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Population genetic structure of New Zealand’ endemic
corophiid amphipods: evidence for allopatric spéciation
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Allozyme electrophoresis was used to examine population genetic structure at inter- and intraspecific levels for the
New Zealand endemic corophiid amphipods, Paracorophium lucasi and P. excavatum. Individuals were collected
from estuarine and freshwater habitats from North, South and Chatham Islands. Analyses of genetic structure
among interspecific populations indicated clear allelic differentiation between the two Paracorophium species (Nei’s
genetic distance,!) = 1.62), as well as considerable intraspecific substructuring (D =0.15-0.65). These levels of diver-
gence are similar to interspecific levels for other amphipods and it is proposed that at least two groups from the
P. lucasi complex and three from the P. excavatum complex correspond to sibling species. In most cases allopatry can
account for the differentiation among the putative sibling species. For populations that share a common coastline we
found low levels of differentiation and little or no correlation with geographical distance, suggesting that gene flow
is adequate to maintain homogeneous population genetic structure. By contrast, populations on separate coastlines
(i.e. isolated by land) showed moderate levels of geographical differentiation indicating restricted gene flow. The jux-
taposition of population genetic and biogeographical data for Paracorophium in conjunction with the geological
record infers past histories of glacial extirpation, and possible isolating effects of sea-level and landmass changes
that have occurred throughout the Plio-Pleistocene. © 2004 The Linnean Society of London, Biological Journal of
the Linnean Society, 2004, 81, 119—33.

ADDITIONAL KEYWORDS: allozyme - glaciation - isolation-by-distance - Paracorophium - Pleistocene -
Pliocene - sibling species.

INTRODUCTION often occur, albeit with little morphological variation
(e.g. Knowlton etal., 1993; Viinola, 1995; Taylor,
Finston & Hebert, 1998; Dawson, 2001). Fortunately,
molecular techniques have in recent years made it
possible to investigate how distributions ofmorpholog-
ically similar populations may be linked to geograph-
ical isolation and/or a taxon’s dispersal capability (e.g.
Avise, 1992; Hellberg, 1996; Parker etal., 1998).

For taxa with limited dispersal, small or temporary
geographical barriers may be sufficient to isolate pop-
ulations. For example, the emergence of the Isthmus
of Panama has been considered a major isolating bar-
rier for the marine shrimp Alpheus, leading to the evo-
lution of sibling species by the isolation of populations
between the Caribbean and eastern Pacific (Knowlton
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The isolation of populations, both geographically and
genetically, has long been recognized as a potential
mechanism conducive to spéciation (Kimura, 1953;
Mayr, 1954; Avise, 1992). Geographically isolated taxa
with limited dispersal capabilities are particularly
susceptible to microevolutionary processes (Mayr,
1954; Templeton, 1980). This is especially evident on
islands where populations tend to become isolated
from the main distributions, both in terrestrial and
aquatic systems (Slatkin, 1993). For aquatic inverte-
brates large genetic divergences and/or a positive rela-
tionship between geographical and genetic distances
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Figure 1. The changing outline of the New Zealand archipelago over the last 12 Myr. Land above sea level shaded grey.
Arrows represent prevailing ocean circulation. The Pliocene (6-2 Mya) landmass provided few barriers for aquatic dispersal
between the east and west coasts, in contrast to the upper Miocene (12-6 Mya), the last glacial maximum (approx. 17
Kya) and the present. Figures adapted from Fleming (1979) and Stevens et al. (1995).

Edmands, 2001; Wares, Gaines & Cunningham, 2001).
Such isolating oceanographic processes have also been
invoked to explain high levels of genetic substructur-
ing and cryptic species among populations of the
amphipod Talitrus saltator in the Mediterranean Sea
(De Matthaeis et al.,, 2000). Similarly, genetic subdivi-
sion ofthe greenshell mussel Perna canaliculus (Apte
& Gardner, 2002) and ofthe corophiid amphipod Para-
corophium excavatum (Schnabel, Hogg & Chapman,
2000) also suggest that coastal currents may be bar-
riers to present-day gene flow in New Zealand. In
addition, the turbulent geological history of New
Zealand has been implicated as a potential agent for
morphological as well as genetic differentiation oftaxa
(Craw, 1988; Pole, 1989; Trewick, 2000a; Trewick &
Wallis, 2001; Wallis etal., 2001).

