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and realized dispersal patterns
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Aim To compare patterns of potential and realized dispersal in ecologically

similar and phylogenetically related amphidromous shrimps (Atyidae) in
continental and island-dominated landscapes.

Location Eastern Australia and the Caribbean region.

Methods Population genetic and phylogeographic analyses of mitochondrial
DNA data for Australatya striolata from eastern Australia (a continental
landscape) and Atya scabra from the Caribbean (an island-dominated landscape).

Results Australatya striolata contained two highly divergent genetic lineages in
eastern Australia, corresponding to the disjunct northern and southern
populations, respectively. These lineages probably represent allopatric cryptic
species, both of which were found to have genetically homogeneous population
structures within their regions of occurrence. Atya scabra was genetically
homogeneous throughout the Caribbean. Recent population expansions were
detected for Atya scabra in the Caribbean, but not for northern or southern
Australatya striolata.

Main conclusions The findings of this study are consistent with previously
reported patterns of genetic population structure in amphidromous species in
both continental and island-dominated landscapes, suggesting that potential for
widespread dispersal is typically matched by realized patterns of panmixia. We
therefore raise the hypothesis that landscape setting (i.e. continent or island-
dominated) does not influence dispersal patterns in amphidromous species.
Further studies, especially of population genetic patterns of amphidromous
species on continents, are needed to test this idea. Interestingly, results of the
genetic neutrality tests led us to hypothesize that demographic and drift-mutation
equilibrium is attainable although not always evident for amphidromous species
on continents, but is not attainable for those species distributed across island
settings.
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INTRODUCTION

The importance and mechanisms of dispersal have long been
subjects of evolutionary and ecological research (e.g. Bilton
et al., 2001; Bohonak & Jenkins, 2003). The often reported
mismatch between potential (i.e. assumed or predicted dis-
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persal ability based on traits) for widespread dispersal and
realized (i.e. empirical) patterns of geographically restricted
dispersal and gene flow by stream invertebrates has been
explained by high variance in rates and scales of dispersal
either among species within a common landscape or within
contrasting landscape settings for closely related taxa
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(De Meester et al., 2002; Bohonak & Jenkins, 2003; Hughes
et al., 2008). Whilst these dispersal patterns have been consid-
ered mainly for invertebrate species capable of overland
dispersal (e.g. insects, Hughes et al., 2008; microcrustaceans,
De Meester et al., 2002), other stream invertebrate groups,
notably various species of caridean shrimp and gastropod (and
numerous species of fish), are amphidromous and putatively
capable of extensive dispersal by larval movement through the
sea (Myers, 1949). Amphidromy is a distinct form of diadromy
(McDowall, 2007): adults live and reproduce in freshwater
reaches of river systems; eggs or larvae are transported down-
stream to marine habitats where they undergo early develop-
ment before returning upstream as post-larvae to freshwater
adult habitats (Myers, 1949). We note that the amphidromous
life history can be defined also as a subset of anadromy (i.e.
juvenile-return anadromy; Bell, 2009), with ‘amphidromy” and
‘juvenile-return anadromy’ being synonymous terms (Bell,
2009). Amphidromy is thought to confer considerable potential
for oceanic dispersal by larvae in these species, with this
expectation shown to be matched by phylogeographic studies
that demonstrate widespread genetic continuity at island and
archipelago scales (e.g. Chubb et al., 1998; Fievet & Eppe, 2002;
Berrebi et al., 2005; Hoareau et al., 2007; Cook et al., 2008a,
2009; Page et al., 2008; Crandall et al., 2010).

Interestingly, amphidromous species are considerably less
prevalent elements of continental freshwater faunas relative to
tropical islands (McDowall, 2004, 2010). The combined
influence of steep stream gradients, swiftly flowing water and
short river systems, typical of high island rivers, appears to be a
key element for successful amphidromy (McDowall, 2010).
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The mechanistic reasons for this may be linked to the effect of
these factors on larval survival (Iguchi & Mizuno, 1999; Bell,
2009), with survival of drifting larvae being greatest in shorter,
steeper systems that rapidly transport larvae to marine
habitats, and survival diminishing in longer, low gradient
systems within which larvae have increased risks of predation
or starvation. Indeed, fitness costs associated with failed
reproduction and recruitment may increase in an upstream
direction even within relatively small rivers on islands (Bell,
2009). Consequently, it has been suggested that large rivers,
such as those typical of continents, may exert selection
pressures that favour the abandonment of amphidromy, with
some studies reporting instances where amphidromous-fresh-
water life history transitions have occurred on continents (e.g.
Cook et al., 2006; Page & Hughes, 2007). Some of these
derived freshwater species have evolved abbreviated larval
stages, or even abandoned planktonic larval stages, and thereby
reduced larval dispersal to guard against mortality by strong
water flow (e.g. Hughes et al., 1995; Bauer, 2011a; see also
Crandall ef al, 2010). Whilst amphidromous species on
continents have not taken the drastic evolutionary step of
changing their life history to be pure freshwater residents, it is
possible that similar dispersal limitation strategies, such as
retention in the estuary of the natal river, enable amphidrom-
ous species on continents to guard against larvae being ‘lost’ to
ocean currents (Schmidt et al., 2011). Indeed, Benstead et al.
(2000) reported multiple larval stages of caridean shrimps
within estuaries of two rivers from Puerto Rico, suggesting that
a proportion of larvae may use retention strategies and
undergo early development within estuaries even on islands.
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Figure 1 (a) Map of eastern Australia, showing the locations sampled for Australatya striolata. Colours at sample sites relate to colours in
the haplotype network. (b) Haplotype network for A. striolata, sampled from eastern Australia. Circles relate to haplotypes, with colours
indicating the geographic origin of the haplotype. Small unfilled circles are unsampled haplotypes and the size of the circle relates to the

