, was used to

determine the optimal number of genetically distinct

clusters based on allele frequencies across loci without

imposing any preconceived ideas of population informa-

tion for each individual (e.g., based on morphology or

Fig. 1 Schematic map showing the sampling localities of this study,

sampling size for each sampling locality was shown in the parenthe-

sis. Sampling localities abbreviations are as follows: the Yellow Sea

population units (filled triangle) DL (Dalian), LS (Lusi), ZS

(Zhoushan); HZ (Hangzhou), and YX (Yixing); the Yangtze River

population (filled circle): ZJ (Zhenjiang), NJ (Nanjing), TL (Ton-

gling), and HK (Hukou); and the South China Sea population

(inverted filled triangle): PT (Pingtan), DS (Dongshan), and BH

(Beihai)
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geographical sampling). The method statistically assigns

individuals, based on Hardy–Weinberg expectations, to a

user-defined number of anonymous genetic clusters (K),

thus elucidating genetic structure that may not be apparent

otherwise. The most likely value of K is now most com-

monly assessed by comparing the rate of change in the

likelihood of the data for different values of K. Calcula-

tions were conducted under the admixture model and the

assumption of correlated allele frequencies with a burn-in

period of 100,000, followed by 1,000,000 iterations. The

number of populations (clusters), K, was set from 1 to 6.

Ten independent runs of the Markov chain were performed

to check for convergence of the chain and homogeneity

among runs for each K.

Genetic differentiation among population units was

further quantified by calculating fixation indices based on

an infinite alleles model and a stepwise mutation model.

FST values (more precisely h, Weir and Cockerham 1984)

were estimated by using ARLEQUIN version 3.11

(Excoffier et al. 2005) and were tested for significance

using 10,000 permutations. For the latter, the program

RSTCALC (Goodman 1997) calculates rhoST (q) an ana-

logue of Slatkin’s RST (Slatkin 1995) in which differences

in sample size and variance between loci are accounted for.

The algorithm weights RST by allele size, standardizing

across the whole data set, to make different loci more

directly comparable. A permutation test (10,000 permuta-

tions) was used to determine if rhoST estimates were sig-

nificantly different from zero. SMOGD v 1.2.5 (Crawford

2009) was used to calculate a differentiation statistics,

DEST, based on 1,000 permutations.

Migration and gene flow

A non-equilibrium Bayesian method was applied to esti-

mate current immigration rates among population using

BAYESASS 1.3 (Wilson and Rannala 2003). BAYESASS

1.3 relies on multilocus genotypes and a Markov chain

Monte Carlo (MCMC) algorithm to estimate proportions of

non-migrants and the source of migrants for each sampling

site (Wilson and Rannala 2003) and does not require the

populations to be in migration drift or Hardy–Weinberg

equilibrium. The MCMC method used in this program was

run for 3 9 106 iterations with sampling every 2,000 iter-

ations, of which the first 106 iterations were discarded as

burn-in. As suggested by Wilson and Rannala (2003), more

accurate results are obtained from runs when the number of

proposed changes for the variables m (migration rate),

P (allele frequencies), and F (inbreeding coefficient) are

between 40 and 60% of the total chain length. Based on

preliminary runs using different delta values ranging from

0.05 to 0.35, our final runs used delta values of 0.10 for the

parameters estimated for allele frequency, migration, and

inbreeding, respectively, to ensure optimal mixing and

maximize log likelihood values.

In order to assess gene flow among three population

units, we used the USEPOPINFO option (Pritchard et al.

2000) incorporated in STRUCTURE. This model assumes

that most individuals classified having pure ancestry but

that a proportion of individuals may also have ancestry

from other populations. We set GENBACK = 2, so that

showing the probability that each individual is from that

population, have a parent, grandparent from alternative

populations. In order to ensure a strong statistical support

for any inference of mixed ancestry, we further set

MIGRPRIOR = 0.001.

Results

Levels of variability

As shown in Table 1, the ten microsatellite loci examined

had a total of 136 alleles in the three population units

screened. Hardy–Weinberg tests revealed that only three

locus-population unit comparisons significantly deviated

from Hardy–Weinberg equilibrium after Bonferroni cor-

rection. No evidence of linkage disequilibrium between

pairs of loci was found after adjustment for multiple

comparisons. Heterozygosity ranged from 0.751 in the

South China Sea population unit to 0.770 in the Yellow Sea

population unit (Table 1). Fifty-nine alleles were found in

all three population units, whereas thirty-one alleles were

shared by two population units, and 46 alleles were specific

to one of the three population units (three in the Yangtze

River, nine in the Yellow Sea, and 34 in the South China

Sea).

