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Abstract
Dispersal is an important factor in population demographics, and therefore
understanding dispersal is important for population management. In marine
environments, the presence or absence of pelagic larvae is considered an important
factor determining the dispersal capacity of an organism. Organisms with pelagic
larvae that spend long periods in the plankton are considered to have high dispersal
capacities, while organisms with no pelagic larval phase (direct development) are
considered to have very low dispersal capabilities and therefore highly structured
populations. Dispersal is often difficult to observe directly, however the use of natural
chemical markers has enabled organisms to be traced back to their place of origin.
The other primary method by which dispersal can be inferred is by population genetic
analyses, which can provide information on the differentiation of populations and
therefore how much dispersal has occurred between them. The most informative
analyses use a combination of approaches to provide a more comprehensive
assessment of dispersal. This study determines population genetic variation of the
.
.
benthic cephalopod Octopus pallidus over spatial and temporal scales using
microsatellite markers. Octopus pallidus populations were found to be spatially
structured at larger (>300km) scales and homogenous at smaller scales, consistent
with isolation by distance. Allele frequencies of populations were temporally stable.
Genetic analyses suggested greater levels of dispersal than a previous stylet
microchemistry study on this species, which reflects the differing sensitivities of the
two approaches. Isolation by distance is likely to be more important in determining
population structure in organisms with direct development, as species with plallktonic
stages are more strongly affected by oce~ography and larval behaviour, as
demonstrated by previous research on the sympatric Octopus maorum.
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Introduction
The dispersal of organisms is an important process for the demographics and
evolutionary state of ecological systems. 'Dispersal' is used here to refer to movement
of animals from their place of birth to place of reproduction; or from one place of
reproduction to another (Broquet and Petit 2009). Dispersal is most commonly
observed in either propagules, such as eggs or larvae or young adults leaving their
natal area to find a place to breed. Dispersal is distinct from simple movement of
individuals, which may reach new populations but do not breed there. Immigrants that
arrive in poor condition less likely to become established and produce viable offspring
as they risk being outcompeted by local, established organisms (Chambers et al.
2006). This can act as a biological barrier to dispersal, as can any other factor that
influences the reproductive success of immigrants, such as being unable to claim
sufficient territory. Physical and environmental barriers such as mountain ranges,
climate and water bodies (or land masses) can also inhibit dispersal between
subpopulations.

The amount of connectivity between different subpopulations in a population is
determined by dispersal. Organisms with high amounts of dispersal have 'open'
populations with high connectivity and mixing throughout the range of the species,
while organisms with low degrees of dispersal have low connectivity and high
isolation of subpopulations. Dispersal affects the stability of populations as, all other
things being equal, a population with high connectivity to other populations will
recover faster from a disturbance or decline in numbers than a population with low
connectivity (Jones et al. 2009). This is due to migrants from other subpopulations
bolstering the disrupted population.

Models of dispersal

There are several theoretical models attempting to describe dispersal: the island model
(separated subpopulations can exchange with all other subpopulations) (Wright 1943),
the stepping stone model (separated subpopulations can only exchange with
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neighbouring populations) (Slatkin 1993) and continuous distribution of individuals in
space, in which organisms are spaced out over the landscape without substantial
breaks and are more likely to exchange with neighbouring areas (Wright 1943). A
prediction of the stepping stone model and continuous distribution is isolation by
distance, where spatially adjacent populations exchange more individuals that spatially
distant populations (Wright 1943). Over sufficient distance, population differentiation
can occur once dispersal becomes sufficiently infrequent.

Applications

Suitable management of populations for both conservation and sustainable harvesting
require an understanding of the ecological dynamics of the population. From a
conservation viewpoint, knowledge of dispersal and population connectivity is
important for adequate reserve design (Shanks et al. 2003). For sustainable
management of commercially harvested species, dispersal determines the spatial
extent at which populations should be managed. Species should be managed so that
The management unit should be equal in size to the area of demographic independence
(Palsboll et al. 2007), with subpopulations with low connectivity requiring
management as separate units (Danancher & Garcia-Vazquez 2009). If independent
subpopulations are managed as a single unit and heavy harvesting is focussed on one
subpopulation, then that subpopulation is at high risk of collapse (Temby et al. 2007),
which can lead to the collapse of the whole population if repeated with enough
subpopulations.

Measuring dispersal

Dispersal is often difficult to observe, especially when the dispersers are very small or
numerous. Two main classes of measures exist: direct (which attempts to follow the
movement of individual animals) and indirect (which observes changes that dispersal
causes in populations). Generally, direct methods give precise results but are resourceintensive and difficult to generalise outside the period of observation, while indirect
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methods are cheaper and easier to generalise at the expense of detail on individual
movements.

Direct methods track the movement of individual animals. Capture-mark-recapture
(CMR) studies determine dispersal by comparing the distance displaced since last
1

capture (Marlow et al. 2003), but require relatively large individuals and high
expenditure of effort. An altemat~ method incorporates a mark into eggs and larvae by
dosing the breeding females (Peel et al. 2010; Thorrold et al. 2006) or the water the
eggs are held in (Jones et al. 2005). The animals are then released and recaptured as
normal. The various forms of satellite (e.g. Matthiopoulos et al. 2004), radio (e.g.
Roussel et al. 2000) and acoustic (e.g. Payne,et al. In press) telemetry are also used to
track dispersal directly, but they often require as much or more effort than CMR and
can be very expensive.

·A more cost-effective method of measuring dispersal, which also allows for the
examination of earlier life history stages, takes advantage of markers naturally formed
during an individuals' lifetime. In this method, which is particularly applicable to
aquatic organisms, chemicals from the surrounding environment are embedded in hard
parts during growth are analysed using a mass spectrometer and compared to that of
different areas to determine where the animal was at the time the structure was formed
(Thorrold et al. 2007). From this, movement of individuals can be traced back through
time. This has been successfully used in fish using otoliths (ear bones) (Swearer et al.
2003) and octopus using stylets (remanent shell) (Doubleday et al. 2008a, b).It has the
advantage of all individuals in the population being tagged, reducing the amount of
labour required and removing the necessity of recapture. This also increases the power
'to detect animal movement compared to CMR. However, it requires spatial variation
in water chemistry, and signals can be obscured by temporal variation in
environmental chemistry, which can confound inferences of movement by individuals
(Cowen & Sponaugle 2009).

Indirect methods look for the traces that past dispersal leaves in populations. Most
indirect methods examine the effect of dispersal on the genetic makeup of the
population. If two populations have the same allele frequencies, then they are likely to
be connected through dispersal. Genetic markers arc sensitive to less frequent
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dispersal than direct methods, and also provide information about the amount of
dispersal integrated over past generations. A disadvantage of genetic analyses is that
they do not provide data on individual animals, as dispersal signals are averaged over
generations, and therefore have lower spatial and temporal resolution (Cowen &
Sponaugle 2009). The exception to this is genetic assignment tests, which can identify
individual dispersers (Hedgecock et al. 2007a). Genetic analyses can also have trouble
differentiating recently separated populations as there may be insufficient time for
genetic differences to develop through genetic drift, particularly in large populations
where the rate of drift is slower (Allendorf & Luikart 2007).

There are several types of genetic markers used to compare allele frequencies between
populations, each with their own advantages and disadvantages. The most important
factors when deciding what markers to use are variability (to allow different
populations to be distinguished) and selective neutrality, as the frequencies of alleles
may be determined by their fitness rather than the amount of dispersal between
populations for markers under selection. The most commonly used markers in recent
years have been mitochondrial DNA (mtDNA), the circular DNA molecule found in
mitochondria, and microsatellites, repeated combinations of bases found within
nuclear DNA. Allozymes, which examine variation in electrophoretic migration of
proteins, have fallen out of favour in recent years due to the high chance that the
proteins are under the effect of natural selection (Hellberg 2009) and their low
variability in many taxa (Perez-Losada et al. 2002; Waples 1998). mtDNA is only
informative regarding female dispersal and is therefore useful when combined with
other measures to examine sex bias in dispersal (e.g. Lukoschek et al. 2008), but
contains only one marker, so can be non-representative of the genome as a whole
(Waples 1998). Multiple microsatellite loci provide a useful measure of population
structure (Waples 1998) when looking for dispersal estimates for both sexes, or
between populations separated by relatively short distances (Hellberg 2007) and
timescales (Sala-Bozano et al. 2009).

While genetic analyses are very good at determining which populations are isolated,
their ability to determine the magnitude of connectivity decreases as the amount of
dispersal increases (Whitlock & McCauley 1999). Traditionally, it was considered that
dispersal rates of 'one migrant per generation' were sufficient to achieve genetic
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homogeneity among subpopulations (Slatkin 1987). The amount of dispersal required
for major ecological or demographic changes in a population varies with a number of
factors including population size and individual characteristics such as fecundity and
competitive ability. However, the number of migrants required per generation that
managers or population demographers would consider to represent connectivity
among populations is usually several orders of magnitude larger than one migrant per
generation (Palsboll et al. 2007). On their own, genetic markers cannot determine
whether two genetically homogenous populations exchange enough individuals to be
considered connected in a demographic context (Waples 1998). Therefore, combining
multiple measures of dispersal for a species is often the best way of gaining a more
informative estimate of dispersal.

. Dispersal in marine systems

Marine systems have several characteristics which affect dispersal and make it
challenging to measure. Organisms can move long distances easily, and currents
provide a mechanism of passive dispersal for organisms too large disperse passively
on land. Barriers to dispersal, such as breaks between ocean currents and water
masses, may shift temporally and change the extent of dispersal between regions from
season to season (Hohenlohe 2004). The three-dimensionality and size of marine
systems has ensured that the scientific study of dispersal in marine systems has
historically been less intensive than that of terrestrial systems (Ledoux et al. 2010).

The most common form of dispersal in marine environments is for eggs and larvae to
be carried on currents before settling out into their adult habitat (Pineda et al. 2007).
Classic marine dispersal theory assumed larvae were passive particles, which mixed
into a homogenous larval pool before metamorphis (Pineda et al. 2007). Based on this,
the amount of time an organism spent in the water column, the Pelagic Larval
Duration (PLD), was equated with that species' dispersal potential. Under this model,
species whose larvae settle after a short period (lecithotrophic) or never enter the water
column (direct developing) are considered to disperse only over short distances.
Species with planktotrophic larvae, which feed and can remain in the plankton for
extended periods, are considered to disperse over longer distances, with the distance
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travelled determined by the length of the PLD (Shanks et al. 2003). Some studies
have found a strong correlation between PLD and population structure (Shanks et al.
2003; Siegel et al. 2003). However, this correlation appears to have been largely
forced by direct developers (Bay et al. 2006; Weersing & Toonen 2009). Otherwise,
the lack of a strong relationship between PLD and population structure probably
reflects local and meso scale oceanographic processes that modify the effects of ocean
currents, barriers and larval behaviour (Leis et al. 2007; Levin 2006). Many larvae are
capable of active swimming (Cowen & Sponaugle 2009), and strong swimmers may
able to move counter to currents and cross the edges of water masses (Levin 2006) that
act as a barrier to weak swimmers (Christie et al. 2010). PLD is also troublesome as a
dispersal proxy as it varies with changes in water temperature (Green & Fisher 2004;
Whalan et al. 2008) and the commonly used mean PLD being less informative than
minimum or maximum PLD (Bay et al. 2006; Weersing & Toonen 2009).

Temporal variation

In the past, relatively little attention has been paid to the issue of whether allelic
frequencies in populations, and hence any inferences of population connectivity, were
temporally stable. More recent work has suggested that, in the absence of directional
selection, the ecology of the animal appears to be the most important factor in
determining whether population genetic structuring changes over time. Traits that
appear linked to stability of allele frequencies are high parental investment in
individual offspring, philopatric adults and low dispersal (McPherson et al. 2003).
Adult spawning migrations (McPherson et al. 2003), low parental investment in young
leading to low survival rates (Christie et al. 2010) and high dispersal (Prakoon et al.
2010) have been linked to changes in allele frequencies over time. Undetected
temporal variation is a problem for management as levels of dispersal measured in one
year may be non-representative, e.g. reflect stochastic recruitment or differing
selection regimes from year to year, and lead to incorrect management decisions.

Current knowledge of population structure in cephalopods
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Cephalopods are a marine group of growing commercial importance (Leporati et al.
2009), leading to increased study into their dispersal. The group contains two main
reproductive strategies: many small eggs with a planktonic larval phase and fewer
large eggs with direct development (Roper et al. 1984).

The two best studied octopus species, Octopus vulgaris and Octopus maorum, both
have planktonic paralarval phases (Cabranes et al. 2008; Doubleday et al. 2009). In
spite of what would be predicted from classic marine dispersal theory, both species
show spatially structured populations. 0. vulgaris populations in the Atlantic show
signs of stock differentiation with isolation by distance at distances of above 200km
(Cabranes et al. 2008) as well as large-scale structure between regions (Cabranes et al.
2008; Teske et al. 2007). Octopus maorum showed genetic structure between
Australia and New Zealand and within Australia (Doubleday et al. 2008b), though two
populations 1500km apart showed sigris of occasional connection. The connectivity
pattern in 0. maorum was incompatible with isolation by distance; instead, patterns of
ocean currents appeared to be important both for connection and differentiation
(Doubleday et al. 2009). Two species of squid with planktonic paralarval phases that
have been studied are Loligo pealeii and Loligo forbesi. Both showed genetic
differentiation at large scales with no signs of isolation by distance (Buresch et al.
2006; Shaw et al. 1999). However, dispersal patterns in squid can be affected by
movement ofvagile adults in many species (Buresch et al. 2006). Overall, population
. structure in cephalopod species with planktonic paralarvae was stronger than expected,
though the causes of the structure varied.