relative frequency of the haplotype in the sample.
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Whilst this trait may represent phenotypic plasticity on islands,
we speculate that larval retention may be selected for in
continental landscape settings and that we may therefore detect
genetic population heterogeneity [i.e. significant population
genetic differentiation and isolation-by-distance (correlation
between genetic and geographic distance)] among rivers in
continental landscapes.

In this study we assessed nucleotide variation within the
cytochrome ¢ oxidase subunit I (COI) mitochondrial DNA
(mtDNA) gene for two closely related atyid shrimps, Austra-
latya striolata (McCulloch & McNeill, 1923) from eastern
Australia (Fig. la) and Atya scabra (Leach, 1815) from the
Caribbean region (Fig. 2a), to examine phylogeographic pat-
terns and dispersal in the different landscape settings inhabited
by the species. The COI mtDNA genetic marker is used widely
in studies of dispersal, gene flow and molecular biogeography
in invertebrates, including population genetic patterns in
amphidromous shrimps (e.g. Bebler & Foltz, 2004; Cook et al.,
2008a; Page et al, 2008; Dennenmoser et al, 2010) and
amphidromous gastropods (Myers et al., 2000; Bebler & Foltz,
2004; Crandall et al., 2010). We predicted that potential for
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Amphidromy on continents and islands

widespread dispersal throughout the Caribbean region would
be matched by realized extensive dispersal and genetic
continuity in Atya scabra, as islands dominate this landscape.
In contrast, we predicted that despite having potential for
widespread dispersal, Australatya striolata in eastern Australia
would have significant genetic population heterogeneity
among river systems, reflecting the possibility that an evolu-
tionary shift from a dispersive to a dispersal-limited strategy
would enable this species to persist in large continental rivers.

MATERIALS AND METHODS

Biology of the study species

Atya scabra and Australatya striolata are closely related species
of shrimp within the Atyidae, which is a globally distributed
family with greatest species diversity in tropical and sub-
tropical climatic zones. Australatya striolata was formerly
contained within the genus Atya (McCulloch & McNeill, 1923;
Chace, 1983), indicating morphological similarities between
the two species, and molecular phylogenetic research demon-
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Figure 2 (a) Map of the Caribbean region, showing the three locations sampled for Atya scabra: Panama, Puerto Rico and Trinidad.
Shading (i.e. black, grey or white) at sample sites relates to colours in the haplotype network. (b) Haplotype network for A. scabra, sampled
from the Caribbean. Circles relate to haplotypes, with shading indicating the geographic origin of the haplotype. Small unfilled circles are
unsampled haplotypes and the size of the circle relates to the relative frequency of the haplotype in the sample.
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strates that it is a member of the Atya and Atya-like clade
within the Atyidae (Page et al, 2008). Atya scabra and
Australatya striolata are both amphidromous and have strong
habitat preferences for riffles (i.e. fast flowing, often steep
sections of stream) where they filter feed (Hobbs & Hart,
1982), although they can also feed by scraping biofilms from
benthic surfaces. Atya scabra has an extensive distribution,
encompassing river systems throughout the Caribbean region
(i.e. islands of the Greater and Lesser Antilles and eastern
Central America), eastern South America, the Cape Verde
Islands and western Africa (Hobbs & Hart, 1982). Australatya
striolata is widely distributed in eastern Australia, from Cape
York Peninsula to north-eastern Victoria, although this
distribution is apparently not continuous; northern and
southern populations are separated by a stretch of unsuitable
adult habitat in central Queensland (Smith, 1994; Fig. 1a).
Atya scabra and Australatya striolata thus have close systematic
and ecological affinities and very broad distributions within
their respective global regions of occurrence.

Sequence data

Australatya striolata from 22 rivers in eastern Australia were
genotyped for the COI mtDNA gene, yielding a total of 188
(GenBank JN016250—
JN016437; Fig. la), although sample sizes for each river varied
(Table 1). Twenty-one published COI mtDNA sequences of
Atya scabra from Rio Maymes, Puerto Rico (GenBank
accession numbers EU005086, 087, 090, 091, 092, 095, 106,
108, 130, 131, 150, 153, 162, 165, 171, 181, 209, 210; Cook
et al., 2008a) were added to sequence data for this species from
Panama (n = 19) and Trinidad and Tobago (n =12) (T.J.
Page, B.D. Cook, C.M. Pringle, A. Binderup, L.S. Torati and
J.M. Hughes, unpublished data; GenBank accession numbers
JF810968-JF810990), totalling 52 sequences from three widely
spaced populations in the Caribbean region (Fig. 2a, Table 1;