Population structure and genetic differentiation

The highest log-likelihood value was obtained for three

clusters (Ln Pr (X/K) = -4,458.5), which indicated that

the individuals examined were most likely to be divided

into three genetically distinct populations. At K = 3, all

individuals from the Yangtze River (Yixing, Hukou,

Nanjing, and Tongling) were grouped into a single cluster.

The second cluster contained individuals from the Yellow/

Bohai Sea (Lusi and Dalian) and the East China Sea

(Hangzhou and Zhoushan), whereas the third comprised

the South China Sea samples (Dongshan, Pingtan, and

Beihai). Zhoushan and Pingtan showed some admixture

between the Yellow Sea and South China Sea clusters

(Table 2; Fig. 2). Some individuals from Zhoushan and

Pingtan showed contrasting patterns of assignment to the

original clusters, which was supported by individual

assignments using Bayesian model-based STRUCTURE
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analysis as shown in Table 2. FST and RST values com-

puted from composite allele frequencies at ten microsat-

ellite loci confirmed significant genetic differentiation in all

pairwise comparisons (Table 3) as revealed by previous

mtDNA analyses (Yang et al. 2002, 2003, 2008). Analyses

with both FST (=0.131) and RST (=0.341) showed high

levels of genetic differentiation between the Yangtze River

population unit and the South China Sea population unit.

Of special note was the lower, but still highly significant,

FST (=0.070) and RST (=0.067) values for the comparison

of the Yangtze River population unit and the Yellow Sea

population unit. D values also showed a similar pattern of

differentiation to that of FST and RST. The D value between

the Yangtze River population and the South China Sea

population was above 0.3, whereas the values between

either the Yangtze River population unit or the South China

Sea population unit and the Yellow Sea population unit

were lower than 0.3 (Table 3).

Migration and gene flow among populations

The mean posterior probabilities and 95% confidence

intervals for migration rates between sampling sites are

shown in Table 4. From Bayesian MCMC simulation

analyses, we obtained a 95% confidence interval of

approximately (0.675, 0.992) for non-migration rates and

of (0.001, 0.261) for migration rates. Confidence intervals

recovered from this data set were considerably smaller

than those obtained from the scenario mentioned earlier,

suggesting that our microsatellite data set contained an

appreciable amount of information from which to estimate

migration rates and other parameters of interest. Almost

all porpoises from the Yangtze River (98%) were iden-

tified as non-migrants, whereas the Yellow Sea and the

South China Sea population units showed a slightly lower

non-migrant proportion (92%). The migration rate from

the Yellow Sea to the South China Sea was slightly

higher than the reverse, but the large overlap of 95% CI

bounds did not allow us to conclude there was asymmetry

in migration rates.

Estimates of the amount of finless porpoise ancestry

revealed 13 individuals not fitting the original assignments

(based on geography only). One individual sampled in the

Yangtze River has a very high probability (99.6%) of being

from the South China Sea, whereas one individual in

Table 1 Sample size for each region (n = individual porpoises), number of alleles at each locus (k), and observed (HO) and expected

heterozygosity (HE)

Locus Yangtze River Yellow Sea South China Sea

n k HO HE n k HO HE n k HO HE

EV37Mn 33 9 0.909 0.846 23 14 0.870 0.911 69 15 0.797 0.853

EV104Mn 33 6 0.727 0.756 23 6 0.696 0.784 69 13 0.754 0.835

PPHO110 33 7 0.909 0.821 23 11 0.696 0.807 69 12 0.768 0.768

PPHO130 33 10 0.848 0.865 23 12 0.913 0.924 69 14 0.856 0.812

Np368 33 6 0.667 0.652 23 5 0.739 0.582 69 8 0.856 0.752

Np391 33 12 0.606 0.696 23 18 1.000 0.948 69 23 0.841 0.926

Np398 33 4 0.848 0.572 23 5 0.435 0.538 69 6 0.522 0.598

Np403 33 6 0.788 0.696 23 8 0.826 0.834 69 9 0.794 0.820

Np409 33 7 0.727 0.810 23 9 0.739 0.793 68 10 0.588 0.663

Np428 32 5 0.594 0.609 23 6 0.783 0.829 68 9 0.739 0.775

Overall 7.2 0.762 0.732 9.4 0.770 0.795 11.9 0.751 0.780

Loci which differed significantly from Hardy–Weinberg equilibrium in a population unit are indicated in bold