Less work has been done on cephalopod species with direct development. The directdeveloping cuttlefish Sepia officinalis showed spatially structured populations in most
parts of its range with little connectivity and some signs of isolation by distance
(Perez-Losada et al. 2002). However, populations within one part of its range, the
Adriatic Sea, were panmictic (Garoia et al. 2004). Sepia apama, which also lacks
planktonic larvae, also showed spatial structure between different parts of its range
(Kassahn et al. 2003).

However, at present, it is difficult to draw general conclusions about dispersal in
cephalopods. Pelagic larval duration, barriers, oceanography, distance and adult
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mobility are all potential causes of connectivity patterns found in this group, and are
likely to interact to influence dispersal. Study on a wider variety of cephalopods with
different life histories, adult behaviours and habitats will advance our understanding of
underlying dispersal patterns within this group. Another useful avenue of research is to
use multiple techniques on the same species and compare the results, allowing the
recovery of information that cannot be determined by a single method alone, such as
time since population separation or finer resolution of the levels of dispersal.

In the context of factors influencing dispersal in cephalopods, Octopus pallidus
represents a profitable study species owing to its direct developing life history. 0.

pallidus is a medium-sized species (up to l.2kg), lives for 12-18 months and is
semelparous (Leporati et.al. 2009). It lives at water depths between 7 and 275m
around southern Australia (Leporati et al. 2008b), with no obvious barriers to dispersal
except areas of dry land. Females produce approximately 400 large eggs on average,
which develop into benthic juveniles; there is no planktonic paralarval stage (Leporati

et al. 2008a). Therefore, study of dispersal in this species will provide one of the first
assessments of population structure in a cephalopod lacking a pelagic stage.

Dispersal in 0. pallidus has already been studied using stylet microchemisty
(Doubleday et al. 2008a). The population was found to have spatial structure between
all sites tested, including two less than 1OOkm apart. This is consistent with the
hypothesised dispersal pattern for direct developing species with relatively sedentary
adults. However, stylet microchemistry only measures the population structure in the
generation sampled, and the patterns drawn from them might be applicable over
multiple generations. Stylet microchemistry also requires relatively high levels of
dispersal to detect connectivity, as it relies on capturing immigrant individuals. For
these reasons, a study which measures dispersal over longer generations and can detect
the signatures of occasional movement would complement this work, providing a
more accurate indicator of population connectivity . This will assist in increasing our
understanding of the ecology of large-egged octopuses, which are a historically understudied group, as well as helping with the sustainable management of this species
(Doubleday et al. 2008a).
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The aim of this study is to use microsatellite genetic markers to determine the spatial
and temporal population structure in 0. pallidus around Tasmania. These data will
then be compared with the stylet microchemistry inferences for the same species
(Doubleday et al. 2008a) to gain a more comp~ete picture of the magnitude of
dispersal between populations. It is hypothesised that 0. pallidus populations will be
spatially structured with limited movement of individuals between the different
populations as a result of their direct developing life history and sedentary behaviour
of 0. pallidus adults. The allele frequencies within populations are expected to be
temporally stable due to 0. pallidus being relatively sedentary and having high
parental investment in each offspring, hence avoiding sweepstakes recruitment effects
on allele frequencies.
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Methods
Field collection
Octopus pal/idus specimens used in this study were collected over two periods.
Samples collected between 2006 and 2008 for a previous study on 0. pallidus
(Doubleday et al. 2008a) formed the first group of specimens. The remaining
individuals were acquired from 02/06/2010- 04/06/2010. Octopuses were collected
using unbaited plastic pots attached to longlines, as shown in Figure 1.

Figure 1. An octopus pot used to collect
0. pallidus specimens being hauled in.
The longlines were deployed in offshore waters of approximately 25 - 45m water
depth for approximately 20 days. Octopuses were collected from five sites around
Tasmania in 2006 - 2008 and two sites in 2010, as shown in Figure 2, with the latitude
and longitude shown in Table 1.
Table 1. Geographic locations of the
start of the longlines.
Site
Stanley
West Flinders
Mercury
Northwest Bay
East Flinders
Crayfish Point

Longitude
145.342
147.670
148.001
147.027
148.341
147.028

Latitude
40.729
40.404
42.571
43.072
40.100
43.024

Samples from Stanley and Flinders Island were collected with the assistance of the 0.

pallidus commercial fishery. A piece of mantle or arm was removed from each animal
and stored in preservative -

ethanol for 2006- 2008 specimens and a DMSO salt

solution (20% DMSO, saturated NaCl and 0.25M EDTA at pH 8.0) in 2010. This
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study also used Octopus maorum samples to test for microsatellite homology between
the two species. These samples were collected from Crayfish Point in southern
Tasmania (Table 1) using baited lobster pots.

Figure 2. Locations and times of 0. pallidus sample collection.

Laboratory methods
DNA extraction

Reagents for the extraction of DNA from tissue were made according to the protocol
set out in Ivanova (2006). Total genomic DNA was extracted from the arm tip samples
collected in 2010 using a modified Qiagen DNeasy protocol. Samples were removed
from their tubes and washed in ethanol to remove preservative residue and protect the
sample from contamination. A piece of tissue approximately 25mg in mass was cut
from the centre of the tissue sample with a scalpel. The excised tissue was finely diced

I '
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and placed in a 1.5mL microcentrifuge tube with 180µL 'Buffer ATL' and 240µg
Proteinase K and vortexed to mix. Tubes were incubated at 56°C for two days for
tissue to lyse. If the samples still contained significant quantities of solid tissue after
two days, they were re-vortexed and returned to the incubator until complete lysis
occurred. After lysing, the samples were re-vortexed to homogenise the lysate. 200µL
of 'Buffer ATL' and 200µL of 96% ethanol were added to the tube and vortexed to
mix. The contents of the tubes were then transferred to spin columns containing a
silica membrane filter (Epoch Life Science) inserted into 2mL microcentrifuge tubes.
These tubes were centrifuged at 4650G for 1 min to bind DNA to the membrane, and
the filtrate discarded. 500µL of 'Buffer AWl' was then added to the spin column and
the tubes re-centrifuged at 4650G for 1 min to wash impurities from the membrane.
After this, the filtrate was again discarded. 500µL of 'Buffer A W2' was then added to
the samples, which were centrifuged at 14243G for 3 min to re-wash and then dry the
filter membrane. The spin columns containing the filters (with DNA trapped on them)
were transferred into clean l.5mL microcentrifuge tubes. lOOµL of 'Buffer AE' was
added to each column and the tubes centrifuged at 4650G for 1 min to allow the DNA
to elute into the solution. DNA were quantified on a Nano-Drop (Thermo Scientific).
DNA from samples collected between 2006 and 2008 was extraeted by James Worth
using the protocol described above.

Primer development and optimisation

Sections of the 0. pallidus genome were sequenced by Genetic Information Systems
(California). Potential microsatellites in these sections were identified and PCR primer
pairs were designed for 65 microsatellite loci. The possible microsatellites were
examined for their usability. Favoured characteristics were tri- and tetra- nucleotide
repeats with a relatively small PCR size (under 500 basepairs), a lack oflong
mononucleotide repeats (for ease of scoring), and primer pairs that are located in
reliable stretches of DNA sequence information, have relatively high melting
temperatures and a reduced likelihood to bind to other primers. 18 microsatellite loci
fit these criteria, which were chosen for further analysis (Table 2).

Table 2. The 18 potential 0. pallidus microsatellites chosen for development.
Locus
OpaB004
OpaB005
OpaB006
OpaB007
OpaC007
OpaC008
OpaA106
OpaA118
OpaB101
OpaB103
OpaB110
OpaB117
OpaC101
OpaC104
OpaC111
OpaC116
OpaD104
OpaD126

Repeat
(GAT)"'·13
(ATC)"8
(GAT)"6 ... (GAT)"8
(GT)5TTAT(ATC)"8
(GGAT)"7
(ATCC)" 7
(AAC)"12
(GTT)"8
[ATG]4[CTG][ATG]3
(ATC)"4 ... (ATC)"9
(AC)"10(AT)"6 ... (ATC)"7
(GAT)"7
(ATCC)"5
(ATCC)"5
(GGAT)"6
(ATCC)"13 ... (ACAT)"4
(ATCT)"16
(GAT)"4(AGAT)"10

Forward Primer (5' - 3')
AAAGTGGTTGGCGTTAGGAAG
GTTTCTTTGGAGGCGGCTATC
GCATGATGCAGTTCTTTGGA
TAGTGTCAATGTCTGGTCGGC
GCATCTCCAGCATGCACTAA
TGCGATAGATTGCAGTAGCC
ACTCCACCATCACTTACAGGAG
AACTCCATCGACTCACTGTTG
CAAACCATCTAACCCATGCCG
TTAACTACCATTGGCATCAAC
GATGTCCCTCCTAACGCCAAC
GGGTCAAATGCAGTCCTTGG
TGAACTCTGAACGTAAAGGCG
TGTTCTGCATGTCACTATCGG
CATCAGTGCTACTTACGACCC
TGCTGTCTCGTTAATAATATGG
GTGTCCTCCGATTCGTCTTTG
AACCTTGTCAAACCGTCCAAC

Reverse Primer* (5' - 3')
gtttAGACGGAAACTGAAAGAAGCC
gtttCACTCTGTAAAGTGGTTGGCG
gtttAATTCACGCACAGGGACTTC
gtttGTTGTTGCGGCCCTATGTTC
gtTTGTTCACACGTGAAATTAAGGA
gtTTCTTGAAGCCAAGCCAACT
gtttCGTGGTCACTTCGGTTTGTAG
gtttAAACCAATACACAACCGCTCC
gttTGGAAGTGCATTGTGACCAAC
gTTTGCCTTTCATCCTTTCGGG
gtttAATCTTGCCAATCAGTCCACG
gtttAACAACTTGCTTTGGCATTCG
gttTCCAGATCGAGCCGATATTCC
gtttCTTCAACCTGAGCCAATCGAC
gtttGATCGAACACGAGAACACCTG
gtttGCTTGGATATTAGCCGACCTC
gtttGACAGTTTCCTTTCGTCCCAC
gtttCATCTCGTACTGGTGCACATC

*5 ' end adapted to read 'gttt' to promote complete adenylation of PCR products

Expected PCR Size
Dye
203 NED
244 fAM
212 VIC
435 NED
211
308
414
175
128
356
306
130
377
361
151
423
344
150

---

Primers for these microsatellites were synthesised by Integrated DNA Technologies
(for unlabelled and FAM labelled primers) and ABI (for VIC, NED and PET labelled
primers). The different dye labels were used so that similarly sized microsatellites
(within 50 basepairs of each other) could be distinguished from each other during
simultaneous electrophoresis. Each microsatellite was then tested to determine
whether it would reliably amplify under PCR conditions, the best ratio of labelled to
unlabelled primer to use when amplifying, and what combinations of different
microsatellites would amplify in the same reaction (multiplexing). Unreliable
amplification involved either little or no response to the primers under PCR conditions
or a large number of DNA peaks, suggesting that the primers will amplify additional
regions of DNA as well as those of interest. The ratio of labelled and unlabelled
primer is important as an excessive quantity of labelled primer will produce a signal
that is too strong and can interfere with other loci, while insufficient quantities of label
will make the peaks difficult to detect following electrophoresis.

The ability to combine multiple microsatellite loci into a single reaction enables a
more efficient use of resources and time than if each locus had been PCR amplified
individually. Optimisation was performed using a series of test amplifications with

Octopus pallidus DNA. The initial amplification used six 'panels' of three loci each,
with different dye labels within each panel. After this amplification loci which had
amplified together successfully were grouped with other successful loci to get as many
loci as possible into the multiplex (see Appendix 1 for details of panels). The primer
concentrations used in the initial amplification, modified settings chosen after
examining the results of that amplification, and the final settings used are shown in
Table 3.
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Table 3. Concentrations of forward labelled, forward unlabelled and reverse primers used during
primer optimisation, as well as the final concentr~tions used for genotyping. Loci not used in final
genotyping are italicised.
Original
settings
Second set of
amplifications

Final settings

Forward
labelled {l:!m}

Forward
unlabelled {l:!m}

Reverse {l:!m}

All loci

0.100

0.100

0.200

8103
OpaC104, OpaC008, OpaC007,
Opa8006, OpaD104, OpaC111,
Opa8007, 8005, 0126, C116,
A118, 8101
8117, 8004, C101, 8110
A106

0.200

0.000

0.200

0.025
0.100
0.050

0.175
0.100
0.150

0.200
0.200
0.200

0.200

0.000

0.200

0.025
0.010

0.175
0.190

0.200
0.200

8103
OpaC104, OpaC008, OpaC007,
Opa8006, OpaD104, OpaC101,
Opa8007, 8005
C111

Each amplification reaction contained a 'cocktail' of2µL DNA, primer concentrations
as shown in Table 3, and 5µL reaction mix (Qiagen multiplex PCR mastermix). This
was made up to lOµL with water if necessary (the amount of water required varied
depending on the number of primers in the multiplex). Reactions were conducted
using a 96 well plate, which was then sealed with sealing film. Samples were then
amplified during thermal cycling (Figure 3). The plate was tested for successful
amplification of DNA using agarose gel electrophoresis of a subset of the plate.
Electrophoresis used 1.0% agarose with TBE buffer and gel red staining. After
confirmation that the amplification had been successful, the samples were dried at
50°C. The plate was then sealed with sealing film and sent to the Australian Genome
Research Facility (AGRF) in Adelaide to be genotyped using capillary electrophoresis.
This involved the samples being resuspended in 20 µL of dH20, and then 3 µL added
to 5 µL of LIZ600 size standard/HiDi formamide prior to electrophoresis on an ABI
3730 capillary electrophoresis machine (Applied Biosystems Inc.). Capillary
electrophoresis data were examined in Genemapper 4.0 (ABI) to check for the
number, strength and shape of peaks at each locus.