individuals accession  numbers

genotyping methods described in Cook et al., 2008a). The
primers ASTR-F: 5-CCGAGCAGAACTAGGTCAACCAGG-3’
and ASTR-R: 5-GGTGTCTACATCTATTCCTACAG-3" were
used for the southern populations of Australatya striolata, and
NAST-F: 5-GGAGCCCCAGATATGGCCTTCCC-3" and NAS
T-R: 5-CCTACAGTAAATATATGGTGTGCTC-3’, for the
northern populations. Polymerase chain reactions (PCRs)
contained approximately 40 ng of template DNA, 0.4 um of
each primer (3.5 pmol pL™h), 0.2 mm dNTP (Astral Scientific,
Sydney, Australia), 2 mm MgCl,, 1.25 puL of 10X polymerase
reaction buffer and 0.25 unit of Taq polymerase (Fisher
Biotech, Perth, WA, Australia), adjusted to a final volume of
12.5 uL with ddH20. The thermal-cycling profile for both
primer sets followed: 5 min at 94 °C; 35 cycles of 30 s at 94 °C,
30 s at 50 °C and 50 s at 72 °C; an additional extension phase
of 5 min at 72 °C; and a final hold stage at 4 °C. PCR product
was purified with the exonucleoase I-shrimp alkaline phos-
phatase method, using 2.5 uL PCR product, 2.0 pL shrimp
alkaline phosphatase (Promega, Sydney, NSW, Australia) and
0.5 pL exonucleoase I (Fermentas, Glen Burnie, MD, USA),
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and a two-step thermal-cycling profile: 35 min at 37 °C,
20 min at 80 °C. Sequencing reactions contained 0.5 pL
purified product, 0.32 pL forward primer (3.5 pmol pL™"),
2 uL BigDye vl1.1 (Applied Biosystems, Melbourne, Vic.,
Australia) and 2 pL 5% sequencing buffer (Applied Biosys-
tems), and the following thermal cycling conditions were used:
1 min at 96 °C, 30 cycles of 10 s at 96 °C, 5 s at 50 °C, 4 min
at 60 °C and a hold period of 4 °C. Sequencing was conducted
on a 3130x] Capillary Electrophoresis Genetic Analyzer
(Applied Biosystems) at Griffith University and sequences
were aligned and edited using SEQUENCHER v. 4.1.2 (Gene
Codes, Ann Arbor, M1, USA). An exemplar of each haplotype
was sequenced in the reverse direction to verify bases at
polymorphic sites. Sequences were translated to amino acid
using MEGA2 v. 1.01 (Kumar et al., 2001) to check for pseudo-
genes and other nucleotide anomalies.

Data analysis

Haplotype (h) and nucleotide (m) diversity and mean pairwise
nucleotide differences (k) were calculated for each species in
ARLEQUIN v. 3.5.1.2 (Excoffier & Lischer, 2010) to obtain
measures of molecular diversity. The parameters D (Tajima,
1989) and Fg (Fu, 1997) were calculated in DNASP v. 5.0
(Librado & Rozas, 2009) to test for evidence of non-neutrality
in the mtDNA data. These analyses also indicate population
expansions if the resulting values are significantly negative. Fg
tests the haplotype frequency distribution in a sample with that
expected under neutral evolution and mutation drift equilib-
rium. An excess of haplotypes in the sample, typically observed
in star phylogenies (i.e. radiation of many recently evolved and
closely related haplotypes), would give a significantly negative
Fs and be indicative of recent population growth. The D
statistic is based on the fact that under neutral evolution the
number of segregating sites and the average number of
nucleotide differences are correlated. Significantly negative D
values are observed when there is an excess of segregating sites
(e.g. more single segregating sites than expected), as expected
in a rapidly growing population. To test whether the empirical
D and Fs values were significantly different from zero, we
compared them to simulated distributions of these statistics
generated using 10,000 coalescent model simulations in
DNASP that incorporated the observed number of segregating
sites in the empirical data. These analyses were performed only
for sampled populations where the sample was at least 10
individuals, although for regional-scale analyses all individuals
were included. Genealogical relationships among the haplo-
types for each species were constructed using statistical
parsimony in the software package tcs (Clement et al,
2000). The program MEGA2 v. 1.01 (Kumar et al., 2001) was
used to calculate K2P (Kimura, 1980) divergence between and
within the northern and southern populations of Australatya
striolata, using 1000 bootstrap replicates. This measure of
genetic distance is calculated using a simple evolutionary
model that assumes equal base frequencies, one transition rate
and one transversion rate.
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Pairwise analyses of inter-population genetic subdivision for
each species were implemented in ARLEQUIN (Excoffier &
Lischer, 2010) using ®sr (an index of population genetic
differentiation that incorporates both the frequency and
divergence of haplotypes) and 1000 permutations of the
observed genotypes to assess statistical significance. These
analyses were performed only for sampled populations where
the sample was at least ten individuals, although for northern
A. striolata, populations with four or more individuals were
assessed (Table 1). Isolation by distance (i.e. correlations
between genetic and geographic distance) was tested for each
species using Mantel tests in PASSAGE v. 1.0 (Rosenberg, 2001).