The New Zealand archipelago (Fig. 1) has under-
gone considerable geological change during the
Cenozoic (c. 65 Mya-present; Stevens, McGlone &
McCulloch, 1995). For example, marine intrusions
occurred throughout the upper Miocene (c. 12-6 Mya)
and Pliocene (c. 6-2 Mya) until uplift of the landmass
separated the east and west coasts of North Island,
and its present landmass was only attained towards
the beginning of the Pleistocene (c. 2 Mya; Fleming,
1979; Cooper & Millener, 1993; Stevens et al., 1995).
In the Pleistocene the isolation of regions has been
influenced by the glaciaPinterglacial oscillations with
sea-level changes and the advance and retreat of gla-
ciers (Fleming, 1979; Stevens etal., 1995). In New

Zealand such geological and climatic effects are fre-
quently associated with the inability of poorly dispers-
ing organisms to recolonize denuded regions (Craw,
1988; Main, 1989; Pole, 1989; Trewick & Wallis, 2001).
Despite this association, there has been little inves-
tigation into patterns of diversification and dispersal
of New Zealand aquatic taxa. Here, we assessed the
population genetic structures of two New Zealand
endemic corophiid amphipods, Paracorophium lucasi
and P. excavatum. Both reproduce sexually and off-
spring hatch in the mothers brood pouch as free-living
juveniles (i.e. have an adult morphology). They there-
fore lack a specific dispersal stage and may be exposed
to present-day geographical barriers. However, popu-
lation genetic structure may also be a consequence of
landmass alterations over time (see Fig. 1). Accord-
ingly, we tested the hypothesis that two closely related
species would exhibit similar population genetic struc-
tures due to common geographical barriers. We also
examined whether patterns of divergence would cor-
respond to geological changes and climatic fluctua-
tions that occurred throughout the Plio-Pleistocene.

METHODS

COLLECTION OF SAMPLES

Between September 1998 and August 2000 we exam-
ined a total of 53 sites throughout New Zealand. At
each site we sampled approximately 50 m2offine mud
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and sand by passing a meshed (2 mm) net through the
superficial sediment (upper 30-50 mm), and live-
sorting for Paracorophium spp. In addition to the two
endemic Paracorophium (P. lucasi and P excavatum)
we included the exotic P. brisbanensis as an outgroup
taxon collected from a single site in Tauranga Harbour
(N8) (Fig. 2). Species determination used the diagnos-

tic characters suggested by Chapman efal. (2002),
and for P. brisbanensis we used Chapman (2002) and
Stevens, Hogg & Chapman (2002). All individuals
used for allozyme analyses were flash-frozen in liquid
nitrogen and stored at -76°C. Sites were coded
according to geographical location to indicate common
coastline or habitat type, for example NE = North
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Figure 2. Distribution of Paracorophium lucasi (stars) and P. excavatum (solid circles) in New Zealand. Triangles show
sympatric occurrences and hatched circles indicate sites where Paracorophium was not found. P. brisbanensis was found

at NS8.
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Island, east coast; SW = South Island, west coast; CS
= Cook Strait; and L = Lake.