After each optimisation run, loci with too many peaks were removed from the project.
Where the peak intensity was too strong or weak, the concentration of forward labelled
and unlabelled primers were modified in order to improve perfonnance (Table 3). Loci
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that had failed to amplify in multiplex were amplified singly to determine whether the
problem was caused by interference from oilier loci. After this process, 10 loci
remained, which were sorted into two panels for separate amplification. One panel
contained the loci BOOS and B103, while the other loci formed the other panel (Table
3). These panels represented the most time and resource-efficient combination ofloci
that still allowed all loci to amplify well. The final amplifications used lµL of DNA as
2µL was found to be excessive due to the 0. pallidus DNA samples being r~latively
concentrated.
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Genotyping of animals

All animals in the study were then genotyped for these 10 loci. The study included 350

0. pallidus individuals and two 0. Omaorum individuals. Data scoring was performed
using Genemapper 4.0. The 'size calling curve', which enables the interpolation of
allele sizes relative to the internal size standard (LIZ600), was checked for errors
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which may cause alleles to be sized incorrectly, and corrected as necessary. A set of
'reference samples' (the first 48 individuals genotyped, taken from two populations)
were examined in the program and a size 'bin' was assigned to encapsulate each
recognisable allele at each locus; an example is shown in Figure 4. Samples were
analysed and scored in relation to the predetermined allele bins. Where necessary,
binning was corrected manually and all samples were reviewed to check for errors.
Loci were examined for the number of alleles present in the populations (loci must be
polymorphic to provide meaningful information on population structure) and the
reliability of genotyping decisions. Locus B007 was removed from the study as it was
unscorable for most samples due to repeated amplification failure.
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Statistical analyses
Information from microsatellite studies can be subjected to a number of statistical
treatments, given several assumptions about the data. The main assumptions that
require testing are that the genotypes are in Hardy-Weinberg equilibrium and that
genotypic disequilibrium does not occur.

Hardy-Weinberg equilibrium occurs when the observed genotype frequencies match
the expected genotype frequencies, given the observed allele frequencies and several
assumptions: accurate genotyping, infinite population size, non-overlapping
generations, random mating, no selection, no migration, no mutation and equal
genotype frequencies between the sexes (Hartl & Clark 1997). Sensitivities to these
assumptions vary (Hartl & Clark 1997), with most deviations from Hardy- Weinberg
equilibrium caused by selection on examined loci and non-random mating. A common
cause of non-random mating is the 'Wahlund effect', a situation where a set of
samples treated as a single population have in reality been taken from multiple
populations (Allendorf & Luikart 2007). An additional cause of deviations from
Hardy-Weinberg equilibrium is null alleles, where a mutation in the region of the
DNA targeted by the PCR primer inhibits the amplification of the allele, even though
· it is present in the genome. This can lead to an excess of homozygotes when only one
allele in a heterozygote amplifies. Null alleles are more common in populations with
very large effective population sizes or when using primers on taxa they weren't
developed for (Chapuis & Estoup 2007). Null alleles can be corrected for, but in this
study, null alleles were primarily dealt with by the use of primers designed for the
target species and discarding loci that were out of Hardy-Weinberg equilibrium.

Genotypic disequilibrium refers to non-independence of genotypes among loci. This
can be caused either by physical linkage due to the loci being located close to each
other on the same chromosome, or functional linkage due to them being
interdependent on each other. Inferences of genetic structure are based on
corroboration among independent loci, and violation of this assumption can lead to
pseudoreplication.
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Allele frequencies in each population were tested for Hardy-Weinberg equilibrium and
genotypic disequilibrium using exact tests implemented in Genepop 4.0.10 (Raymond
& Rousset 1995; Rousset 2008). Hardy-Weinberg tests were performed using a 'Exact"

H-W test', with complete enumeration of alleles when the number of alleles is four or
less (Louis & Dempster 1987) and 1OOO Markov chain batches to estimate P for more
than four alleles (Guo & Thompson 1992). Genotypic disequilibrium tests were
performed using a log-likelihood ratio statistic and 1000 Markov chain batches
(Raymond & Rousset 1995). Tests for Hardy-Weinberg equilibrium and linkage
disequilibrium were interpreted using sequential Bonferroni correction for multiple
tests (Rice et al. 2008).

Population differentiation

Tests for population differentiation determine whether or not there is significant
isolation between populations. Tests that are commonly used for this purpose are-£
and G (Goudet et al. 1996). Additionally; tests can either be based on homogeneity of
allele frequencies or homogeneity of genotype frequencies. Tests on allele frequencies
have more power, but cannot be used when there are significant deviations from
Hardy-Weinberg equilibrium (Goudet et al. 1996). The G statistic is a modified form
of Fisher's exact test, and was used to calculate population differentiation in this
study. G uses a log likelihood ratio calculated by Markov chain randomisations to
produce a P value (Goudet et al. 1996). In this study, 1000 Markov chain batches were
used. Comparisons were performed between sites and between years within sites. As
all populations and loci were in Hardy-Weinberg equilibrium, the null hypothesis used
was homogeneity of allele frequencies. If the overall test was significant for a
comparison between more than two populations, post-hoe pairwise testing was done to
check which pairs of populations were contributing to the difference. All testing for
population differentiation was done using Genepop 4.0.10. Sequential Bonferroni
correction was applied for simultaneous tests.
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FsT

FST is. a measure of what proportion of the variation found in a population occurs
within subpopulations and what proportion of variation occurs between
subpopulations. FsT has a theoretical minimum value of 0, representing panmixia, in
which all variation observed is within each subpopulation, and a (theoretical)
maximum value of 1, in which all variation is between subpopulations, which are each
individually fixed for a different allele. In practice, negative values of FsT can occur
and the values are usually much less than 1. Where there are more than two alleles, the
FsT cannot reach 1 as FsT can never be greater than 1 -heterozygosity (Hedrick 1999).
For this reason, a standardised measure, G' sT, which takes into account the number of
alleles (Hedrick 2005), is sometimes used, though this is more common when
comparing different marker types, such as microsatellites and allozymes (Allendorf &
Seeb 2000). Global G' ST was calculated for this study using FSTAT 2.9 .3 .2 to
.
facilitate comparisons during future studies using different markers or species. In
general, it is considered that an FsT of 0.05 - 0.15 indicates moderate differentiation,
that 0.15 - 0.25 indicates high levels of differentiation and that values above 0.25
indicate very high levels of differentiation (Freeland 2005).

Assignment tests
A~signment tests

predict, based on the genetic characteristics of each individual,

which population it has the greatest likelihood of originating from (Baudouin et al.
2004). Populations where most individuals are self-assigned are likely to be
genetically isolated, while a· large proportion of the individuals sampled at a site being
assigned elsewhere would indicate high population connectivity. A caveat of using
assignment tests is that individuals from unsampled populations will be assigned to
one of the sampled populations, creating potential false positives. For this study,
assignment tests were carried out in Arlequin 3.5.1.2 (Excoffier & Lischer 2010).
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Isolation by distance

Isolation by distance occurs when the distance between different sample points
determines the level of dispersal between those points (Wright 1943). If isolation by
distance is found, it suggests that there are no abrupt barriers to dispersal, and
geographical separation of populations and mobility of the organisms are the most
important factors in determining population connectivity. A Mantel test was employed
to assess whether the genetic distance between populations is correlated with their
geographic separation using IBDWS 3.16 (Jensen et al. 2005). The shortest marine
distance between sites was used for the geographic distance. Genetic distance was
calculated using both M (Slatkin 1993) and FsT, and the results compared.

Cluster analysis

Cluster analysis classifies samples into groups based on their similarity to each other.
A Markov chain randomisation procedure rearranges individuals into populations
attempting to minimise deviations from Hardy-Weinberg equilibrium (Falush et al.
2003). Cluster analysis was performed using Structure 2.3.3 (Pritchard et al. 2000).
The analysis used 10,000 Markov chain batches, a model with admixture (each
individual may have ancestors from multiple populations), correlated allele
frequencies (allele frequencies are likely to be similar between populations) and
potential K values (number of populations) between two and four. The model was run
both with and without the inclusion of prior population information in the form of
sampling locations.

23

Results
After Bonferroni correction, none of the loci deviated from Hardy-Weinberg
equilibrium (P > 0.019) and no genotypic disequilibrium was found (P > 0.0073). Of
the nine loci analysed, eight were polymorphic with allele numbers ranging from two
to 13 (Table-4). The only locus to show fixation at any site was BOOS at East Flinders
Island, which was fixed for allele 244. Expected heterozygosity ranged from 0.10
(BOOS) to 0.87 (D104), and observed heterozygosity did not vary from expectations by
more than 8% (Table S). Three alleles were found in a single population: allele 208 at
locus B006 (three occurrences, Stanley), allele 208 at C007 (one occurrence, Stanley)
and allele 366 at C104 (one occurrence, West Flinders Island) (Appendix 2).

Table 4. Summary statistics for each locus analysed
Heterozygosity
Locus
8005
8006
8103
C007

coos

C101
C104
C111
0104

Alleles
3
4
13
3
3
1
3
4
11

(ex~ected)

0.10
0.38
0.75
0.35
0.45
0.00
0.35
0.65
0 87

Heterozygosity
(observed)
0.10
0.37
0.67
0.37
0.47
0.00
0.29
0.66
0.84

Size
Range
244-250
208-220
349-360
208-216
301-309
377
354-366
149-162
315-356

Smallest HardyWeinberg P value
1.0
0.21
0.02
0.43
0.02
1.0
0.07
0.03
0.02

Octopus maorum samples

There was relatively little homology present between the two species at the sampled
loci. C007 showed high levels of homology, with the 0. maorum individuals sharing
alleles with the 0. pallidus individuals. Bl03, Cl 11 and COOS showed moderate
homology, with the 0. pallidus primers successfully amplifying the target region but
with different alleles present. The remaining loci, BOOS, B006, Cl04 and D104,
showed little homology, with no clear peaks in the target region (see Figure S for
examples). One of the 'O. pallidus' samples collected from Stanley in 2010 showed
homology with the 0. maorum samples; this animal was not used in any statistical
analyses on 0. pallidus.
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These four loci (C007, B103, Cl 11 and C008) could be used for population genetic
studies in 0. maorum, although they were not found to be polymorphic in the two (or
three) samples tested in this study

Population differentiation

Due to faults in amplification and genotyping, the Northwest Bay site did not produce
sufficient data to be able to draw robust inferences of genetic population connectivity.
Therefore, analyses involving this site are only presented in Appendix 3. Overall, there
was significant population differentiation in allelic frequencies between sites, (P

=

1.5

x 1o-8). At the population level, Mercury Passage individuals were distinct from all
other sites (P < 0.00001). In northern Tasmania, East Flinders Island was separated
from Stanley (P = 0.0037) but not from West Flinders Island (P = 0.05), and West
Flinders Island was not separated from Stanley (P = 0.47). None of the sites with
temporal replication of sampling showed significant variation of allele frequencies
between years (P > 0.088). The population structure is shown in Figure 6.

Figure 6. Populations analysed in the study. Red circles encompass populations that were
genetically homogenous
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FsT

The overall Fsr between the analysed sites was 0.010 and was significantly greater
than zero (P < 0.001). The pairwise Fsr values for comparisons between sites are
shown in Table 5. The overall G'sr was 0.018.
Table 5. Pairwise Fsr for among-population comparisons
Mercury Passage
East Flinders Island
Stanley

West Flinders Island
0.027 (P 0.00017)* '
0.0058 (P =0.04683)
-0.0003 (P =0.57917)
0.027 (P =0.00017)*

=

0.017 (P =0.00500)*

* Population pairs with significant differentiation following Bonferroni correction
Assignment tests

The majority of individuals were successfully assigned back to their collection locales,
with Mercury Passage and East Flinders Island having higher levels of self-assignment
than Stanley or West Flinders Island (Figure 7). In all cases, at least 40% of the
individuals were assigned to their location of capture. In the case of Mercury Passage
and East Flinders Island, oyer 80% of the individuals were assigned to their collection
locality.
Percentage of individuals assigned to each population
100%

,,s
Cll

a,

80%

"iii

Ul
nl
Ul

c

-

+I

0

~~

,,

:~

g.

·=....0

.J:.
u

,,

a Mercury

60%

o West Flinders
o Stanley

Q.

40%

nl
Cll Cll
Cl

~

Passage

• East Flinders Island

::I

Island

20%

Cll

~

Cll

C1.