RESULTS

Two lineages were detected within Australatya striolata from
eastern Australia, corresponding to their northern and south-
ern regions of occurrence, respectively. The K2P divergence
between these lineages was 6.5 £ 1.0%, which was almost ten
times greater than their respective within-group values (i.e.
0.7 £ 0.02% and 0.8 = 0.02% for the northern and southern
populations, respectively). Cross-region pairwise analysis of
®gr indicated very strong genetic differentiation between
northern and southern A. striolata (i.e. all inter-region pairwise
Oy values > 0.875, all P values < 0.001). We therefore
considered the northern and southern lineages of A. striolata as
distinct taxa in subsequent population-level data analyses.

Measures of molecular diversity were highest for Atya scabra
from the Caribbean, and lowest for northern Australatya
striolata (Table 1). The neutrality tests indicated mostly
significantly negative values for Atya scabra, and non-signif-
icant results for southern Australatya striolata. Northern A.
striolata had significantly negative values for Tajima’s D and
non-significant values for Fu’s Fg (Table 1). The haplotype
networks for each of the three taxa indicated an absence of
phylogeographic structuring, although they differed from one
another in their structure: Atya scabra had a star genealogy (i.e.
radiation of many recently evolved and closely related hapl-
otypes) and many individuals (i.e. 52%) represented by a
unique haplotype; northern Australatya striolata had a linear
network with only 9% of individuals represented by a unique
haplotype; and southern Australatya striolata had roughly
equal proportions of internal and exterior genealogical bifur-
cations with most individuals belonging to one of a few
haplotypes that dominated the sample (i.e. only 12% of
individuals had a unique haplotype).

No population genetic differences were detected within Atya
scabra among the three Caribbean regions (Panama versus
Puerto Rico, ®gr = —0.015, P = 0.653; Panama versus Trin-
idad, ®g = 0.004, P = 0.306; Puerto Rico versus Trinidad,
g = —0.021, P = 0.669). Similarly, no population genetic
differences were found among populations for either the
northern or southern taxa within Australatya striolata (within
northern region: six among-population pairwise analyses,

mean ®Pgr = —0.035, mean P = 0.524; within southern region:
36 among-population pairwise analyses, mean ®sp = —0.042,
426

mean P = 0.766). It was not possible to test for isolation by
distance (IBD) within Atya scabra or northern Australatya
striolata, as the number of populations and individuals per
population sampled, respectively, were not large enough.
Genetic and geographic distances were not correlated for
southern A. striolata (r = 0.256, P = 0.884).

DISCUSSION

The mismatch between potential and realized dispersal and
gene flow patterns in stream invertebrates has been explained
by differences in dispersal traits among taxa in common
landscapes and contrasting landscape settings for closely
related taxa (e.g. De Meester et al., 2002; Bohonak & Jenkins,
2003; Hughes et al., 2008). For amphidromous species within
landscapes dominated by islands, high potential for widespread
larval dispersal through marine habitats has been accompanied
by high rates of genetic connectivity at island (e.g. Fievet &
Eppe, 2002; Berrebi et al., 2005; Cook et al., 2008a, 2009, 2010)
and archipelago scales (Chubb et al., 1998; Page et al., 2008;
Crandall et al, 2010). Our analyses for Atya scabra from
throughout the Caribbean, which also indicated an absence of
population genetic structure, support the assertion that for
amphidromous species ‘almost anything appears possible’ with
respect to inter-island dispersal (R. McDowall, pers. comm.,
cited in Whittaker & Fernandez-Palacios, 2007, p. 51). Covich
(2006) noted the importance of amphidromy and other
dispersive strategies (e.g. aerial dispersal, rafting) in the
structuring of freshwater faunal communities of islands,
although a recent study has shown some limits to inter-
archipelago dispersal at very large geographic scales (i.e.
western Pacific versus eastern Pacific; > 2000 km) for the
gastropod Neritina canalis (Crandall et al., 2010). Population
heterogeneity in the species, however, was not accompanied by
strong phylogeographic subdivision (i.e. several haplotypes
were shared among the regions and region-specific haplotypes
were only several base pairs different from one another), and
the closely related species Neripteron dilatatus was genetically
homogeneous at this very large scale (Crandall et al., 2010).
As amphidromous species are considerably less prevalent in
rivers within continental landscapes relative to landscapes
dominated by islands, we examined the idea that the main-
tenance of amphidromy on continents may be accompanied by
the evolution of dispersal-limitation strategies, as shown for
other freshwater species on continents derived from amphidr-
omous progenitors (e.g. Cook et al., 2006; see also Crandall
et al., 2010). We therefore thought we might find molecular
evidence for restricted gene flow among rivers in Australatya
striolata in eastern Australia. In contrast, we could not reject
genetic panmixia within either the northern or southern taxon.
Similarly, no evidence for genetic population structure was
found for the amphidromous fish Prototroctes maraena from
southern Australia (Schmidt ef al., 2011) or for the amphidr-
omous shrimp Cryphiops caementarius in Chile (Dennenmoser
et al., 2010). Furthermore, the one-dimensional dispersal
habitat of continental coastlines does not appear to result in
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the evolution of stepping-stone populations structures in
southern A. striolata (this study), P. maraena (Schmidt et al.,
2011), or C. caementarius (r = —0.529; P = 0.142, our analysis
using data from Dennenmoser ef al., 2010). Whilst variable
patterns of dispersal and population structure have been found
in anadromous species (Quinn & Myers, 2004), the results of
this study and others (e.g. Chubb et al., 1998; Myers et al,
2000; Berrebi et al., 2005; Cook et al., 2008a, 2009; Page et al.,
2008; Crandall et al., 2010; Dennenmoser et al., 2010; Schmidt
et al., 2011) demonstrate that widespread dispersal potential
appears to be matched by realized dispersal over large
geographic extents for amphidromous species in both island
and continental landscape settings. Further studies of popu-
lation genetic structure of amphidromous species with conti-
nental distributions are needed, however, to test this
supposition. Interestingly, some catadromous species in east-
ern Australia, including Australian bass Macquaria novema-
culeata (Chenoweth & Hughes, 1997), have greater population
structure than A. striolata (i.e. stepping-stone population
structure), whereas other catadromus species, including the eel
Anguilla australis, are panmictic over much larger geographic
extents (Dijkstra & Jellyman, 1999). Catadromy therefore
reflects a range of realized dispersal patterns, similar to
anadromy (Quinn & Myers, 2004), whereas amphidromy
appears to be an unvarying life history that facilitates
widespread dispersal and gene flow.