ALLOZYME ELECTROPHORESIS

We used cellulose acetate electrophoresis to assess lev-
els of genetic differentiation among populations (Rich-
ardson, Baverstock & Adams, 1986; Hebert & Beaton,
1993). Individual specimens were homogenized in
14 pL of distilled water and 10 enzyme systems were
used that revealed sufficient activity and resolution to
be reliably scored for Paracorophium (Stevens et al.,
2002): aldehyde oxidase (AO: EC 1.2.3.1); arginine
kinase (ARK: EC 2.7.3.3); glyceraldehyde-3-phosphate
dehydrogenase (G3PDH: EC 1.2.1.12); isocitrate dehy-
drogenase (IDH: EC 1.1.1.42); lactate dehydrogenase
(LDH: EC 1.1.1.27); mannose-6-phosphate isomerase
(MPI: EC 5.3.1.8); malate dehydrogenase NADP-+(ME:
EC 1.1.1.40); peptidase (PEP: EC 3.4.11/13); phospho-
glucomutase (PGM: EC 5.4.2.2); 6-phosphogluconate
dehydrogenase (6PGDH: EC 1.1.1.44). Two enzymes
(IDH, LDH) were coded by two loci designated numer-
ically in order of increasing electrophoretic mobility
(e.g. IDH-1, IDH-2). Alleles were designated by the rel-
ative differences in anodal mobility of the respective
gene products, i.e. the fastest’allele was designated A’,
the next fastest allele ‘B’, and so on. We detected
between 3 and 7 alleles for the loci examined. Two indi-
viduals from previous runs were re-run on subsequent
gels to control for any variation in mobility between gel
plates, and putative novel alleles were verified using
gel line-ups (sensu Richardson et al., 1986).

DATA ANALYSES

BIOSYS-1 (Swofford & Selander, 1981) was used to
calculate descriptive and hierarchical population sta-
tistics. Genotypic frequencies were determined for
each population, and polymorphic loci (95% criterion)
were examined for agreement of genotypes with
Hardy-Weinberg (H-W) equilibrium using Fisher’s
exact test, followed by sequential Bonferroni correc-
tions (Rice, 1989). Divergence was assessed among
populations using Wright’s (1978) Est, and among
individuals in a single population (EIS). Significance of
pairwise comparisons of P ST (bootstrapping across loci
with 5000 replicates) was used to pool some popula-
tions for P. excavatum only when homogeneous popu-
lation genetic structure could be inferred. Preliminary
analyses ofthe phenetic relationships among popula-
tions used several algorithms (e.g. Roger’s similarity,
Cavalli-Sforza & Edwards arc and cord distances,
Nei’s distance and identity) and various methods (e.g.
Wagner network, neighbour-joining, multidimen-
sional scaling) which all revealed identical topologies.
Here, we present a hierarchical cluster analysis per-

formed using UPGMA (Sneath & Sokal, 1973) calcu-
lated using Nei’s (1978) unbiased genetic distance (D)
chosen on the basis of goodness of fit statistics (i.e.
cophenetic correlation = 0.904).

Isolation-by-distance (7-D) analyses were performed
to examine geographical differentiation among popu-
lations (Wright, 1943; Kimura & Weiss, 1964; Slatkin,
1993). We performed a regression of log transformed
pairwise genetic and geographical (aquatic) distances
(logZ) and logkm, respectively), and calculated ordi-
nary least squares regression coefficients (R2) (Kimura
& Weiss, 1964; Felsenstein, 1976; Slatkin, 1993; Hell-
berg, 1996). Spearman’s rank correlation index (R)
was used to test how much of the allelic variance
among populations could be explained by geographical
distance alone (De Matthaeis et al., 2000). SPSS (ver.
10) for Windows was used for these analyses.

RESULTS

GEOGRAPHIC DISTRIBUTION

Paracorophium was found throughout New Zealand
waters (Fig. 2). P. lucasi was collected from 18 sites,
P. excavatum from 21; we were unable to find either
species at a further 17. Both species were found along
the east coast of North Island and the coastal regions
of Cook Strait. Only P. lucasi was found on the west
coast of North Island, and P. excavatum on the west
and east coasts of South Island and Chatham Island.
We did not find either species on most ofthe west coast
of South Island.