West Flinders
Island

Mercury
Passage

East Flinders
Island

Stanley

Population individuals were sampled from

Figure 7. Assignment test results, with the population individuals were caught from
on the X axis and the percentage of individuals assigned to each population on the
Y axis.
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Isolation by distance
We could not reject the null hypothesis of no relationship between geographic distance
and genetic distance measured in terms of either Fsr (Z = 37.36, r = 0.69, P = 0.18;
Figure 8) or M ( Z = 17579.78, r = -0.57, P = 0.16; Figure 9). When year cohorts were
analysed separately, the null hypothesis of no relationship between geographic
distance and genetic distance could be rejected both for Fsr (Z = 133.8556, r = 0.6980,

P = 0.012; Figure 10) and M (Z = 259040.17, r = -0.59, P < 0.001; Figure 11).
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Cluster analysis

When no prior population information (sample locations) was provided, the cluster
analysis failed to distinguish sampling locations (Figure 12). When prior population
information was provided, Mercury passage individuals formed a separate cluster at K
values of two, three and four. The three northern Tasmanian population~ (Stanley, East
Flinders Island andWest Flinders Island) formed a single cluster in all cases (Figure
12).
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Al/ others
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Figure 12. Top left; K = three, no prior population information given. Top right; prior
information on populations given, K = two. Bottom left; prior information on populations
given, K = three. Bottom right; prior information on populations given, K = four. Where prior
population information is given, Mercury Passage is represented by green points, Stanley by
yellow, West Flinders Island by red and East Flinders Island by blue.
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Discussion
Octopus pallidus exhibit genetic structuring around Tasmania (G test, P = 1.53 x 10-8);
sites separated by a distance of 300km or greater were genetically differentiated.
Individuals from Mercury Passage on the east coast were genetically isolated from
individuals on the north coast (Stanley, West Flinders Island and East Flinders Island).
Within the north coast, only the most distant populations were distinguished (Stanley
and East Flinders Island), suggesting isolation by distance. F ST estimates supported the
results, with significant FST values for the populations that were shown to differ in
allele frequencies. The FsT values for this species were generally low, although FsT
values between significantly different populations were more than twice the size ofFsT
values between genetically homogenous populations. Assignment tests allocated the
majority of individuals to the population they were collected from, especially in
Mercury Passage and East Flinders Island, which had the lowest amount of crossassignment to other populations. This is consistent with strong self recruitment.

Spatial variation

0. pallidus populations around Tasmania are n'ot panmictic and have low levels of
dispersal connecting different areas. While the global FST value recorded for 0.

pallidus (0.01) was in the range that is normally treated as indicating panmixia (0.00.05) (Freeland 2005), it was much higher than the mean FsT for marine populations
(0.0013) (Weersing & Toonen 2009). Additionally, the concordance ofFsT with the
more powerful G statistic suggests that the FST indicates a subtle but biologically
meaningful population structure. The higher G'sT value shows that the low FsT is
caused at least in part by high heterozygosity (Hedrick 1999). The non-significant
result from the Mantel test is most likely caused by the small number of elements in
the matrix (four), which results in a small number of possible permutations (n'! = 24)
and therefore a high frequency at which the observed matrix will appear by chance
alone. It is likely that the addition of more populations would lead to a significant
result for isolation by distance, as the r value based on the current data is high and the
Mantel tests run with the year cohorts separated produces a statistically significant
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correlation. The Bayesian clustering results also act as indirect evidence for isolation
by distance, as the individuals appear as a continuum rather than being placed into
distinct clusters, and Bayesian clustering is known to find isolation by distance
situations difficult to classify. However, it should be noted that the lack of distinct
clusters may also be caused by low FsT, as this algorithm has lower power to detect
subtle population differentiation (Hubisz et al. 2009).

Octopus pallidus can occupy a wide depth range and there are no obvious barriers
between sites apart from dry land (where applicable). In addition, their benthic habitat
and direct developing life history means that long distance dispersal through currents
is unlikely. For these reasons, the island model of population structure is unlikely to be
applicable for this species. The ecology of the species and the pattern of genetic
variation suggest that isolation by distance over a relatively continuous distribution is
the primary mechanism for population structure. Assignment test results also
supported a population structure mediated by isolation by distance, with a higher
proportion of potential immigrants coming from spatially proximate populations than
distant ones. While an explicit test for isolation by distance was inconclusive, the
results obtained above, along with the ecology of the species, are consistent with the
underlying process of isolation by distance.

Doubleday et al. (2008a)'s stylet microchemistry work allows for direct comparison
with this genetic study as the same sample sites (and many of the same individuals)
were employed. Stylet microchemistry found spatial heterogeneity between all
populations (including Northwest Bay), although East Flinders Island and West
Flinders Island were less distinct from each other (though still significantly different)
than the other comparisons (Figure 13). The two techniques produced differing results
(genetic homogeneity where stylet microchemistry found population differentiation) in
two cases: between Stanley and West Flinders Island and between East Flinders Island
and West Flinders Island. For the spatial comparisons where the two studies agree, this
reinforced previous conclusions of population differentiation, and the genetic results
show that the pattern is stable long-term. The results also show further that clarify the
level of dispersal between the populations is less than the one migrant per generation
that results in genetic homogeneity.
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For the comparisons where the two studies disagree, the results of the genetic analysis
suggests that there may be low levels of dispersal occurring between the sites which
are too low to be detected with stylet microchemistry, but high enough that the more
sensitive genetic analysis can detect it. To measure dispersal, stylet microchemistry
requires immigrants to be sampled as it tests the origin of individuals, while genetic
analyses can detect smaller amounts of dispersal averaged over multiple generations
through the effect dispersal has on allele frequencies. Alternatively, the
microchemistry distinction reflects environmental variation in that particular year and
not long-term population isolation. The other possible explanation for this result,
which is that the populations have been separated for too short of a time for genetic
drift to alter allele frequencies between populations, seems unlikely as there are no

.

obvious changes in the system that would affect dispersal in 0. pallidus and other sites
exhibit genetic heterogeneity. The area over which genetic homogeneity was found
was larger than was expected based on the stylet chemistry results, which predicted a
population range ofless than 85km (Doubleday et al. 2008a). This suggests 0.

pallidus has a higher dispersal capacity than previously thought, at least over multigenerational timescales.
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No genetic work has been conducted on 0. pallidus prior to this study, but other
octopus species (Octopus maorum, Octopus vulgaris, Octopus maya) have been
studied, which allows for some comparison within the class. Octopus maorum is also
found in southern Australia, but has a different life history to 0. pallidus, producing
many small eggs with a pelagic larval stage. Octopus maorum has also been studied
through both stylet microchemistry (Doubleday et al. 2008b) and genetics (Doubleday

et al. 2009) over similar spatial scales to 0. pallidus. Allelic diversity in 0. maorum
was higher than in 0. pallidus. As was the case in 0. pallidus, some population pairs
were found to be connected while others were genetically differentiated. The two
species were also similar in that some population pairs showed levels of dispersal
detected by genetics that were too low to be determined by stylet microchemistry.
However, 0. maorum population structure did not appear to be consistent with
isolation by distance, as some relatively proximate populations (<450km apart)
showed genetic heterogeneity while there was genetic homogeneity between other
population pairs located a much greater distance apart (1500km). Local oceanographic
conditions, the pattern of ocean currents and occasional long distance dispersal were
listed as the most plausible cause for the connectivity patterns found in 0. maorum
(Doubleday et al. 2008b; Doubleday et al. 2009), as opposed to the raw distance as
supported for 0. pallidus.

Octopus vulgaris, which occurs in the Atlantic Ocean and Mediterranean Sea, also
produces very large clutches of eggs and has a planktonic larval phase (Roper et al.
1984). It exhibits high genetic diversity and genetically structured populations with
samples collected from more than 200km apart being genetically differentiated
(Cabranes et al. 2008). Levels of differentiation found in the Atlantic were in accord
with separation caused by isolation by distance, while Mediterranean individuals were
probably separated from Atlantic populations by a barrier (Cabranes et al. 2008). Casu

et al. (2002) found that Mediterranean individuals were separated into genetically
distinct populations, but there was no evidence for isolation by distance. However, that
study suffered from low power due to only examining a single microsatellite locus
compared to the eight used by the current study.
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Octopus vulgaris and 0. maorum had higher allelic diversity than 0. pallidus and 0.
maya. Species with high effective population sizes caused by the production oflarge
numbers of offspring, such as 0. vulgaris and 0 maorum, often have higher genetic
diversity due to the large number of sources of genetic mutations and the slower
genetic drift that occurs compared to species with smaller populations (Allendorf &
Luikart 2007). Octopus pallidus has not been tested with allozymes, but from the
small number of species examined, it appears that microsatellite genetic diversity is
higher across octopuses than allozymes, which so far have had little success in
differentiating population structure in cephalopods (Cabranes et al. 2008; Juarez et al.
2010). For this reason, future work on distinguishing population structure in
cephalopods would be best suited to microsatellites.

While other direct developing octopus species are the focus of commercial fisheries
(Juarez et al. 2010), the only direct developing octopus species other than 0. pallidus
to have been studied for genetic population structure is 0. maya from the Gulf of
Mexico. Early allozyme work found little variability or spatial heterogeneity, (Cetina

et al. 2007; Perez-Losada et al. 2002) but a preliminary microsatellite study found
weak population structure over three sites (Juarez et al. 2010), with possible isolation
by distance. While further work is required to build a complete picture of 0. maya
dispersal, the patterns found -

genetic structure and isolation by distance -

appear to

be the same. Taken together with (Doubleday et al. 2008a), this study provides a
framework against which the population structure of other octopus species with
similar ecology can be predicted. 0. pallidus population structure also appears to be
similar to that of other taxa with similar life history.

It is hypothesised that marine organisms with direct larval development will have
genetically structured populations, resulting from low levels of dispersal between
different areas within the species' range (Bay et al. 2006; Bernardi 2008). This is
supported for species from a variety oftaxa, including fish (e.g. Bay et al. 2006;
Hoffman et al. 2005), gastropods (e.g. Parsons 1996) and echinoderms (e.g. Sherman

et al. 2008). This can be attributed to there being few opportunities for dispersal in
these taxa, especially ifthe adults are also sedentary or sessile. Octopus pallidus does
not produce pelagic paralarvae; hatchling octopus immediately take up the relatively
sedentary lifestyle of the adults. Octopus pallidus is capable of dispersing some
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distance,. given genetic homogeneity observed at moderate spatial scales (e.g.
<200km), showing that pelagic larvae are not essential for dispersal. This inference is
supported by genetic homogeneity between populations in other direct developing
species (Holmes et al. 2004; Sponer & Roy 2002), though in some cases adult
behaviour such as kelp rafting is the likely mechanism (Sponer & Roy 2002).
However, the relationship between direct development and genetic structuring appears
to be more robustly supported than the hypothesised general trend between PLD and
genetic structure (Bay et al. 2006; Weersing & Toonen 2009). Genetic structure in
direct developing organisms is generally most strongly influenced by distance and
non-oceanography based barriers, such as depth and food supply. Genetic structure has
also been found a number of species with pelagic larvae, and can be attributed to
isolation by distance, but also larval behaviour (Cowen & Sponaugle 2009), selection
on recruits (Chambers et al. 2006), barriers, and oceanographic features.

Temporal variation

None of the three sites surveyed for temporal variation found significant changes in
allele or genotype frequencies over time (between one and four years). Likewise,
patterns of genetic differentiation between sites appear temporally stable. Two
characteristics commonly associated with temporal changes in allele frequencies in
marine environments are changes in the groups of animals using an area, for example
spawning migrations (Garoia et al. 2004), and sweepstakes reproduction (Christie et
al. 2010), where a small proportion of the reproductive cohort produce most of the
subsequent generation. The absence of temporal variation suggests that these traits do
not occur in 0. pallidus. Temporal genetic homogeneity in marine environments is
associated with sedentary adults and high parental investment in offspring (making
sweepstakes reproduction unlikely), although in some cases the reason for genetic
homogeneity is unclear (Domingues et al. 2010; Kovach et al. 2010). Both these
characteristics are typical of 0. pallidus ecology, as the adults are relatively sedentary
and the species produces a relatively small number of eggs which the female cares for
until they hatch. Due to the low number of generations between sampling events, (one
to four), variation in allele frequencies cannot be completely refuted. However, some
causes of temporal variation in allele frequencies, such as sweepstakes
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reproduction(Hedgecock et al. 2007b), manifest over short periods of time and would
be visible within the timeframe of the study (Christie et al. 2010).

Management

An important question when interpreting genetic data is the level of connectivity at
which dispersal becomes important for population demographics. To affect
demography, there is a requirement for reasonably large amounts of immigration,
which was not detected by stylet chemistry. Therefore, it is likely the populations
studied, whether or not genetically isolated, are isolated in terms of altering the
demographics of the receiving population. For this reason, management units in this
species should be smaller than the area over which individuals are genetically
homogenous, and a management approach based on stylet microchemistry is likely to
be more appropriate.

Future work

The finer extent of population structuring could not be precisely measured in this
study due to the relatively wide geographical spacing of the study sites. Further work
could include additional sample sites spaced between 200 and 300km apart, which
appears to be a threshold dispersal distance in this species from the genetic analyses.
Information in this important distance class will help produce a higher-resolution
pipture of the population genetic structure in this species. Another point of interest is
confirming the suggestion of isolation by distance with more sample sites, and testing
whethe! other factors in addition to distance, (e.g. bathymetry), may also influence
population differentiation in this species. Where_ stylet microchemistry found structure
but the populations were genetically homogenous, a repeat of the stylet work will
allow the temporal variability in chemical signatures at those sites to be determined.
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Conclusions

Octopus pallidus proved amenable to microsatellite study, with moderate allelic
diversity across the majority ofloci examined. Based on the life history of this species
and a previous study examining stylet microchemistry, it was predicted that the 0.

pallidus population around Tasmania would be highly structured. This was only
partially upheld, as the 0. pallidus population around Tasmania showed genetic
structuring, but populations within 200km of each other were genetically homogenous.