As shown at the island scale in Puerto Rico (Cook et al.,
2008a), Atya scabra has molecular signatures indicative of a
recent Caribbean-wide population expansion, in keeping with
the idea that disturbance regimes on tropical islands facilitate
periodical extinction, recolonization and population growth
cycles (Cook et al., 2008a, 2010). Similar results were found for
amphidromous gastropods in the Pacific (Crandall et al,
2010). These results contrast patterns of nucleotide variation
found for the Puerto Rican freshwater crab Epilobocera
sinuatifrons, which is a purely freshwater (non-migratory)
species, in which demographically stable populations were
indicated (Cook et al., 2008b). This suggests that life history
traits allow E. sinuatifrons to resist disturbances; perhaps its
ability to burrow allows connection to ground waters during
droughts and refuge from spates during hurricanes. Interest-
ingly, molecular signatures for population growth were not
found for Australatya striolata (this study) or for P. maraena
(Schmidt et al., 2011) in eastern Australia. Although the
northern A. striolata had a significantly negative value for
Tajima’s D, we suggest this does not reflect a recent population
expansion, because the Fs value is non-significant and the
geneaology was not star-shaped (i.e. was not composed of
many recently evolved and closely related haplotypes). Rather,
we suggest that small sample sizes have produced the
significantly negative D, whereby segregating sites that were
found only once may be under-represented in the sample. The
life history and ecology of Australatya striolata in eastern
Australia is very similar to that of Atya scabra, suggesting that
intrinsic differences between the landscape settings have
facilitated different population histories for these species.
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Interestingly, C. caementarius from Chile has molecular
signatures of recent population growth (Fs= —0.396,
P < 0.001; our analysis of data from Dennenmoser et al.,
2010). The distribution of Atya scabra extends from the
Caribbean region southwards to eastern South America (Chace
& Hobbs, 1969). We speculated that the molecular signatures
of evolutionary recent population growth in this species we
report for the Caribbean region would also be evident within
continental regions of its distribution. We therefore hypoth-
esize that demographic and drift-mutation equilibrium is
attainable although not always evident for amphidromous
species on continents, but is not attainable for those species
distributed within island-dominated landscapes.

The strong genetic divergence we report between northern
and southern populations of Australatya striolata suggests this
taxon is composed of two cryptic allopatric species, separated
by more than a 500 km stretch of coastline from which the
genus is apparently absent (Smith, 1994; this study; Fig. 1b).
All three genera of atyid shrimp in eastern Australia, therefore,
contain cryptic species (see Cook et al., 2008c). Australatya
striolata is a habitat specialist as an adult, found only in fast
flowing streams and riffle habitats draining coastal mountain
ranges (Smith, 1994); habitat types that are absent from the
semi-arid plains of central Queensland. However, Dennenmo-
ser et al. (2010) did not find genetic differentiation in
C. caementarius over an extensive geographic break between
estuaries in Chile, a distance of about 700 km. It is therefore
likely that a strong marine biogeographic boundary explains
allopatric diversification of the two lineages within A. striolata,
rather than large distances between suitable adult habitat in the
northern and southern regions, respectively. At 23° S the
south-flowing East Australian Current (EAC) diverges to a
more easterly flow (Burrage et al., 1996; Fig. 1a), facilitating a
biogeographic boundary for various marine species (e.g.
Chenoweth et al., 2002; Haig et al., 2010). It is possible that
this marine biogeographic barrier along a one-dimensional
dispersal habitat in marine waters of eastern Australia has
restricted range expansion in A. striolata over evolutionary
time scales. Differences in various morphological characters
are reported between the northern and southern populations
of A. striolata, with morphological traits of the northern
lineage reflecting adaptations to faster current velocities
(Smith, 1994). It is possible that the northern lineage is a
more recently derived lineage than the southern taxon on
account of its lower levels of molecular diversity. We therefore
suggest that the northern lineage reflects a past long-distance
colonization event from the south, followed by allopatric
divergence, adaptation to the local flow environment and
probably cryptic speciation.