ALLOZYME VARIATION

Several diagnostic alleles were identified that could
reliably distinguish between the three Paracorophium
species (see Appendix): A and B (40 locus) were diag-
nostic for P. lucasi, C, D and F (40) and A (LDH-1) for
P. excavatum, and E (40), A (G3PDH) and B (IDH-1)
for P. brisbanensis (only a single population). The
mean number of alleles per locus/polymorphic locus
was 1.5/2.6 for P. lucasi, and 1.6/2.8 for P. excavatum,
while the percentage of polymorphic loci (95% crite-
rion) was 23.5% and 31.6%, respectively; mean het-
erozygosities were similar (Table 1). For P. lucasi,
significant deviations from H-W equilibrium were
detected at ARK for N9, at 6PGDH for NE1 and NE3
and at PEP for NE1 and L2 (all heterozygote deficien-
cies). For P. excavatum, genotypic frequencies devi-
ated from H-W at 4RK for N8, at MPI for N6, NE2,
CS3, SE8 and CIS, and at LDH-1 for CS6, SE5, SW1
and SW2 of Cook Strait and South Island. Chatham
Islands (CIS) had genotypic frequencies deviating
from H-W at LDH-2 and 6PGDH and one Cook Strait
population (CS5) at IDH-I.
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Table 1. Genetic variability at 12 loci in all populations of Paracorophium lucasi, P. excavatum and P. brisbanensis.
Notation preceding locations refers to that used in the text, figures, tables, and appendix. N = mean sample size per locus;
P =percentage of polymorphic loci (95% criterion); A = mean number of alleles per locus; Ap = mean number of alleles per
polymorphic locus; HdB= observed heterozygosity; Hep = expected heterozygosity; *significant (P <0.05) deviation at one
or more loci (see text), Superscriptsl4indicate proximate populations pooled for UPGMA only when EST'among populations
was not significantly different to zero (determined from bootstrap analyses)

Location Lat (S) Long (E) N P A Ap H obhg H exp

Paracorophium lucasi

N1 Houhora Harbour 34°48' 173°06' 22.8 16.7 1.4 3.5 0.06 0.07
N3 Awanui River 35°0T 173°17' 26.1 16.7 1.3 3.0 0.06 0.06
N4 Taumarere 35°20" 174°06' 24.6 25.0 1.6 3.0 0.04 0.05
N7 Thames 37°05' 175°30' 25.8 8.3 1.4 3.0 0.05 0.05
N9 Whakatane 38°00' 177°06' 25.8 30.8 1.5 2.3 0.09 0.10%
NWI1 Rawene 35°26' 173°3T 21.8 16.7 1.3 3.0 0.05 0.06
NwW2 Topuni River 36°13' 174°28' 16.8 16.7 1.3 2.0 0.05 0.06
NW3 Raglan Harbour 37°48' 174°57' 35.7 333 1.8 3.0 0.06 0.07
Nw4 Waitara 39°04' 174°03' 27.0 16.7 1.5 2.0 0.07 0.06
Li Lake Waikare 37°26' 175°13' 37.0 8.3 1.1 2.0 0.03 0.04
L2 Lake Rotorua 38°02' 176°17' 30.1 333 1.4 2.0 0.05 0.07*
L3 Lake Rotoiti 38°01" 176°21' 26.0 83 1.2 2.0 0.05 0.05
CS1 Whanganui River 39°55' 175°02 22.5 41.7 1.7 2.5 0.10 0.11
CS2 Foxton 40°18' 175°15' 11.0 25.0 1.5 2.5 0.06 0.07
CS4 Wairau River 41°29' 174°02' 243 333 1.8 33 0.05 0.06
CS6 Collingwood 40°41' 172°40' 23.5 333 1.8 33 0.07 0.09%
NEI Gisborne 38°34' 177°56' 28.0 333 1.4 2.0 0.06 0.08%*
NE3 Porangahau 40°38' 176°22' 18.0 25.0 1.3 2.0 0.07 0.09*
Mean 24.8 235 1.5 2.6 0.06 0.07
Paracorophium excavatum
N2 Rangauna Harbour 35°01" 173°15' 24.8 83 1.4 3.0 0.04 0.05
N5 Whangarei Harbour 35°43' 174°19' 23.5 16.7 1.6 3.0 0.05 0.05
N6 Omaha Bay 36°35' 174°76' 25.6 83 1.3 2.0 0.01 0.04*
N8 Tauranga Harbour 37°40' 176°10' 28.8 16.7 1.6 3.0 0.05 0.06*
NE2 Napier 39°30' 176°48' 30.0 333 1.4 2.3 0.04 0.07*
CS2 Foxtonl 40°18' 175°15' 13.0 30.8 1.7 2.3 0.04 0.04
CS3 Lake Onokel 41°25' 175°09' 29.7 38.5 2.0 3.0 0.07 0.04*
CSs Nelson 41°17' 173°14' 233 25.0 1.7 3.0 0.02 0.09%*
CS6 Collingwood1 40°41' 172°40' 13.1 38.5 1.6 2.4 0.07 0.04*
SW1 Whanganui Inlet 40°34' 172°38' 26.8 25.0 1.7 2.7 0.05 0.08*
SW2 Little Wanganui 41°23' 172°03' 243 333 1.5 2.0 0.06 0.13%
SEI Christchurch 43°32' 172°43' 24.4 25.0 1.7 2.7 0.08 0.09
SE2 Shag River2 45°29' 170°47' 21.5 53.8 2.2 3.0 0.11 0.09*
SE3 Karitane2 45°38' 170°38' 11.5 38.5 1.5 2.0 0.07 0.04*
SE4 Tomahawk Lagoon3 45°5T 170°32' 5.7 46.2 1.7 2.5 0.07 0.06
SE5 Brighton River3 45°57" 170°20' 22.8 38.5 1.6 24 0.09 0.07*
SE6 Lake Waihola3 46°01' 170°05' 5.0 30.8 1.3 2.0 0.09 0.08
SE7 Waikawa Harbour4 46°38' 169°07' 5.0 38.5 1.4 2.0 0.08 0.07
SE8 Catlins Lake4 46°28' 169°38' 22.5 30.8 1.8 2.8 0.08 0.06*
SE9 Fortrose4 46°34' 168°47' 22.6 53.8 1.8 2.1 0.08 0.07
CIS Chatham Island 43°57' 176°33' 73.4 333 1.9 33 0.04 0.08%*
Mean 343 31.6 1.6 2.8 0.05 0.08*