Table 2 Proportion of membership for each sampling location to

each cluster (K = 3) using the program STRUCTURE

Sampling location Proportion of membership (for K = 3)

Cluster 1 Cluster 2 Cluster 3

Hukou 0.992 0.005 0.003

Zhenjiang 0.982 0.012 0.006

Yixing 0.932 0.038 0.030

Nanjing 0.819 0.014 0.166

Tongling 0.973 0.019 0.008

Lusi 0.081 0.903 0.016

Dalian 0.063 0.931 0.006

Hangzhou 0.016 0.973 0.011

Zhoushan 0.013 0.487 0.500

Pingtan 0.019 0.352 0.629

Dongshan 0.009 0.047 0.944

Beihai 0.008 0.159 0.833

Italicized values represent clustered populations
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Zhoushan has a high probability (99.4%) of being from the

South China Sea, and eleven individuals in Pingtan have

probabilities[0.9 of being from the Yellow Sea population

unit except for samples 60 and 84, which had pure ancestry

proportions of Yellow Sea population unit less than 0.9).

Of the 125 individuals examined, only four showed signs

of genetic admixture between different populations or of

ancestry from other populations (sample 60, 71, 84, 121),

but all these inferences were supported by relatively low

probability values (ranging from 0.093 to 0.270), which

suggested that only weak evidence indicated that these

individuals are the product of hybridization between dif-

ferent population units.

Disscussion

Population structure and genetic diversity

The ability to identify and define biological ‘‘populations’’ is

crucial for making informed decisions concerning conser-

vation and management (Waples and Gaggiotti 2006). Three

population units of finless porpoises in Chinese waters have

been recognized based on obvious external and skeletal

differentiation (Gao and Zhou 1995a) and stepwise dis-

criminate analysis of skeletal morphology (Gao and Zhou

1995 b c). Previous mtDNA analyses (Yang et al. 2002,

2003, 2008) suggested significant genetic structure among

these regions, and mtDNA/microsatellite/morphological

analyses further suggested relatively recent species-level

differences between oceanic finless porpoises in the South

China Sea and East China Sea, with an area of sympatry in

the Strait of Taiwan (Wang et al. 2008). However, the

genetic differentiation between the Yangtze River popula-

tion unit and the Yellow Sea population unit was previously

thought to be relatively small (Yang et al. 2008).

The application of highly polymorphic microsatellite

loci and assignment tests has greatly increased the potential

for understanding population structure across large and

Fig. 2 Estimated population structure. Each individual is represented

by a vertical line, which is partitioned into K colored segments

representing the individual’s estimated membership fractions in K
clusters. Black lines separate individuals into different population

units. Population units are labeled in numbers below the figure.

Sample names corresponding to numbers are indicated to the right of

the figure. Ten STRUCTURE runs at each K produced nearly

identical individual membership coefficients; the figure shown for a

given K is based on the highest probability run at that K. 1 Yixing,

2 Zhenjiang, 3 Hukou, 4 Nanjing, 5 Tongling, 6 Lusi, 7 Hangzhou,

8, Zhoushan, 9 Dalian, 10 Pingtan, 11 Dongshan, 12 Beihai

Table 3 Pairwise RST (above diagonal), FST (left number below

diagonal) and DEST (right number below diagonal) for three finless

porpoise population units based on ten polymorphic microsatellite

loci

Yangtze River Yellow Sea South China Sea

Yangtze River – 0.067* 0.341*

Yellow Sea 0.070*/0.185 – 0.180*

South China Sea 0.131*/0.384 0.075*/0.218 –

* Significant at P \ 0.001

Table 4 Migration rate (m) between population units, along with their 95% confidence intervals in parentheses, estimated using BAYESASS

(Wilson and Rannala 2003) from initial conditions of Dp, Dm, and DF = 0.10

Source Migration rate (m) to

Yangtze River Yellow Sea South China Sea

Yangtze River 0.979 – 0.014 (0.942–0.997) 0.056 ± 0.036 (0.006–0.138) 0.005 ± 0.005 (0–0.018)

Yellow Sea 0.008 ± 0.008 (0–0.030) 0.916 – 0.039 (0.825–0.977) 0.060 ± 0.015 (0.034–0.093)