Finally, we reiterate some conservation issues for amphidr-
omous species (e.g. Pringle, 1997; Greathouse et al., 2006;
Cook et al., 2009), particularly the point made by Bell (2009),
who suggested that the majority of drifting larvae that survive
probably come from adult habitat in relatively downstream
reaches of rivers. For example, it was estimated that 75% of
surviving larvae within the amphidromous goby Sicydium
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punctatum originated within only 2 km of the coastline (Bell,
2009). Thus, lower reaches of rivers may therefore be more
important areas than upper reaches of rivers for conservation
of amphidromous species (Bell, 2009; noted also by Iguchi &
Mizuno, 1999). We note that many populations of A. striolata
occur many tens of kilometres of river distance (e.g. up
100 km) from the coastline in upper catchment areas. Whilst
adults of some amphidromous shrimps reportedly migrate to
more downstream reaches before releasing larvae (Ideguchi
et al., 2007; Bauer, 2011b), or release larvae during periods of
high stream flow (Bauer, 2011b), we speculate that smaller
coastal rivers and downstream tributaries of large rivers
contribute disproportionately more to population mainte-
nance in A. striolata relative to headwater reaches of large
rivers. This supposition requires validation by future research
aimed at identifying the dominant source areas of surviving
larvae of amphidromous species in continental river systems.

ACKNOWLEDGEMENTS

A. Mather, D. Finn, J. Smith, J. Haig, M. Hammer and
P. Unmack helped with field collections. Specimens were
provided by B. Ebner, S. Bunn, A. Baker, D. Sternberg (Griffith
University), P. Thuesen (Queensland Government), and
D. Moffatt and S. Moore (Ecosystem Health Monitoring
Project at the Queensland Department of Environment and
Resource Management). N. Bruce (Museum of Tropical
Queensland) and P. Davie (Queensland Museum) provided
access to selected samples from the study by Smith (1994).
K.N.I. Bell and A. Covich provided insightful comments on
earlier versions of the manuscript.

REFERENCES

Bauer, R.T. (2011a) Amphidromy and migrations of freshwa-
ter shrimps. I. Costs, benefits, evolutionary origins, and an
unusual case of amphidromy. New Frontiers in Crustacean
Biology: Proceedings of the TCS Summer Meeting, Tokyo, 20—
24 September 2009 (ed. by A. Asakura), pp. 145-156. Brill,
Leiden.

Bauer, R.T. (2011b) Amphidromy and migrations of fresh-
water shrimps. II. Delivery of hatchling larvae to the sea,
return juvenile upstream migration, and human impacts.
New Frontiers in Crustacean Biology: Proceedings of the TCS
Summer Meeting, Tokyo, 20-24 September 2009 (ed. by
A. Asakura), pp. 157-168. Brill, Leiden.

Bebler, M.H. & Foltz, D.W. (2004) Genetic diversity in
Hawaiian stream macroinvertebrates. Micronesia, 37, 117—
126.

Bell, K.N.I. (2009) What comes down must go up: the
migration cycle of juvenile- return anadromous taxa.
Challenges for diadromous fishes in a dynamic global envi-
ronment (ed. by A. Haro, K. Smith, R.A. Rulifson, C.M.
Moffitt, R.J. Klauda, M.J. Dadswell, R.A. Cunjak, J.E. Coo-
per, KL. Beal and T.S. Avery), pp. 321-341. American
Fisheries Society Symposium 69, Bethesda, MD.

428

Benstead, J.P., March, J.G. & Pringle, CM. (2000) Estuarine
larval development and upstream post-larval migration of
freshwater shrimps in two tropical rivers of Puerto Rico.
Biotropica, 32, 545-548.

Berrebi, P., Cattaneo-Berrebi, G., Ricou, J.-F. & Hoareau, T.
(2005) Genetic homogeneity in eight freshwater populations
of Sicyopterus lagocephalus, an amphidromous gobiid of La
Réunion Island. Marine Biology, 148, 179-188.

Bilton, D.T., Freeland, J.R. & Okamura, B. (2001) Dispersal in
freshwater invertebrates. Annual Review of Ecology and Sys-
tematics, 32, 159-181.

Bohonak, A.J. & Jenkins, D.G. (2003) Ecological and evolu-
tionary significance of dispersal by freshwater invertebrates.
Ecology Letters, 6, 783—796.

Burrage, D.M., Steinberg, C.R., Skirving, W.J. & Kleypas, J.A.
(1996) Mesoscale circulation features of the Great Barrier
Reef lagoon inferred from NOAA satellite imagery. Remote
Sensing of Environment, 56, 21-41.

Chace, F.A,, Jr (1983) The Atya-like shrimps of the Indo-
Pacific region (Decapoda: Atyidae). Smithsonian Contribu-
tions to Zoology, 384, 1-54.

Chace, F.A. & Hobbs, H.H. (1969) The freshwater and terrestrial
decapod crustaceans of the West Indies with special reference
to Dominica. U.S. National Museum Bulletin, 292, 1-258.