Paracorophium brisbanensis
N8 Tauranga Harbour 37°40' 176°10' 30.8 0.0 1.1 - 0.01 0.01
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Table 2. E-statistics (ES, EiS) averaged over 12 loci. Ordi-
nary least squares regression coefficient (R2) and Spear-
man’s rank correlation index (R) of logD and logkm used
to assess isolation-by-distance (/-D) for different clusters
of Paracorophium lucasi and P excavatum (@ >0.05,
*P<0.01, **E< 0.001). For populations included in each
cluster refer to Fig. 3

Est Pis R2 R
Paracorophium lucasi
Overall 0.66 0.15 0.10¥* 0.161B
PL2, PL3 0.51 0.13 0.11* 0.078
PL2 0.21 0.10 0.70**  0.88**
PL2 without N4 0.04 0.07 0.34B 0.70*
PL3 0.27 0.15 0.35* 0.321B
Paracorophium excavatum
Overall 0.70 0.48 0.17** 041*
PE2 0.09 042 0.0lB 0.491B
PE3 0.47 0.47 0.14*¥* 0.41*
PE3 without CIS 0.20 0.45 0.06B 0.231B

POPULATION GENETIC STRUCTURE

Genetic differentiation (Wright’s (1978) ESI) averaged
0.66 among all P. lucasi populations and 0.70 among
P. excavatum, indicating low levels of gene flow for
both species. High levels of intrapopulation substruc-
turing were indicated by high EIS values for
P. excavatum (mean = 0.48), but less so for P. lucasi
(mean = 0.15) (Table 2).

The UPGMA (Fig. 3) showed that all P. excavatum
populations formed a distinct cluster to P. lucasi
(D =1.62). P. brisbanensis, the only other Australa-
sian Paraam jphiuin,formed a sister group to P. lucasi
(D =1.22). The two most northern North Island
P. lucasi populations (NI, N3) were fixed at the PEP
and MFE loci, and found to be genetically distinct
(D =0.52, cluster PL1). We identified two P. lucasi
populations (cluster PL4: NE1, NE3) on the south-east
coast of North Island fixed at 40, resulting in high
genetic distance (D =0.41) from the others. PL2 and
PL3 included populations throughout North Island
and Cook Strait and were fixed for alternate alleles at
AO, ME or PEP when compared to populations from
PL1 and PL4. In addition, PL2 and PL3 were sepa-
rated genetically (Z)=0.15) by an allelic frequency
shift at LDH-2, with NW3 the only population with
alleles common to both (Appendix). High levels of dif-
ferentiation were also found among P. excavatum pop-
ulations with three distinct clusters identified. The
Cook Strait population CS5 (PEI) was morphologi-
cally identified as P. excavatum, but found to be genet-
ically distinct from the northern populations in PE2
(D =0.51). CS5 was also found to contain a few
P. lucasi and P. excavatum individuals in low numbers