Octopus pallidus populations separated by more than 200km were genetically isolated,
consistent with a population structure determined by isolation by distance. This
suggests that the dispersal capacity in this species is higher than previously thought
based on stylet microchemistry, at least over longer timescales.

39

References
Allendorf F. W. & Luikart G. (2007) Conservation and the genetics ofpopulations
Blackwell Pub, Malden, MA.
Allendorf F. W. & Seeb L. W. (2000) Concordance of genetic divergence among
sockeye salmon populations at allozyme, nuclear DNA, and mitochondrial DNA
markers. Evolution 54: 640-651.
Baudouin L., Piry S. & Cornuet J.M. (2004) Analytical Bayesian approach for
assigning individuals to populations. The Journal ofHeredity 95: 217-224.
Bay L. K., H. C.-R. & J. C.-M. (2006) The relationship between population genetic
structure and pelagic larval duration in coral reef fishes on the Great Barrier Reef.

Marine Biology 149: 1247-1256.
Bernardi G. (2008) Isolation and characterization of 12 microsatellites from the black
surfperch, Embiotoca jacksoni, a reef fish that lacks a pelagic larval phase. Molecular

Ecology Resources 8: 1512-1514.
Buresch K. C., Gerlach G. & Hanlon R. T. (2006) Multiple genetic stocks oflongfin
squid Loligo pealeii in the NW Atlantic: Stocks segregate inshore in summer, but
aggregate offshore in winter. Marine Ecology Progress Series 310: 263-270.
Cabranes C., Fernandez-Rueda P. & Martinez J. L. (2008) Genetic structure of

Octopus vulgaris around the Iberian Peninsula and Canary Islands as indicated by
microsatellite DNA variation. ICES Journal of Marine Science 65: 12-16.
Casu M., Maltagliati F., Meloni M., Casu D., Cossu P., Binelli G., Curini-Galletti M.
& Castelli A. (2002) Geneti~ structure of Octopus vulgaris (Mollusca, Cephalopoda)

from the Mediterranean Sea as revealed by a microsatellite locus. Italian Journal of

Zoology 69: 295-300.
Cetina J. A. T., Sanchez J. B. E., Gil L. A. R., Gomez A. M. G. & Galaz J. L. C.
(2007) Estructura Genetica del Pulpo Octopus maya en los Estados de Campeche y
Yucatan en la Peninsula de Yucatan.
Chambers M. D., VanBlaricom G. R., Hauser L., Utter F. & Friedman C. S. (2006)
Genetic structure of black abalone (Haliotis cracherodii) populations in the California

40
islands and central California coast: Impacts of larval dispersal and decimation from
withering syndrome. Journal ofExperimental Marine Biology and Ecology 331: 173185.
Chapuis M. P. & Estoup A. (2007) Microsatellite null alleles and estimation of
population differentiation. Molecular Biology and Evolution 24: 621-631.
Christie M. R., Johnson D. W., Stallings C. D. & Hixon M.A. (2010) Self-recruitment
and sweepstakes reproduction amid extensive gene flow in a coral-reef fish. Molecular

Ecology 19: 1042-1057.
Cowen R. K. & Sponaugle S. (2009) Larval dispersal and marine population
connectivity. Annual Review ofMarine Science 1: 433-466.
Danancher D. & Garcia-Vazquez E. (2009) Population differentiation in megrim

(Lepidorhombus whiffiagonis) and four spotted megrim (Lepidorhombus boscii) across
Atlantic and Mediterranean waters and implications for wild stock management.

Marine Biology 156: 1869-1880.
Domingues C. P., Creer S., Taylor M. I., Queiroga H. & Carvalho G. R. (2010)
Genetic structure of Carcinus maenas within its native range: larval dispersal and
'

oceanographic variability. Marine Ecology-Progress Series 410: 111-123.
Doubleday Z. A., Peel G. T., Semmens J. M. & Danyushevsky L. (2008a) Stylet
elemental signatures indicate population structure in a holobenthic octopus species,

Octopus pallidus. Marine Ecology Progress Series 371: 1-10.
Doubleday Z. A., Peel G. T., Semmens J.M. & Danyushevsky L. (2008b) Using stylet
elemental signatures to determine the population structure of Octopus maorum.

Marine Ecology Progress Series 360: 125-133.
Doubleday Z. A., Semmens J.M., Smolenski A. J. & Shaw P. W. (2009)
Microsatellite DNA markers and morphometrics reveal a complex population structure
in a merobenthic octopus species (Octopus maorum) in south-east Australia and New
Zealand. Marine Biology 156: 1183-1192.
Excoffier L. & 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.

41
Falush D., Stephens M. & Pritchard J. K. (2003) Inference of population structure
using multilocus genotype data: Linked loci and correlated allele frequencies. Genetics
164: 1567-1587.
Freeland J. (2005) Molecular ecology. John Wiley & Sons, Chichester, West Sussex,
England.
Garoia F., Guarniero I., Ramsak A., Ungaro N., Landi M., Piccinetti C., Mannini P. &
Tinti F. (2004) Microsatellite DNA variation reveals high gene flow and panmictic
populations in the Adriatic shared stocks of the European squid and cuttlefish
(Cephalopoda). Heredity 93: 166-174.
Goudet J., Raymond M., deMeeus T. & Rousset F. (1996) Testing differentiation in
diploid populations. Genetics 144: 1933-1940.
Green B. S. & Fisher R. (2004) Temperature influences swimming speed, growth and
larval duration in coral reef fish larvae. Journal ofExperimental Marine BiOlogy and

Ecology 299: 115-132.
Guo S. W. & Thompson E. A. (1992) Performing the exact test of Hardy-Weinberg
proportion for multiple alleles. Biometrics 48: 361-372.
Hartl D. L. & Clark A. G. (1997) Principles ofpopulation genetics Sinauer Associates,
Sunderland, Mass.
Hedgecock D., Barber P.H. & Edmands S. (2007a) Genetic approaches to measuring
connectivity. Oceanography 20: 70-79.
Hedgecock D., Launey S., Pudovkin A. I., Naciri Y., Lapegue S. & Bonhomme F.
(2007b) Small effective number of parents (Nb) inferred for a naturally spawned
cohort of juvenile European flat oysters Ostrea edulis. Marine Biology 150: 11731182.
Hedrick P. W. (1999) Perspective: Highly variable loci and their interpretation in
evolution and conservation. Evolution 53: 313-318.
Hedrick P. W. (2005) A standardized genetic differentiation measure. Evolution 59:
1633-1638.
Hellberg M. E. (2007) Footprints on water: The genetic wake of dispersal among
reefs. Coral Reefs 26: 463-473.

42
Hellberg M. E. (2009) 6ene flow and isolation among populations of marine animals.

Annual Review ofEcology, Evolution, and Systematics 40: 291.
Hoffman E. A., Kolm N., Berglund A., Arguello J. R. & Jones A. G. (2005) Genetic
structure in the coral-reef-associated Banggai cardinalfish, Pterapogon kauderni.

Molecular Ecology 14: 1367-1375.
Hohenlohe P.A. (2004) Limits to gene flow in marine animals with planktonic larvae:
models of Littorina species around Point Conception, California. Biological Journal of

the Linnean Society 82: 169-187.
Holmes S. P., Dekker R. & Williams I. D. (2004) Population dynamics and genetic
differentiation in the bivalve mollusc Abra tenuis: aplanic dispersal. Marine Ecology-

Progress Series 268: 131-140.
Hubisz M. J., Falush D., Stephens M. & Pritchard J. K. (2009) Inferring weak
population structure with the assistance of sample group information. Molecular

Ecology Resources 9: 1322-1332.
Ivanova N. V., Dewaard, Jeremy R. and Hebert, Paul D. N. (2006) An inexpensive,
automation-friendly protocol for recovering high-quality DNA. Molecular ecology

Notes 6: 998-1002.
Jensen J. L., Bohonak A. J. & Kelley S. T. (2005) Isolation by distance, web service.

BMC Genetics 6: v.3.16 http://ibdws.sdsu.edu/.
Jones G. P., Almany G. R., Russ G. R., Sale P. F., Steneck R. S., van Oppen M. J. H.
& Willis B. L. (2009) Larval retention and connectivity among populations of corals

and reef fishes: history, advances and challenges. Coral Reefs 28: 307-325.
Jones G. P., Planes S. & Thorrold S. R. (2005) Coral reef fish larvae settle cl9se to
home. Current Biology 15: 1314-1318.
Juarez 0. E., Rosas C. & Arena L. (2010) Heterologous microsatellites reveal
moderate genetic structure in the Octopus mayq population. Fisheries Research.
Kassahn K. S., Donnellan S. C., Fowler A. J., Hall K. C., Adams M. & Shaw P. W.
(2003) Molecular and morphological analyses of the cuttlefish Sepia apama indicate a
complex population structure. Marine Biology 143: 947-962.

43
Kovach A. I., Breton T. S., Berlinsky D. L., Maceda L. & Wirgin I. (2010) Fine-scale
spatial and temporal genetic structure of Atlantic cod off the Atlantic coast of the
USA. Marine Ecology-Progress Series 410: 177-U195.
Ledoux J.B., Garrabou J., Bianchimani 0., Drap P., Feral J.P. & Aurelle D. (2010)
Fine-scale genetic structure and inferences on population biology in the threatened
Mediterranean red coral, Corallium rubrum. Molecular Ecology 19: 4204-4216.
Leis J.M., Wright K. J. & Johnson R. N. (2007) Behaviour that influences dispersal
and connectivity in the small, young larvae of a reef fish. Marine Biology 153: 103117.
Leporati S. C., Peel G. T. & Semmens J. M. (2008a) Reproductive status of Octopus

pallidus, and its relationship to age and size. Marine Biology 155: 375-385.
Leporati S. C., Semmens J.M. & Peel G. T. (2008b) Determining the age and growth
of wild octopus using stylet increment analysis. Marine Ecology Progress Series 367:
213-222.
Leporati S. C., Ziegler P. E. & Semmens J.M. (2009) Assessing the stock status of
holobenthic octopus fisheries: Is catch per unit effort sufficient? ICES Journal of

Marine Science 66: 478-487.
Levin L. A. (2006) Recent progress in understanding larval dispersal: New directions
and digressions. Integrative and Comparative Biology 46: 282-297.
Louis E. J. & Dempster E. R. (1987) An exact test for Hardy-Weinberg and multiple
alleles. Biometrics 43: 805-811.
Lukoschek V., Waycott M. & Keogh J. S. (2008) Relative information content of
polymorphic microsatellites and mitochondrial DNA for inferring dispersal and
population genetic structure in the olive sea snake, Aipysurus laevis. Molecular

Ecology 17: 3062-3077.
Marlow T. R., Agnew D. J., Purves M. G. & Everson I. (2003) Movement and growth
of tagged Dissostichus eleginoides around South Georgia and Shag Rocks (subarea
48.3). Ccamlr Science 10: 101-111.
Matthiopoulos J., McConnell B., Duck C. & Fedak M. (2004) Using satellite telemetry
and aerial counts to estimate space use by grey seals around the British Isles. Journal

ofApplied Ecology 41: 476-491.

44
McPherson A. A., Stephenson R. L. & Taggart C. T. (2003) Genetically different
Atlantic herring Clupea harengus spawning waves. Marine Ecology Progress Series
247: 303-309.
Palsboll P. J., Berube M. & Allendorf F. W. (2007) Identification of management units
using population genetic data. Trends in Ecology and Evolution 22: 11-16.
Parsons K. E. (1996) The genetic effects of larval dispersal depend on spatial scale and
habitat characteristics. Marine Biology 126: 403-414.
Payne N. L., Gillanders B. M. & Semmens J. (In press) Breeding durations as
estimators of adult sex ratios and population size. Oecologia: 1-7.
Peel G. T., Doubleday Z. A., Danyushevsky L., Gilbert S. & Moltschaniwskyj N. A.
(2010) Trans generational marking of cephalopods with an enriched barium isotope: a
promising tool for empirically estimating post-hatching movement and population
connectivity. ICES Journal ofMarine Science 67: 1372-1380.
Perez-Losada M., Guerra A., Carvalho G. R., Sanjuan A. & Shaw P. W. (2002)
Extensive population subdivision of the cuttlefish Sepia officinalis (Mollusca:
Cephalopoda) around the Iberian Peninsula indicated by microsatellite DNA variation.

Heredity 89: 417-424.
Perez-Losada M. P., Guerra A. & Sanjuan A. (2002) Allozyme divergence supporting
the taxonomic separation of Octopus mimus and Octopus maya from Octopus vulgaris
I

(Cephalopoda: Octopoda). Bulletin ofMarine Science 71: 653-664.
Pineda J., Hare J. A. & Sponaugle S. (2007) Larval transport and dispersal in the
coastal ocean and consequences for population connectivity. Oceanography ?-O: 22-39.
Prakoon W., Tunkijjanukij S., Nguyen T. T. T. & Na-Nakom U. (2010) Spatial and
Temporal Genetic Variation of Green Mussel, Perna viridis in the Gulf of Thailand
and Implication for Aquaculture. Marine Biotechnology 12: 506-515.
Pritchard J. K., Stephens M. & Donnelly P. (2000) Inference of population structure
using multilocus genotype data. Genetics 155: 945-959.
Raymond M. & Rousset F. (1995) GENEPOP (Version-1.2)- Population-genetics
software for exact tests and ecumenicism. Journal of Heredity 86: 248-249.