Chenoweth, S.F. & Hughes, J.M. (1997) Genetic population
structure of the catadromous perciform: Macquaria
novemaculeata (Percichthyidae). Journal of Fish Biology, 50,
721-733.

Chenoweth, S.F., Hughes, JM. & Connolly, RM. (2002)
Phylogeography of the pipefish, Urocampus carinirostris,
suggests secondary intergradation of ancient lineages. Mar-
ine Biology, 141, 541-547.

Chubb, A.L., Zink, R.M. & Fitzsimons, J.M. (1998) Patterns of
mtDNA variation in Hawaiian freshwater fishes: the phy-
logeographic consequences of amphidromy. Journal of
Heredity, 89, 8-16.

Clement, M., Posada, D. & Crandall, K. (2000) TCS: a com-
puter program to estimate gene genealogies. Molecular
Ecology, 9, 1657-1660.

Cook, B.D., Baker, AM., Page, T.J., Grant, S.C., Hurwood,
D.A. & Hughes, .M. (2006) Biogeographic history of an
Australian freshwater shrimp, Paratya australiensis (Atyi-
dae): the role life transition in phylogeographic diversifica-
tion. Molecular Ecology, 15, 1083—1093.

Cook, B.D., Pringle, C.M. & Hughes, J.M. (2008a) Molecular
evidence for sequential colonization and taxon cycling in
freshwater shrimp on a Caribbean island. Molecular Ecology,
17, 1066—1075.

Cook, B.D., Pringle, C.M. & Hughes, J.M. (2008b) Phyloge-
ography of an island endemic, the Puerto Rican freshwater
crab, Epilobocera sinuatifrons. Journal of Heredity, 99,
157-164.

Cook, B.D., Page, T.J. & Hughes, J.M. (2008¢) Importance of
cryptic species for identifying ‘representative’ units of bio-
diversity for freshwater conservation. Biological Conserva-
tion, 141, 2821-2831.

Journal of Biogeography 39, 421-430
© 2011 Blackwell Publishing Ltd



Cook, B.D., Bernays, S., Pringle, C.M. & Hughes, J.M. (2009)
Marine dispersal determines the genetic population struc-
ture of stream fauna of Puerto Rico: evidence for island scale
population recovery processes. Journal of the North Ameri-
can Benthological Society, 28, 709-718.

Cook, B.D., Pringle, C.M. & Hughes, J.M. (2010) Immigration
history of amphidromous species on a Greater Antillean
island. Journal of Biogeography, 37, 270-277.

Covich, A.P. (2006) Dispersal-limited biodiversity of tropical
insular steams. Polish Journal of Ecology, 54, 523-547.

Crandall, E.D., Taffel, J.R. & Barber, P.H. (2010) High gene
flow due to pelagic larval dispersal among South Pacific
archipelagos in two amphidromous gastropods (Nerito-
morpha: Neritidae). Heredity, 104, 563—-572.

De Meester, L., Gomez, A., Okamura, B. & Schwenk, K. (2002)
The Monopolization Hypothesis and the dispersal-gene flow
paradox in aquatic organisms. Acta Oecologica, 23, 121-135.

Dennenmoser, S., Thiel, M. & Schubart, C.D. (2010) High
genetic variability with no apparent geographic structuring
in the mtDNA of the amphidromous river shrimp Cryphiops
caementarius (Decapoda: Palaemonidae) in northern-central
Chile. Journal of Crustacean Biology, 30, 762—766.

Dijkstra, C.H. & Jellyman, D.J. (1999) Is the subspecies clas-
sification of the freshwater eels Anguilla australis australis
Richardson and A. a. schmidtii Phillips still valid? Marine
and Freshwater Research, 50, 261-263.

Excoffier, J. & Lischer, H.E.L. (2010) Arlequin suite ver 3.5: a
new series of programs to perform population genetics
analyses under Linux and Windows. Molecular Ecology
Resources, 10, 564-567.

Fievet, E. & Eppe, R. (2002) Genetic differentiation among
populations of the amphidromous shrimp Atya innocuous
(Herbst) and obstacles to their upstream migration. Archiv
fiir Hyrdobiologie, 153, 287-300.

Fu, Y.X. (1997) Statistical tests of neutrality of mutations
against population growth, hitchhiking and background
selection. Genetics, 147, 915-925.

Greathouse, E.A., Pringle, CM. & Holmquist, J.G. (2006)
Conservation and management of migratory fauna: dams in
tropical streams of Puerto Rico. Aquatic Conservation:
Marine and Freshwater Ecosystems, 16, 695-712.

Haig, J.A., Connolly, R.M. & Hughes, .M. (2010) Little shrimp
left on the shelf: the roles that sea-level change, ocean cur-
rents and continental shelf width play in the genetic con-
nectivity of a seagrass-associated species. Journal of
Biogeography, 37, 1570—1583.

Hoareau, T.B., Bosc, P., Valade, P. & Berrebi, P. (2007) Gene
flow and genetic structure of Sicyopterus lagocephalus in the
south-western Indian Ocean, assessed by intron-length
polymorphisms. Journal of Experimental Marine Biology and
Ecology, 349, 223-234.

Hobbs, H.H. & Hart, C.W. (1982) The shrimp genus Atya
(Decapoda: Atyidae). Smithsonian Contributions to Zoology,
364, 1-143.