(not included in analyses) identified using several
diagnostic alleles (Appendix). PE3 was also geneti-
cally distinct with a genetic distance of 0.65 and
grouped with Chatham Islands (CIS) (D = 0.24). CIS
possessed common alleles with PE3 at three loci /DH-
2, LDH-1, LDH-2), and with PE2 at two loci (40,
PEP), which included populations from the north-east
coast of North Island.

Isolation-by-distance analyses among all P. lucasi
populations showed a significant relationship, but
only 16% ofthe variance in allele frequencies could be
explained by geographical separation (see Table 2). A
similar significant relationship was found among all
P. excavatum populations with 41% of the variance
explained by geographical separation. The clusters
from Figure 3 (corresponding to fixed allelic differ-
ences) were re-analysed to examine the degree of
genetic correlation with geographical distance
(Table 2). For P. lucasi we removed the four most
divergent populations (clusters PLI, PL4), and analy-
sed PL2 and PL3, which resulted in a small increase
in the relationship. However, only 7% of the variance
in allele frequencies was explained by geographical
separation. Analysing PL2 separately revealed a
highly significant relationship, but using only popula-
tions connected by ocean currents (i.e. without N4)
showed limited support for this association. PL3
showed a significant relationship among populations
that were geographically proximate for P. lucasi, and
32% of the variance in allele frequencies could be
explained by geographical separation (Table 2). For
P. excavatum we removed the genetically distinct CS5
population (PEI) and analysed the populations ofPE2
which showed no genetic correlation with geographi-
cal distance. By contrast, PE3 revealed strong isola-
tion-by-distance, but this relationship was not
significant when CIS was removed from the analysis
(Table 2).

DISCUSSION

We found fixed allelic differences corresponding to geo-
graphically isolated regions for both P. lucasi and
P. excavatum. Genetic isolation of clusters PL3 and
PL4 for P. lucasi and ofPE2 and PE3 for P. excavatum
(Fig. 3) suggest that the East Cape is a significant iso-
lating boundary as a result of ocean currents moving
from the north and south (Fig. 1). This potential bar-
rier to gene flow may be particularly effective during
upwelling events when potential dispersers may be
lost to coastal systems either by transport offshore to
the east or by being entrained in the permanent anti-
cyclonic East Cape Eddy (Chiswell, 2000). Other iso-
lated groups are not as clearly associated with a
physical feature. The two east coast P. lucasi popula-
tions (PL4: NE1, NE3) were genetically distinct from
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Figure 3. Phenetic analyses (UPGMA dendrogram) of genetic distance (Nei, 1978) between Paracorophium brisbanensis
and the population clusters for P. lucasi (PL1-PL4) and P. excavatum (PE1-PE3). Clusters for each species are indicated
on the adjacent maps. Pooled populations correspond to Table 1.

Cook Strait (CS) populations (Fig. 3). By contrast,
P. excavatum populations in PE3 were genetically sim-
ilar throughout this geographical region. A similar
pattern was observed for the two most northern
P. lucasi populations (PLI: NI, N3) which also showed
moderate divergence relative to nearby populations,
but this pattern was not observed for PE2 from the
same region (Fig. 3).