South China Sea 0.014 ± 0.010 (0.001–0.040) 0.029 ± 0.019 (0.004–0.073) 0.935 – 0.016 (0.901–0.963)

Values along the diagonal (bold) are the proportion of individuals derived from the source population (or non-migrant) each generation
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small geographic scales. The Bayesian cluster method

implemented in STRUCTURE has been proven a powerful

instrument in instances where genetic differentiation is

high (Maudet et al. 2002; Pritchard et al. 2000; Randi and

Lucchini 2002; Rosenberg et al. 2001) and can also be used

when population structure is more complex (Rosenberg

et al. 2002). In congruence with morphological classifica-

tion (Gao and Zhou 1995a) and mtDNA control region

analysis (Yang et al. 2002, 2003, 2008), the present

Bayesian clustering analysis indicated the presence of three

distinct genetic groups in spite of admixture in some

locations (e.g., Pingtan) providing strong support for the

subdivision of finless porpoises in Chinese waters into

three distinct units. Subdivision was further supported by

pairwise FST, RST, and D values (Table 3) and the exis-

tence of around 30% of alleles private to each population.

Highly significant differentiation between all populations

was found, similar to that revealed by mtDNA (Yang et al.

2008) and mtDNA/microsatellite/morphological analyses

(Wang et al. 2008).

Does gene flow occur among population units?

Results from previous studies have not been able to clarify

whether or not dispersal and/or gene flow occurs between

the Yangtze River and marine population units. Although

Zhang et al. (1993) suggested that finless porpoises might

migrate from the river to sea or vice versa due to seasonal

breeding activities, this hypothesis is not supported by any

direct field observations of Yangtze River finless porpoises

in the sea or marine porpoises in freshwater. Furthermore,

obvious external differences exist among the three popu-

lation units and no specimens with intermediate morpho-

logical characteristics have been found so far.

In general, FST values below 0.05 are expected with

current gene flow, whereas values between 0.05 and 0.1

indicate that populations are semi-isolated, and values above

0.1 suggest that populations are isolated (Wilson et al. 2003).

Using this criterion, we inferred significant divergence

between the Yangtze River porpoises and South China Sea

porpoises from an FST value of 0.131 and a relatively high

RST value of 0.341, suggesting that these two population

units might be genetically isolated with limited or no gene

flow. In contrast, smaller values of FST and RST between the

South China Sea porpoises and Yellow Sea porpoises, and

between Yangtze River porpoises and Yellow Sea porpoises,

suggests relatively lower levels of differentiation. The pat-

tern of differentiation was further evidenced by D-values

calculated between populations. A D-value above 0.3 was

estimated for the Yangtze River porpoises and the South

China Sea porpoises (D = 0.384), suggesting a moderate to

high level of differentiation. D-value estimates for the

Yangtze River porpoises and Yellow Sea porpoises and the

South China Sea porpoises and Yellow Sea porpoises were

both much lower than 0.3 (Table 3), suggesting a relatively

low level of differentiation.

Significant levels of genetic differentiation between

Yellow Sea porpoises and South China Sea porpoises

(FST = 0.075) also suggested limited or no gene flow

between them. BAYESASS analysis showed low levels of

migration between these regions (m \ 0.1). If the demo-

graphic history of species being studied fits the assump-

tions of the inference model, the Bayesian method

implemented in BAYESASS can give fairly accurate

estimates of migration rates when the genetic differentia-

tion is not too low (FST C 0.05) (Faubet et al. 2007). Few

studies have addressed the question of how small migration

rates (m) should be to insure that subpopulations

have independent dynamics (Waples and Gaggiotti 2006),

but Hastings (1993) suggested that two populations

become demographically independent when m falls below

about 0.10. In addition, STRUCTURE analysis (USE-

POPINFO = 1, K = 3) also suggested no evidence of

genetic exchange between these regions. For example, of

the 69 samples from the South China Sea, 11 from Pintan

were identified as most likely coming from the Yellow Sea

rather than resulting from hybridization. Similarly, one

individual sampled in Zhoushan (Yellow Sea) was identi-

fied to be a new migrant from the South China Sea with a

nearly 100% posterior probability. In other words, although

Pingtan and Zhoushan were within the overlapping area of

Yellow Sea and South China Sea porpoises, there was little

evidence for genetic admixture in the last two generations,

strongly suggesting no or very limited gene flow between

these two regions, even in the area of potential sympatry

between them.