45
Rice T. K., Schork N. J., Rao D. C., Rao D. C. & Gu C. C. (2008) Methods for
Handling Multiple Testing. In: Advances in Genetics pp. 293-308. Academic Press.
Roper C., Sweeney M. & Nauen C. (1984) FAQ species catalogue. Vol. 3.
Cephalopods of the world. An annotated and illustrated catalogue of species of interest
to fisheries. In: FAO fisheries synopsis. 1984. Smithsonian Inst.
Roussel J.-M., Haro A. & Cunjak R. A. (2000) Field test of a new method for tracking
small fishes in shallow rivers using passive integrated transponder (PIT) technology.
Canadian Journal ofFisheries and Aquatic Sciences 57: 1326-1329.
Rousset F. (2008) GENEPOP'007: a complete re-implementation of the GENEPOP
software for Windows and Linux. Molecular Ecology Resources 8: 103-106.
Sala-Bozano M., Ketmaier V. & Mariani S. (2009) Contrasting signals from multiple
markers illuminate population connectivity in a marine fish. Molecular Ecology 18:
4811-4826.
Shanks A. L., Grantham B. A. & Carr M. H. (2003) Propagule dispersal distance and
the size and spacing of marine reserves. Ecological Applications 13.
Shaw P. W., Pierce G. J. & Boyle P.R. (1999) Subtle population structuring within a
highly vagile marine invertebrate, the veined squid Loligo forbesi, demonstrated with
microsatellite DNA markers. Molecular Ecology 8: 407-417.
Sherman C. D. H., Hunt A. & Ayre D. J. (2008) Is life history a barrier to dispersal?
Contrasting patterns of genetic differentiation along an oceanographically complex
coast. Biological Journal of the Linnean Society 95: 106-116.
Siegel D. A., Kinlan B. P., Gaylord B. & Gaines S. D. (2003) Lagrangian descriptions
of marine larval dispersion. Marine Ecology-Progress Series 260: 83-96.
Slatkin M. (1987) Gene flow and the geographic structure of natural populations.
Science 236: 787-792.
Slatkin M. (1993) Isolation by distance in equilibrium and non-equilibrium
populations. Evolution 47: 264-279.
Sponer R. & Roy M. S. (2002) Phylogeographic analysis of the brooding brittle star
Amphipholis squamata (Echinodermata) along the coast of New Zealand reveals high
cryptic genetic variation and cryptic dispersal potential. Evolution 56: 1954-1967.

46
Swearer S. E., Forrester G. E., Steele M. A., Brooks A. J. & Lea D. W. (2003) Spatiotemporal and interspecific variation in otolith trace-elemental fingerprints in a
temperate estuarine fish assemblage. Estuarine Coastal and ShelfScience 56: 11111123.
Temby N., Miller K. & Mundy C. (2007) Evidence of genetic subdivision among
populations ofblacklip abalone (Haliotis rubra Leach) in Tasmania. Marine and

Freshwater Research 58: 733-742.
Teske P.R., Oosthuizen A., Papadopoulos I. & Barker N. P. (2007) Phylogeographic
structure of Octopus vulgaris in South Africa revisited: identification of a second
lineage near Durban harbour. Marine Biology 151: 2119-2122.
Thorrold S. R., Jones G. P., Planes S. & Hare J. A. (2006) Transgenerational marking
of embryonic otoliths in marine fishes using barium stable isotopes. Canadian Journal

ofFisheries and Aquatic Sciences 63: 1193-1197.
Thorrold S. R., Zacherl D. C. & Levin L. A. (2007) Population connectivity and larval
dispersal using geochemical signatures in c~lcified structures. Oceanography 20: 8089.
Waples R. S. (1998) Separating the wheat from the chaff: Patterns of genetic
differentiation in high gene flow species. Journal ofHeredity 89: 438-450.
Weersing K. & Toonen R. J. (2009) Population genetics, larval dispersal, and
connectivity in marine systems. Marine Ecology Progress Series 393: 1-12.
Whalan S., Ettinger-Epstein P. & de Nys R. (2008) The effect of temperature on larval
pre-settlement duration and metamorphosis for the sponge, Rhopaloeides odorabile.

Coral Reefs 27: 783-786.
Whitlock M. C. & McCauley D. E. (1999) Indirect measures of gene flow and
migration: F(ST)-f:. l/(4Nm + 1). Heredity 82: 117-125.
Wright S. (1943) Isolation by distance. Genetics 28: 114-138.

47

Appendices
Appendix 1: Panels for each iteration of amplification
O~timisation

Panel 1.1

round 1
A106
8006
0126

Panel 1.2

C111
C104
C007

Panel 1.3

8110
8117
C116

O~timisation

Panel 2.1

Panel 1.5

8005
8103
C101
A11S
8007

Panel 2.3

coos
Panel 1.6

O~timisation

Panel 3.1

Panel 3.2

coos
Panel 2.2

Panel 1.4

round 2
C111
C007
C104
C116
8005
0126
8006
0104
8103

8004
8101
0104

C111
C007
C104
C116
8005
0126
8006
0104
8103

Panel 3.3

C007
8006
Panel 3.5

Panel 2.6

Panel 2.7

Panel 2.S

Panel 2.9

C007
8006
C111
0104
8007
C101

C116
8005
8103
C104

C104

coos

coos

Panel 2.5

coos

C007
8006
C111
0104
8007
C101

C111
0126

C104

coos

C104
C116
8005
0104
8103

C007
8006
C111
0104
8007

8117
8103

Panel 3.6

8101
f\11S
8007
A106

C116
8005
8103
8007

Panel 3.7

C101
8007

8007
8101

Panel 3.S

0126
8007
C101

A106
A11S

C104

coos

coo a

Panel 3.4

Final
Panel F.1

C007
8006
C111
0104

C007
8006
C111
0104
C101

coos
Panel 2.4

round 3
C104

Panel F.2

8005
8103
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Singly
Panel 2. 1O

8004
8110
C101

Singly

8004
8110
C101

0126
C101
8007

Appendix 2: Full allele frequencies at each locus
8005
Po~ulation

East Flinders Island
West Flinders Island
Stanley
Mercury Passage
Northwest Bay

Alleles
244
1
0.949
0.984
0.937
0.876

246
0
0.006
0
0.016
0.062

250
0
0.045
0.016
0.047
0.062

Alleles
208
0
0
0.008
0
0

211
0.222
0.167
0.153
0.062
0

214
0.722
0.772
0.78
0.75
0.6

217
0.056
0.028
0.04
0.172
0.4

220
0
0.033
0.019
0.016
0

Alleles
349
0
0.035
0.019
0.052
0

350
0.47
0.444
0.361
0.38
0.617

351
0
0.069
0.076
0.052
0

352
0.062
0.062
0.061
0.052
0.038

353
0.188
0.181
0.159
0.241
0.115

8006
Po~ulation

East Flinders Island
West Flinders Island
Stanley
Mercury Passage
Northwest Bay
B103
Po~ulation

East Flinders Island
West Flinders Island
Stanley
Mercury Passage
Northwest Ba~

354
0
0.056
0.092
0.052
0.077

355
0.094
0.09
0.111
0.069
0.038

356
0.031
0.014
0.029
0.017
0.077

357
0.062
0.014
0.038
0
0.038

358
0.062
0.007
0.025
0.017
0

359
0
0.014
0.013
0.034
0

360
0 031
0.014
0.016
0.017
0

364
0
0
0
0.017
0

COO?
Po~ulation

East Flinders Island
West Flinders Island
Stanley
Mercury Passage
Northwest Bay

Alleles

208
0
0
0.003
0
0

212
0.611
0.771
0.801
0.656
0.8

216
0.389
0.229
0.196
0.344
0.2

305
0.778
0.687
0.648
0.672
0.566

309
0.111
0.28
0.331
0.312
0.367

358
0.139
0.187
0.193
0.266
0.808

362
0.861
0.786
0.783
0.734
0.192

coos
Po~ulation

East Flinders Island
West Flinders Island
Stanley
Mercury Passage
Northwest Bay

Alleles

301
0.111
0.033
0.021
0.016
0.067

C104
Po~ulation

East Flinders Island
West Flinders Island
Stanley
Mercury Passage
Northwest Ba;t

Alleles

354
0
0.022
0.024
0
0

366
0
0.005
0
0
0

C111
Poeulation
East Flinders lsiand
West Flinders Island
Stanley
Mercury Passage
Northwest Bay

Alleles

149
0.333
0.28
0.312
0.516
0.269

154
0.556
0.489
0.454
0.234
0.115

158
0.083
0.165
0.166
0.078
0

162
0.028
0.066
0.068
0.172
0.616

320
0.139
0.097
0.118
0.031
0

325
0.028
0.017
0.063
0.031
0.227

328
0
0.062
0.063
0.031
0

0104
Poeulation
East Flinders Island
West Flinders Island
Stanley
Mercury Passage
Northwest Bay

Alleles

315
0
0.006
0.005
0.016
0

332
0.167
0.119
0.11
0.329
0.136

335
0.221
0.108
0.096
0.016
0.136

340
0.25
0.204
·0.19
0.078
0.091

344
0.056
0.131
0.152
0.203
0.091

348
0.111
0.176
0.096
0.125
0.183

352
0
0.04
0.074
0.078
0.045

356
0.028
0.04
0.033
0.062
0.091
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Appendix 3: Spatial heterogeneity with Northwest Bay included

All populations
P-value across all loci (Fisher's method)
Locus
OpaB005
OpaB006
OpaB103
OpaC007
OpaC008
OpaC104
OpaC111
OpaD104

All:

P value
0.047
0
0.31
0.051
0.051
0.00
0.00
2.2 x 10-5

i= Infinity, df= 16, P = < 0.00001

Pairwise comparisons
P-value for each population pair across all loci (Fisher's method)
Population pair
West Flinders ls.-Mercury Passage
West-Flinders ls-East Flinders Is.
East Flinders ls-Mercury Passage
Stanley-West Flinders Is.
Stanley-Mercury Passage
Stanley-East Flinders Is.
West-Flinders ls-Northwest Bay
Mercury Passage- Northwest Bay
East Flinders Is- Northwest Bay
Stanley- Northwest Bay

Pvalue
0.000003
0.051
0.000034
0.470544
0.000000
0.003134
< 0.00001
0.000001
< 0.00001
< 0.00001
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Dispersal and population connectivity in marine
systems with emphasis on benthic cephalopods
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INTRODUCTION AND BACKGROUND

The dispersal of organisms is an important process in the functioning of ecological
systems. The term 'dispersal' is used here to refer to movement of animals from their
place of birth to place of reproduction; or from one place of reproduction to another
(see box). An understanding of the amount of dispersal that occurs is vital for
understanding many of the factors that influence populations and metapopulations of
organisms (Broquet and Petit 2009). A metapopulation is a number of partially
separate sub-populations connected
by occasional organism movement.

Types of dispersal

Populations range on a continuum

Dispersal is characterised by what life history

from completely open, with very high

stage it occurs in. 'Natal dispersal' is dispersal

levels of dispersal and the majority of

that occurs before the organism has reproduced.

organisms recruited from other

This includes the movement of eggs, seeds and

subpopulations; to completely closed,

spores as well as larvae and juveniles. 'Breeding

with all organisms remaining in their

dispersal' is the movement of adults who have

natal population (philopatry).

already reproduced to a new area for later

Metapopulations with higher

reproductive events.

dispersal rates show greater amounts
of connection between subpopulations than do populations where dispersal is an
uncommon event, with closed populations having no connectivity. Connectivity
affects the ecological and genetic dynamics of the population, with impacts for
management. The true impact of dispersal depends on the success of dispersers as well
as their number.

The success of dispersers in the receiving population is very important for population
connectivity, as it determines the disperser's impact on the recipient population. The
number of dispersing organisms is not the only important factor. An organism that
fails to disperse successfully, or which reaches the new population in poor condition
and subsequent reduced reproductive capacity, will have a lesser impact on the new
population compared to an organism that reaches it with high fitness. For a disperser
to be successful, it organism must reach the new population in a condition where it can
reproduce, which is determined by several physical and biological factors. Physical
factors include distance between populations, with closer populations having higher

dispersal potential than those that are geographically distant. Physical (i.e. mountain
ranges or oceanic trenches) and environmental barriers (i.e. areas of intolerable climate
or poor food supply) to dispersal may exist, reducing the movement of animals
between even physically close populations. When an animal reaches a new area, it
must find suitable space to live in. If it is sessile, this usually has to be done quickly
and accurately. Biological factors interact with the physical factors and each other.
They include the time the animal has to disperse, its movement capabilities and its
ability to compete with organisms in the new population. The probability of successful
dispersal decreases with increasing distance, increased barriers and increased
competition in the receiving environment. However, 'long distance dispersal',
movement of organisms into new populations well out of their normal dispersal range,
does occasionally occur and can have major effects on population dynamics (Bohrer et

al. 2005).

The level of connectivity has implications for the fate of subpopulations. Those with
low levels of exchange are more vulnerable to local extinction than better-connected
populations. A primarily self-recruiting population relies on the reproductive output of
its current members for continued existence, as it has few immigrants. Such a
population has a reduced capacity to recover from an increase in mortality compared
to a well-connected population of the same size, especially when the cause of
increased mortality also affects fecundity. One way this can occur is by the removal of
larger adults, which produce more offspring in a number of species (Fogarty and
Botsford 2007). In more open populations, the effect of the removal of some
organisms (and their reproductive potential) can be neutralised by the movement of
other organisms into the population. These immigrants increase both the population
size and (potentially) the total reproductive capacity. This increased recruitment can
act as a buffer against local extinction, and potentially allow the rebuilding of a
population after a natural disaster or population decline. The movement of animals
also affects the genetic state of the metapopulation.