Hughes, J.M., Bunn, S.E., Kingston, D.M. & Hurwood, D.A.
(1995) Genetic differentiation and dispersal among popu-

Journal of Biogeography 39, 421-430
© 2011 Blackwell Publishing Ltd

Amphidromy on continents and islands

lations of Paratya australiensis (Atyidae) in rainforest
streams of southeast Queensland, Australia. Journal of the
North American Benthological Society, 14, 158—173.

Hughes, J.M., Schmidt, D.J., McLean, A. & Wheatley, A.
(2008) Population genetic structure in stream insects: what
have we learned? Aquatic insects: challenges to populations
(ed. by C. Macadam, J. Lancaster and R. Briers), pp. 268—
288. CABI Publishing, Wallingford, UK.

Ideguchi, K., Hamano, T. & Nakata, K. (2007) Timing of egg
hatch of amphidromous freshwater shrimps in a small river
(the Nishida River), western Japan. Fisheries Science, 73,
961-963.

Iguchi, K. & Mizuno, N. (1999) Early starvation limits survival
of amphidromous fishes. Journal of Fish Biology, 54, 705—
712.

Kimura, M. (1980) A simple method for estimating evolu-
tionary rate of base substitutions through comparative
studies of nucleotide sequences. Journal of Molecular Evo-
lution, 16, 111-120.

Kumar, S., Tamura, K., Jakobsen, I. & Nei, M. (2001) Mega2:
Molecular Evolutionary Genetics Analysis, Version 1.01. The
Pennsylvania State University, University Park, VA.

Librado, P. & Rozas, J. (2009) DnaSP v5: a software for
comprehensive analysis of DNA polymorphism data. Bio-
informatics, 25, 1451-1452.

McCulloch, A.R. & McNeill, F.A. (1923) Notes on Australian
Decapoda. Records of the Australian Museum, 14, 49-59.
McDowall, R.M. (2004) Ancestry and amphidromy in island

freshwater fauna. Fish and Fisheries, 5, 75—85.

McDowall, R.M. (2007) On amphidromy, a distinct form of
diadromy in aquatic organisms. Fish and Fisheries, 8, 1-13.

McDowall, RM. (2010) Why be amphidromous: expatrial
dispersal and the place of source and sink population
dynamics? Reviews in Fish Biology and Fisheries, 20, 87—100.

Myers, M.J. (1949) Usage of anadromous, catadromous and
allied terms for migratory fishes. Copeia, 1949, 89-97.

Myers, M.J., Meyer, C.P. & Resh, V.H. (2000) Neritid and
thiarid gastropods from French Polynesian streams: how
reproduction (sexual, parthenogenetic) and dispersal
(active, passive) affect population structure. Freshwater
Biology, 44, 535-545.

Page, T.J. & Hughes, ].M. (2007) Radically different scales of
phylogeographic structuring within cryptic species of
freshwater shrimp (Atyidae: Caridina). Limnology and
Oceanography, 52, 1055-1066.

Page, T.J., Cook, B.D., von Rintelen, T., von Rintelen, K. &
Hughes, J.M. (2008) Evolutionary relationships of atyid
shrimps imply both ancient Caribbean radiations and
common marine dispersals. Journal of the North American
Benthology Society, 27, 68—83.

Pringle, C.M. (1997) Exploring how disturbance is transmitted
upstream: going against the flow. Journal of the North
American Benthological Society, 16, 425—-438.

Quinn, T.P. & Myers, K.W. (2004) Anadromy and the marine
migrations of Pacific salmon and trout: Rounsefell revisited.
Reviews in Fish Biology and Fisheries, 14, 421-442.

429



B. D. Cook et al.

Rosenberg, M.S. (2001) PASSAGE. Pattern Analysis, Spatial
Statistics, and Geographic Exegesis. Version 1.0. Department
of Biology, Arizona State University, Tempe, AZ.

Schmidt, D.J., Crook, D.A., O’Connor, J.P. & Hughes, J.M.
(2011) Genetic analysis of threatened Australian grayling
Prototroctes maraena suggests recruitment to coastal rivers
from an unstructured marine larval source population.
Journal of Fish Biology, 78, 98—111.

Smith, R.E.W. (1994) Distribution and geographical variation
of Australatya striolata (McCulloch and McNeill 1923)
(Decapoda: Atyidae). Australian Journal of Marine and
Freshwater Research, 45, 161-168.

Tajima, F. (1989) Statistical method for testing the neutral
mutation hypothesis by DNA polymorphism. Genetics, 123,
585-595.

Whittaker, R.J. & Fernandez-Palacios, J.M. (2007) Island bio-
geography: ecology, evolution, and conservation, 2nd edn.
Oxford University Press, Oxford.

430

BIOSKETCHES

Ben Cook and Tim Page are postdoctoral researchers within
the Molecular Ecology Laboratory, Australian Rivers Institute,
Griffith University, headed by Jane Hughes. The authors
have research interests in applying molecular data to answer
questions relating to the evolution, ecology and conservation
of freshwater species.

Editor: Alistair Crame

Journal of Biogeography 39, 421-430
© 2011 Blackwell Publishing Ltd