For both P. lucasi and P. excavatum isolation-by-
distance and high FSTvalues suggest that populations
are not in equilibrium (i.e. between gene flow and
genetic drift, sensu Slatkin, 1993). This pattern of geo-
graphical differentiation would be conducive to allo-
patric or parapatric spéciation processes (Templeton,
1980). For P. lucasi an island model (Slatkin, 1993)
can be used to describe the populations that were con-

nected by ocean currents (PLI, PL2 without N4 and
PL4). However, when populations were on separate
coastlines (PL2, PL3) they were best described by a
stepping stone model (Slatkin, 1993). One possible
explanation is that restricted dispersal opportunities
via ocean currents are limiting gene flow among these
populations. For P. excavatum, populations within all
clusters corresponded to oceanic routes (Fig. 3). We
found that a stepping stone model described PE3, but
if Chatham Islands (CIS) were not included, the rela-
tionship was better described using Wright’s Island
model which was also found to best describe PE2
(Table 2; Fig. 3). Overall the genetic divergence and
isolation-by-distance analyses show that P. lucasi is
more divergent than P. excavatum over similar geo-
graphical distances.
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Colonization via oceanic surface currents is possi-
ble, and this mode oftransport has been implicated for
the occurrence of a number of Chatham Islands taxa
with affinities to both North and South Island (Knox,
1954; Craw, 1988; Emberson, 1995; Trewick, 2000b).
For P. lucasi, it may be possible to explain the rela-
tionship of N4 to PL2, and for NW1 and NW2 to PL3
by overland dispersal (Fig. 3). Such overland trans-
port may be possible by waterfowl which have been
implicated as vectors for many small aquatic organ-
isms (e.g. Rosine, 1956; Maguire, 1959).

Long-term extrinsic barriers to gene flow have been
described for marine taxa along the Californian and
Oregonian coastal regions (Dawson, 2001; Edmands,
2001; Wares, Gaines, & Cunningham, 2001). Simi-
larly, in New Zealand Apte & Gardner (2002) have
revealed that ocean currents and eddies are sufficient
isolating barriers among greenshell mussel (Perna
canaliculus) populations. Schnabel et al. (2000) also
suggested that the patterns of ocean circulation
around New Zealand were the most likely barriers to
gene flow for Paracorophium. Because ocean currents
are generally described as a mean (averaged over time
and space) they indicate the dominant surface circu-
lation. However, surface and coastal currents are
highly variable and often affected by prevailing wind
patterns (Roemmich & Sutton, 1998; Chiswell, 2000).
Limited data on Paracorphium (Ford, Thrush & Prob-
ert, 1999; Stevens et al., 2002) have shown that juve-
niles are abundant in the water column and are prone
to being flushed out ofbays and estuaries during tidal
flows. Accordingly, dispersal among neighbouring pop-
ulations may only be successful during times ofrare or
periodical climatic events, such as an ENSO (El Nifio
and southern oscillation), which results in intense
rainfall and increased sea surface temperatures (Tom-
czak & Godfrey, 1994). Our data suggest that dispersal
at greater distances is less likely where significant
geographical barriers exist (e.g. North Cape and East
Cape).

SPECIATION THROUGH ALLOPATRIC ISOLATION

We found no evidence to indicate that recent hybrids
can occur between P. lucasi and P. excavatum from the
two sympatric occurrences in the present study (CS2,
CS6) and no hybrids were found among the three
Paracorophium species at Tauranga Harbour (N8)
(Stevens et al., 2002). The single Cook Strait popula-
tion from PEI (CS5) was found to have allelic similar-
ities at some loci to all three species. In addition, a few
P. lucasi and P. excavatum
within the CSS population; their sympatric occurrence
suggests the presence ofthree reproductively isolated
species. The degree of reproductive isolation among
other clusters is uncertain in the absence of sympatry.

individuals were found

However, for both P. lucasi and P. excavatum the levels
of genetic divergence within each taxon are likely to
correspond to sibling species that have diverged
through allopatric isolation.

Similar levels of divergence have been found among
morphologically distinct species ofthe talidrid amphi-
pod Orchestia (D =0.51-0.59} (Conceicdo, Bishop &
Thorpe, 1998; De Matthaeis et al., 2000) and are sim-
ilar to reported divergence among congeneric species
of other Crustacea (Hedgecock, Tracey & Nelson,
1982; Stewart, 1993; Thorpe & Solé-Cava, 1994). Such
patterns may also explain, to a lesser extent, the
genetic similarity of P. excavatum on CIS to southern
populations from PE3 (Fig. 3). However, common alle-
les with the northern cluster PE2 may reveal common
ancestry. The level ofdivergence between CIS and PE3
(Fig. 3) is consistent with Campbell’s (1998) hypothe-
sis that the Chatham Islands were totally submerged
less than 4 Mya. The divergence of one Cook Strait
population (CS5) may suggest an older coalescence in
the Miocene. One possibility is that this population
was isolated in a lake prior to the separation of North
and South Island, but now has access to the coast due
to the intrusion of seawater in the strait (Fig. 1). The
degree of divergence among the sibling species for
Paracorophium suggests that these groups were iso-
lated well before the Pleistocene glaciations, and are
more likely to have origins in the Pliocene or Miocene.