The amount of dispersal has a direct impact on the genetic heterogeneity of the
metapopulation. When there are higher levels of connection, subpopulations are
genetically similar (in the absence of selection). Species with high levels of dispersal
over long distances are likely to be genetically homogenous over their entire range,

and respond to environmental stimuli in a similar manner everywhere. When there is
reduced or no connectivity, distinct P<?Pulation structures can arise (Wright 1943),
with different allele frequencies in different populations, and 'private alleles', which
only occur in a single subpopulation (Slatkin 1985). Private alleles can be rare
(Kenchington et al. 2006), or make up a large percentage of the variation (Casu et al.
2002). Population structure and private alleles can arise as a result of local adaptation,
with selection resulting in changes to allele frequencies and the favouring of new
mutations. Alternatively, population structure may be caused by genetic drift; changes
in the frequency of alleles caused by non-selective differences in the output of
individuals. Genetically isolated populations are more likely to speciate than ones
connected to the rest of the population by immigration and emigration. This is because
allopatric speciation, where the populations are reproductively isolated, is more
common than sympatric speciation, which occurs in an undivided population (Coyne
and Orr 1998). Drift is also more likely to result in loss of alleles in small isolated
populations, where fewer migrants result in a lack of replacement alleles for those lost
to chance events. Genetic homogeneity is not equivalent to demographic panmixia
(Hellberg 2009), the random mating of organisms within the metapopulation (Palsboll

et al. 2007).

The degree of dispersal required to achieve genetic homogeneity is usually lower than
that required to affect the population demographics. Traditionally, it was considered
that successful dispersal rates of 'one migrant per generation' were sufficient to
achieve genetic homogeneity in subpopulations (Slatkin 1987). This estimate was
produced using an 'island model' containing a number of assumptions about organism
behaviour. Wang (2004) found that the model was robust enough to cope with some
relaxation of these assumptions, but Vucetich and Waite (2000) found that the levels
of migration required to achieve genetic homogeneity increased with increased
frequency of fluctuations in population size. The number of migrants required for
major ecological or demographic change varies with a number of factors including
population size and individual characteristics such as fecundity and competitive
ability. However, the number required is usually several orders of magnitude larger
than the one migrant per generation predicted by the island model (Palsboll et al.
2007). This becomes especially important when considering declining populations,
with resulting implications for management.

The amount of dispersal that occurs and its resulting demographic and genetic impacts
are important considerations in population management. Suitable measures of
management for both conservation and sustainable harvesting require an
understanding of the ecological processes driving the population. From a conservation
viewpoint, knowledge of dispersal and connectivity is important for adequate reserve
design and management strategy (Shanks et al. 2003). If a species regularly disperses
large distances, reserves to protect it should be large. A species that disperses short
distances can be protected by smaller reserves. If the habitat of a long distance
disperser is highly fragmented, then some form of corridor, stepping-stone patch
(Schultz 1998) or translocation strategy should be implemented, although translocation
candidates must be chosen with care, to account for the possibility of local adaptation
and genetic incompatibility (Edmands 2002). The ecological and evolutionary reasons
for an organism' s dispersal strategy may be vitally important for its management.
High dispersal levels are favoured in conditions of spatial and temporal environmental
heterogeneity. Dispersal varies between seasons depending on resource availability in
the natal population. Taking all these factors into consideration can help managers
prepare for variations in the organism' s response to environmental conditions. In the
longer term, population management should consider the repercussions of population
isolation.

The isolation of organisms
in fragmented
subpopulations can affect
their long-term viability. A
1\v-0 connected. populations

species with low dispersal
and small, isolated
populations is also at
increased risk of harmful
genetic drift (the chance

1\vo separate populations
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Figure 1. The appropriate size of a management unit as
determined by the dispersal distance of its members

loss of valuable alleles) and
inbreeding depression
(reduction of fitness caused
by increased chances of the

expression of deleterious or lethal recessives). A small population with low
connectivity is at greater risk than a similarly sized population which is highly
connected. Small, isolated populations are also at higher risk of being wiped out by
stochastic events such as cyclones. In the longer-term, isolation of small or inbred
populations reduces their ability to respond to new selection pressures, such as new
diseases or climate change (Burger and Lynch 1995). Population management that
considers the long-term viability of the population is important in both commercial
and conservation situations.

For sustainable management of commercially harvested species, dispersal determines
the spatial extent at which the species should be managed. Species should be managed
so that the management unit is equal in size to the area of demographic independence
(Palsboll et al. 2007). Species with continuous distribution and/or frequent long
distance dispersal can be more safely managed as large units. Species where the
population is separated due to short dispersal distances, reduced dispersal capacity or
high levels of philopatry require subpopulations to be managed as separate units
(Danancher and Garcia-Vazquez 2009) (Figure 1). If independent sub-populations are
managed as a single unit and heavy harvesting is focussed on one subpopulation, then
that subpopulation is at high risk of collapse (Temby et al. 2007). When this is
repeated for enough
subpopulations, it can lead to the
collapse of the metapopulation, a

Time l

process shown in Figure 2. As
pressure on commercially
harvested species increases, good
stock management is more
important than ever to prevent
further collapses. The majority of
today ' s wild-caught commercial
species live in the sea, which
makes understanding dispersal in
the marine realm imperative.
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Figure 2. Sequential subpopulation collapse
due to overharvesting leading to population
collapse

DISPERSAL IN MARINE SYSTEMS

Marine systems differ from terrestrial systems in a number of ways, with flow-on
effects on the process of dispersal. Aquatic systems are fully three-dimensional, with
the fluid environment ensuring that vertical movement is at least as easy as horizontal
movement. The most important physical and environmental processes are different to
those that occur on land. The system of currents and water masses divide the sea up,
forming barriers to movement for organisms without strong swimming abilities. Even
accounting for divisions, oceanic regions are usually larger than terrestrial ones, and
appear to be more homogenous. The size of marine environments and our relative
difficulty of movement in them have ensured that scientific study of marine systems
has historically been less intensive than that of terrestrial ones.

The dispersal process is probably as important in the sea as on land, but it is less well
understood. There are differences in both the avenues of dispersal and the barriers to
it; and details of the processes that occur are still being uncovered. On land, animals
are likely to disperse as subadults or adults rather than in the early stages of life.
Where adults are mostly sedentary, the animal is likely to have reduced dispersal
capabilities. Conversely" plants do most of their dispersing at the beginning of their
lives, using wind, water and animals to move their seeds. In the sea, many more
animals have juvenile dispersal, regardless of whether or not they also disperse as
adults. The most common form of juvenile dispersal in the sea is being carried by
currents, with varying amounts of active swimming (Cowen and Sponaugle 2009).
Currents have the ability to move much larger organisms than winds and can carry
them further, with many currents running continuously over a long distance. Some
marine barriers, such as mid-ocean ridges, have terrestrial analogues in mountain
ranges. Others are less obvious and familiar. Water masses have much more defined
(but not stationary) borders than air masses, forming a cryptic barrier to dispersal for
weak swimmers (Christie et al. 2010). Other potential barriers include divergent and
convergent currents and rapid or large changes in temperature and salinity levels.
Biological barriers to dispersal also occur in the sea, including selection, predation and
larval starvation (Hohenlohe 2004). These considerations have often been overlooked
in estimates of dispersal for marine organisms, which tended to use fairly simplistic
models.

Classic marine dispersal theory assumed eggs and larvae were passive particles, free to
mix in the oceans. Larvae of benthic organisms then settled out of a homogenous
larval pool into their adult habitat (Pineda et al. 2007). Traditionally, the amount of
time an organism spent in the water column was equated with its dispersal potential.
For benthic species, this usually consists of the Pelagic Larval Duration (PLD), which ·
consists of the time from egg release to settlement onto the benthos. Under this model,
brooders and lecithotrophic species (whose larvae settle after a short period) are
considered to disperse over short distances as a rule. Species with planktotrophic
larvae, which feed and can remain in the plankton for extended periods, are considered
to disperse over longer distances, with the distance travelled determined by the length
of the PLD (Shanks et al. 2003). This has been used as a proxy for dispersal distance
and ability in a number of species; with several studies finding a strong correlation
between PLD and genetic structure. However, this correlation appears to have been
largely forced by direct developers (Bay et al. 2006) and the molecular marker used,
with mtDNA studies producing consistently stronger structure (Weersing and Toonen
2009), questioning the ability of PLD to predict dispersal distance.

The use of PLD as a proxy for dispersal ability and genetic structure is hampered by
technical and biological issues (Weersing and Toonen 2009). One is that PLD has
typically been based on laboratory studies. However, laboratory estimates of PLD
rarely use naturalistic temperature regimes (Bradbury and Snelgrove 2001 ).
Temperature is important for PLD in most cases as larvae are usually exothermic, with
temperature-dependent growth rates (Cowen and Sponaugle 2009). Additionally, when
variation in PLD is noted, the mean PLD is usually used, which is less informative
than minimum or maximum PLD (Bay et al. 2006; Weersing and Toonen 2009). PLD
may also vary in response to environmental quality; with PLD being altered to
increase the chances of larvae recruiting to populations where they will do best
(Sponaugle et al. 2002). The other major problem with many classical marine
dispersal studies is that they fail to account for larval behaviour (Levin 2006). While
eggs and spores are passive particles, larvae rarely are, and their behaviour can make a
significant difference to the distance dispersed (Leis et al. 2007). Vertical migration
behaviour can move larvae into or out of currents, and 'tidal vertical migration' can be
the diffen:nce as to whether larvae enter or leave an estuary (Rothlisberg et al. 1996).

Some larvae also practice horizontal swimming and 'orientation' to determine
direction of movement (Leis et al. 2007). These behaviours are usually triggered by
environmental cues (Gerlach et al. 2007). Mortality decreases the number of larvae in
the plankton throughout the PLD. Suitable settlement sites and cues must be present
while larvae are competent to settle (Simith and Diele 2008), and the larva must then
survive competition and predation to be a successful disperser. This means that much
more complex models are required to estimate dispersal accurately.

Investigations combining PLD with other factors are developing better estimates of
dispersal distance and connectivity. New studies, e. g. Paris et al. (2007) are
attempting to produce dispersal models that take into account all important factors,
such as larval behaviour and complex current systems. However, models require
accurate data to work effectively. Logistic and technical constraints have resulted in
there being fewer studies of dispersal in marine environments compared to terrestrial
ones (Paris et al. 2007). This is changing with new tools for studying organism
movement at sea.

MEASURING DISPERSAL IN MARINE ANIMALS

New developments in tracking animal movement have lead to greater understanding of
the dispersal of marine animals in the wild. Several methods of determining dispersal
levels exist, which measure either the movements of individual animals or the average
level of movement within the population. The results of these analyses can be
expressed a number of ways, including noting the proportion of the population that has
been sourced from elsewhere or the degree of genetic difference between populations
(F-statistics, most commonly FsT, are used for this, (Slatkin 1987). The various
methods have different advantages and disadvantages, which determine what
applications they are best suited to. Versions of all methods available have been used
with marine animals, though some require modification. The oldest methods involve
recording the location of individual animals over time.

A long-standing measure of animal movement is a form of capture-mark-recapture
(CMR), where captured animals are labelled with either a physical or chemical label
before being released. If the animal is recaptured later, then its movement since last
capture point can be calculated. This method has a strong theoretical framework, but
requires a substantial percentage of animals to be recaptured to get a meaningful
result. In marine systems, CMR has been used successfully with adult animals
(Marlow et al. 2003). However, the traditional methods are impractical for larvae due
to their small size and high mortality. More recently, a method that involves dosing a
breeding female with a chemical marlcer, which is then incorporated into eggs has
been developed to counter this (Peel et al. 2010; Thorrold et al. 2006). Another
variation is to raise young larvae in water containing the marker (Jones et al. 2005).
Generally, CMR produces accurate data on individual movement (including variation
within a species), but is labour-intensive and expensive. Several related methods exist
that utilise newer tagging technology.

A major advance in the field of animal tagging was the development of telemetry,
where the captured animal is fitted with a satellite or acoustic transmitter which sends
location data to the receiver, either in real time (in active tracking) or when
specifically called by a receiver (in passive tracking, (Roussel et al. 2000). This
removes the necessity for recapture and produces extremely detailed information on

animal movement. Telemetry has been used successfully in studies with marine
animals (Matthiopoulos et al. 2004). However, it is expensive and therefore datasets
are usually small, with subsequent low power. Earlier studies also suffered from sideeffects of the cumbersome transmitters on animals, though this has been greatly
reduced with newer transmitters, which are much smaller and lighter. Passive tracking
is also limited by the range of the receiver. Passive data recording tags such as 'global
location sensors' or 'archival tags' are a hybrid of CMR and telemetry, which collect
and store data, to be retrieved at recapture (Bost et al. ·2009). Using these tags is
cheaper than active tracking, which allows for data on more subjects to be collected at
the same price, but location is calculated from the time of sunrise and sunset,
producing datasets with lower resolution. Passive data recorders have the same
disadvantages as CMR, but allow for the collection of more data for the same degree
of effort. Other studies have used natural chemical markers.