Our analyses also provided several pieces of evidence

which suggest that the relatively low level of differentia-

tion between the Yangtze River porpoises and the Yellow

Sea porpoises might not be due to contemporary gene flow.

First, all individuals from the Yangtze River grouped

together with very high probability (Table 2; Fig. 2), which

underlines the genetic distinctiveness of the freshwater

population. Second, STRUCTURE analysis showed that

none of recent migrants was likely from the Yangtze River,

and no immigrants from the Yellow Sea were found in the

Yangtze River. A plausible explanation for the observed

low level of differentiation reflected in FST and RST values

is limited time since divergence for new microsatellite

mutations. Incomplete lineage sorting or retained ancestral

polymorphism in offspring populations is a viable alter-

native to contemporary gene flow as an explanation for

such low levels of differentiation (Gibbs et al. 2000).

Barriers affected the limitation of gene flow between the

freshwater and the marine porpoises might be adaptation to

different salinity levels and related environmental factors.
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If this is true, it would be of great interest to investigate

isolation and adaptation mechanisms operating to separate

freshwater and marine porpoises that may be correlated

with molecular markers involved in adaptive changes.

Taxonomic implications and conservation

recommendations

Multiple lines of evidence suggest that finless porpoises in

Chinese waters found in the three geographical regions

represent distinct population units (Fig. 2; Tables 2, 3, 4).

As discussed earlier, Bayesian model-based clustering

method divided finless porpoises in Chinese waters into

three distinct genetic groupings, corresponding to the three

populations/subspecies/species previously identified based

upon morphological, genetic and ecological evidence.

Levels of genetic differentiation between porpoises in the

three regions were highly significant (Table 3). Further,

migration and ancestry analyses using BAYESASS and

STRUCTURE found that although overlapping areas of

distribution were found (especially for Yellow Sea and

South China Sea porpoises), the source of most individuals

could be reliably be identified with high posterior proba-

bilities. In addition, very few individuals were identified as

having evidence of admixture from other populations (with

relatively low posterior probabilities), which strongly

implied little or no gene flow between these population

units even in the area of overlap.

One of the objectives of modern conservation biology is

not only to preserve species and habitats, but also their

evolutionary potential in terms of maintaining the genetic

diversity of the extant species. According to the model

proposed by Moritz (1994), ESUs are designated on the

basis of reciprocal monophyly at mtDNA haplotypes, while

MUs are identified by significant differences in allele fre-

quency distributions and significant divergence in mito-

chondrial or nuclear loci. Although reciprocal monophyly

for mtDNA haplotypes were not found for any populations

(Yang et al. 2008) which is not well consistent with ESUs

criterion defined by Moritz (1994), significant genetic

differentiation and the lack of gene flow revealed by pre-

vious mtDNA and present microsatellite markers as well as

obvious morphological differentiation strongly suggest that

these population units might be significantly isolated from

one another. Therefore, it is reasonable to give ESUs status

for all three populations in Chinese waters, which support

the acceptance of their subspecies status as suggested by

Gao and Zhou (1995a, b, c) based upon morphological

evidence, or species-level status (for oceanic units) as

suggested by Wang et al. (2008). Further, in designing

conservation programmes, each of these population units

should be treated as different management units (MUs).

The Yangtze finless porpoise, the sole freshwater-adapted

porpoise population, represents unique genetic diversity

among finless porpoise population units. Therefore, the

protection of Yangtze finless porpoise has crucial impli-

cations for finless porpoise conservation worldwide. The

observed heterozygosity in Yangtze finless porpoises was

comparable to those of the other two population units and

other cetaceans, suggesting that inbreeding and low genetic

variation may not be an important threat at present, relative

to other factors threatening the freshwater form. However,

given the very recent and drastic decline in numbers of

animals in the Yangtze River, the currently observed

‘‘high’’ levels of heterozygosity can be alternatively

explained as a remnant of what has been retained due to the

fairly long generation times of cetaceans. Thus, more

attention should be paid to the potential loss of genetic

diversity in this population in the future. Recent surveys

indicate that this population decreased in size to around

1,000 individuals (Wang et al. 2006). Population viability

analysis also suggests that this population will become

extinct within 100 years if no effective protection is pro-

vided (Zhang and Wang 1999). Therefore, special conser-

vation attention should immediately be allocated to

Yangtze River finless porpoises.
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