An increased rate of spéciation followed by a high
rate of extinction has been hypothesized for New
Zealand terrestrial biota during the Oligocene (Coo-
per & Cooper, 1995). For aquatic taxa, we suggest
that an increase in land surface during the Miocene
isolated east and west coastal regions, leading to
many populations becoming locally
restricted. Subsequent range expansion/overlap may
have occurred during the Pliocene when more fre-
quent east-west exchange among populations would
have been possible (Fig. 1). During the Pliocene, tec-
tonic changes altered New Zealand from a collection
of islands to the two main islands present today
(Fleming, 1979; Craw, 1988; Cooper & Cooper, 1995;
Stevens et al., 1995; Campbell, 1998). It is apparent
that the Pleistocene glaciations, sea-level changes
and Pliocene landmass alterations were agents for
divergence in several New Zealand terrestrial taxa
(Craw, 1988; Trewick & Wallis, 2001 and references
therein). For Paracorophium, we suggest that the
presence of ephemeral islands throughout the
Pliocene for the New Zealand landmass may have
allowed for more frequent aquatic dispersal. Substan-
tial barriers to aquatic east-west dispersal may have
arisen towards the beginning of the Pleistocene
(c. 2 Mya) once the present-day New Zealand land-
mass formed. However, some some east-west dis-
persal may have been possible during interglacial

extinct or
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periods due to an increase in sea-level (Fleming,
1979; Stevens etal., 1995).

The advance and retreat of glaciers and fluctuating
sea-level has also had a considerable influence on the
distribution, abundance and diversity oftaxa in New
Zealand (e.g. Fleming, 1979; Craw, 1988; Wardle,
1991). Much ofthe west coast was covered by sea-ice
during the last glacial maximum (c. 17 Kya) (Stevens
etal., 1995) (Fig. 1), and the inability of poorly dis-
persing organisms to recolonize such denuded regions
is especially evident (Main, 1989; McDowall, 1997).
The westland-gap constitutes an area ofthe west coast
of South Island that lacks beech forest between 42°30'
and 43°30'S (Wardle, 1991). Paracorophium was
absent from the westland-gap (see Fig.2) and may
provide support for the effects of Pleistocene climate
conditions. Re-colonization via oceanic dispersal to the
south appears unlikely during the present interglacial
with the prevailing ocean current flowing northward
along this coastline (Fig. 1). However, we found no evi-
dence to suggest that divergence was promoted over
the last 2 Myr as a consequence ofthe Pleistocene cli-
matic fluctuations.

CONCLUSION

We suggest that P. lucasi and P. excavatum are species
complexes consisting of genetically distinct sibling
species. Such genetic patterns are likely to reflect geo-
logical isolation that has occurred since the Miocene.
In addition, climatic shifts throughout the Pleistocene
may have restricted the distribution of Paracoroph-
ium, particularly in the westland-gap. With no larval
stage, dispersal opportunities may be greatly reduced
where geographical barriers are concerned. In par-
ticular, geological formations and the patterns of
present-day ocean currents may be sufficient to isolate
populations. With limited gene flow among biogeo-
graphical regions throughout New Zealand the appar-
ent fragmentation of an ancestral gene pool suggests
that allopatric spéciation has played an important role
in the origin of taxon diversity for New Zealand
corophiid amphipods.
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APPENDIX

Allele frequencies at 12 loci for all populations of Paracorophium lucasi, P. excavatum (* = pooled populations cor-
responding to Fig. 3) and P. brisbanensis (PB). Locations refer to those used in the text, figures, and tables. Alleles
are labelled according to their relative mobility (see text).
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