Natural chemical markers form when the chemical signatures of the water are
embedded in calcareous hard parts. The part can then be analysed using a mass
spectrometer and be compared to the water chemistry of different areas to determine
where the animal was at the time the structure was growing (Thorrold et al. 2007).
From this, animals can be traced back to their place of birth. This has been
successfully performed for fish using otoliths (ear bones) (Swearer et al. 2003) and
octopus using stylets (remanent shell) (Doubleday et al. 2008). It has the advantage of
all animals in the population potentially being tagged, reducing the amount of labour
required and removing the necessity of recapture. This also increases the power to
detect animal movement compared to CMR. However, it requires spatial variation in
water chemistry, and signals can be obscured by temporal variation in water
chemistry, which can confound inferences of spatial movement (Cowen and
Sponaugle 2009). All these methods involve following the movement of individual
animals. A set of methods for measuring dispersal based on the ability to determine
the content of DNA code were developed in the latter part of the 20th centaury.

Increasingly, researchers are using genetic markers to determine the level of
connection between populations. Genetic markers can pick up less frequent movement
than methods that track individual animals, and can examine the long-term impacts of
isolation and mixing averaged over multiple generations. One genetic method is

coalescent analysis, which uses the patterns of accumulated difference between alleles
to infer the length of time since the lineages diverged. Another, parentage analysis,
matches parents to offspring to uncover movement within and between populations.
Most other methods examine the frequencies of different alleles (variations of a gene)
in animals from different populations. Importantly, they only measure successful
dispersal (Broquet and Petit 2009), avoiding the difficultly of determining what
proportion of dispersers have success in the recipient population. The disadvantage of
such methods (with the exception of assignment tests (Hedgecock et al. 2007) is that
they do not provide data on individual animals and therefore have lower spatial
resolution (Cowen and Sponaugle 2009). A new technique of analysing genetic data is
landscape genetics, where the geographic positions of samples are plotted against their
alleles, producing a map of patterns that can reveal groupings and breaks without
requiring a priori delineation of populations (Kenchington et al. 2006). Several classes
of genetic markers can be used in these comparisons.

There are several types of markers used to compare allele frequencies between
populations, each with their own advantages and disadvantages. Allozyme studies
examine the electrophoretic mobility of proteins, which is influenced by the amino
acid sequence and therefore the gene that produced them. This technique has fallen out
of favour today due to the high chance that the proteins are under the effect of natural
selection (Hellberg 2009). Selection obscures patterns of population connectivity as
the pattern of alleles is determined by their fitness not the amount of genetic exchange
between populations. Another method that looks at differences in sequences uses
mitochondrial DNA (mtDNA). MtDNA is passed through only one sex (females) and
can therefore be used to illuminate sex-biased behaviour. Because it is haploid and is
transmitted through females only, mtDNA imposes an effective population size one
quarter that of nuclear markers such as allozymes, which can produce non'

representative estimates of population structure (Weersing and Toonen 2009). Another
method that has become popular is the use of microsatellite markers.

Microsatellite markers, like the techniques described above, determine connectivity
using the frequencies of alleles in each population. The levels of shared alleles
between populations, private alleles and the amount ofhomozygosity can reveal the
level of cmmection between the populations. Micrusatdlites are areas of nuclear DNA

which contain multiple repeats of 1-5 base pairs, e.g. ATATATATATAT, which
usually have many alleles. The microsatellite is detected by recognition of primers,
sections of known DNA on either side of the microsatellite. This allows the
microsatellite to be amplified by polymerase chain reaction (PCR), after which allele
size is detected by gel electrophoresis. This allows the alleles possessed by each
organism to be determined. They can resolve breaks between populations separated by
relatively short distances due to their high levels of polymorphism (Hellberg 2007).
These markers are diploid and come from nuclear DNA, ~hich means that the total
effective population size is retained. Microsatellites work on shorter timescales than
mtDNA as they usually have a higher mutation rate (Sala-Bozano et al. 2009).
Multiple microsatellite loci can be sampled in a single analysis and the results
compared, producing a more accurate picture with reduced noise than the single locus
available from mtDNA (Waples 1998). These advantages have made them the
preferred type of frequency marker in genetic studies, but they are not without flaws.

Some caution is necessary when using microsatellites, as they have a number of flaws.
Firstly, they are not immune to the confounding effects of selection seen in allozymes
(Hellberg 2009). They also have the problem of null alleles, where primers fail to
recognise flanking sequences in the sample during PCR, leading to non-amplification
of some alleles and false patterns of homozygosity (Chapuis and Estoup 2007). When
microsatellites that are non-independent (linked) are used, then the results may be
biased by reading a single signal as multiple independent signals and consequently
overweighting it. However, all these issues can be identified and avoided during
analysis (Gonzalez-Wangliemert et al. 2010). Other issues, however, require careful
interpretation of results and place limits on the usefulness of microsatellites. F ST
compares within-population variability to between-population variability. If a locus is
highly polymorphic, with tens or hundreds of alleles, then the value of F sT will always
be very low, as within-population variability is extremely high (Hellberg 2007). This
means that certain microsatellites may be unable to discern even strong population
subdivision if the degree of polymorphism is too high. The impact of this can be
reduced by standardising the FST according to the number of alleles present (Hedrick
2005; Temby et al. 2007). Genetic homogeneity, when detected, could be caused by a
number of factors, including slow rates of mutation and genetic drift, high gene flow
or recent separation of populations (Hellberg 2009), as well as selection. The ability of

microsatellites to quantify gene flow decreases as the level of gene flow increases.
This means that microsatellites alone cannot give meaningful results at levels of
migration needed for demographic connectivity (Waples 1998). Despite these
problems, microsatellites have been used to determine population structure in a
number of studies of marine dispersal.

PREVIOUS MARINE WORK WITH MICROSATELLITES

Microsatellite studies in marine systems have had varying results, with everything

.

from the panmixia predicted by classic marine dispersal theory to strong local
structure recorded. Species with direct development tend to have shorter dispersal
distances than species with a planktonic larval stage, but beyond that patterns break
down (Bay et al. 2006). Strong barriers have a major impact on dispersal distances,
and a sufficiently powerful barrier can often (but not always) affect multiple
taxonomic groups (Hellberg 2009). Several parts of the world have been the location
of large numbers of fish genetic studies.

Repeated studies in the Mediterranean Sea and its surrounds have helped build a
picture of the important processes affecting population connectivity for fish in this
region. At the western end of the sea, close to the Straits of Gibraltar, is an
anticyclonal gyre system called the Almerla-Oran Front (Sala-Bozano et al. 2009).
This appears to be a shared phylogeographic break, restricting dispersal in a number of
species, including striped sea bream (Lithognathus mormyrus) (Figure 3) (SalaBozano et al. 2009).

• 2006
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Figure 3. The Mediterranean sea with potential breaks between
populations qfL. mormyrus (from Sala-Bozano et al. 2009)
Another shared break appears between the Mediterranean and the Atlantic. This is
seen in the flatfish Lepidorhombus whiffagonis and Lepidorhombus boscii (Danancher
and Garcia-Vazquez 2009) and the white seabream Diplodus sargus (GonzalezWangiiemert et al. 2010). However, this pattern was not seen in a study of the
European anchovy (Engraulis encrasicolus), which found connections between fish

from the two areas (although they may not reflect current dispersal patterns)
(Zarraonaindia et al. 2009). In the striped sea bream, the population was broken up
genetically at the Straits, the Alemeria-Oran front, and between the western and
eastern parts of the sea. However, low levels of contemporary gene flow were detected
on top oflong separation (as shown by mtDNA) (Sala-Bozano et al. 2009). In addition
to studying specific sites, certain ecosystem types have received particular attention.

Dispersal in coral reef fish has been the focus of substantial study, revealing a variety
of patterns, from apparent panmixia to strong structure. In the Caribbean, mutton
snapper (Lutjanus analis), with a PLD of 30 days, showed no signs of differentiation
between populations spread over the whole basin (Shulzitski et al. 2009). Similarly,
the neon damselfish Pomacentrus coelestis (from Australia) has a PLD of 18-20 days
and showed evidence of panmixia over the smaller study area of about 400km2

.

(Gerlach et al. 2007). Conversely, the cardinalfish Ostorhinchus doederleini (also
Australian) has larvae with a PLD of 16-27 days and relatively weak swimming
ability, but shows obvious genetic differentiation with relatively high levels of selfrecruitment (36-58%). This pattern was attributed to larval homing behaviour (Gerlach
et al. 2007). Several species of reef fish have been studied that are direct developers,
with no planktonic larval phase. One of them is the black surfperch, Embiotoca
jacksoni, of California. This fish is viviparous and gives birth to well-developed young
who immediately recruit to the adult population. In accordance with the predictions of
classic marine dispersal theory, both mtDNA and microsatellite studies show strong
population structure in this species (Bernardi 2008). Another direct developer is the
spiny damselfish, Acanthochromis polyacanthus, from northern Australia. As
expected, this species shows strong differentiation between all reefs separated by
water more than 1Orn deep. This species also showed signs of isolation by distance
(IBD) (Miller-Sims et al. 2008), where geographic distance is correlated with genetic
distance (Slatkin 1985). As well as fish, major groups of marine invertebrates have
been examined for population connectivity.

As a group with increasing commercial importance, the cephalopods are attracting
study into their dispersal abilities. Microsatellite studies have now been done on
common representatives of each of the major groups in this class. The cuttlefish Sepia
officinalis lacks a planktonic larval stage and the adults have limited dispersal

capacity, suggesting population structure is likely. This species has separate genetic
stocks in the Atlantic, between the Straits of Gibraltar and the Almeria-Oran front, and
in the eastern part of the sea. These stocks showed signs of isolation by distance and
low levels of gene flow. The Almeria-Oran front presented a barrier to dispersal, with
the Straits of Gibraltar presenting a second possible barrier (Perez-Losada et al. 2002).
Within the Adriatic Sea, with no obvious barriers to movement, S. officinalis showed a
panmictic structure (Garoia et al. 2004). In squid, studies on Loligo vulgaris (Garoia et
al. 2004) and Loligo forbesi (Shaw et al. 1999) showed genetic differences between
populations at large scales (L. forbesi), but not at small scales when there were no
barriers present (L. vulgaris). Their congener, Loligo pealeii, showed differentiation
during the summer spawning season, despite living in an area with few obvious
barriers and being motile as adults. No evidence was found for IBD, so homing
behaviour was suggested to explain this pattern (Buresch et al. 2006). The group of
cephalopods with the strongest association with the benthos as adults is the octopus.

Most octopus species have restricted ranges as adults, meaning that juvenile dispersal
capacity is especially important for population connectivity. Octopus vulgaris shows
signs of stock differentiation with IBD within the Atlantic at distances of above
200km (Cabranes et al. 2008). Octopus in the Atlantic were also separated from those
in the Mediterranean, which, since there was no sign of IBD with this population
(Cabranes et al. 2008), suggests the presence of a barrier. Australasian species
Octopus maorum also showed genetic structuring, including between two populations
450km apart, which was not explained by IBD. Instead, patterns of ocean currents
appeared to be important both for connection and differentiation. Two populations
1500km apart showed signs of occasional connection, but their locations were
compatible with larvae being moved by the Leeuwin/Zeehan current system
(Doubleday et al. 2009). Both these species have a planktonic larval stage, so they
would be expected by classical marine dispersal theory to have high dispersal. The
genetic structure shown in both species highlights the importance of barriers

As discussed above, some of the species that have been examined for population
connectivity showed levels of dispersal congruent with classical marine dispersal
theory, but the number of exceptions found means it cannot be adopted as a general
rule. In many cases, considerations other than PLD and basic oceanography are

required to accurately predict dispersal, although these factors certainly play a part:
The presence of barriers, either of unsuitable habitat or borders of water masses, is
emerging as an important factor restricting animal movement in a number of species.
Some barriers appear to be fairly general, shared by several species. A good
understanding of the ocean currents functioning at the depths the larvae inhabit is also
important for unravelling dispersal. Evidence for IBD occurred in some studies but not
others. This is not unexpected as the assumptions of its model do not hold for some
systems, such as habitats with high spatial heterogeneity. One pattern that emerged
was the usefulness of combining data from microsatellites with data produced by other
methods, such as mtDNA, microchemistry or tracking. This is because the slightly
different types of results produced can complement each other, and reduce the impact
of the limitations each technique possesses. More studies of this variety are required
for the proper management of wild populations.

FUTURE DIRECTIONS FOR STUDY IN THE OCTOPUS GROUP

Of all the major marine groups sought by commercial fisheries, octopuses are one of
the few where catches are increasing (Leporati et al. 2009). Relatively little genetic
work has been done on them, but the species that have been examined showed
structured populations, despite possessing planktonic larval stages. This has important
implications for population management, especially since fishing pressure on the
group is likely to increase. Therefore, more research is required for the octopus group,
especially since they vary in their reproductive strategy and therefore potential for
dispersal.

The octopus group has two distinct reproductive methods, which generally correspond
to the r-selected and K-selected strategies of population ecology. In the r-selected
strategy, the eggs are small, and the chances of eaeh one surviving are slim. Octopus
species that use this strategy attempt to make up for this by laying a very large number
of eggs. Some species that reproduce in this way produce hundreds of thousands of
eggs in a clutch (Leporati et al. 2009). These eggs hatch into planktonic paralarvae
which spend some time in the water column before settling to the bottom. Both 0.

vulgaris and 0. maorum reproduce in this way (Cabranes et al. 2008; Doubleday et al.
2009). The other group, which is relatively K-selected, produces a few hundred large
eggs (Narvarte et al. 2006). Each of these eggs has a higher chance of survival than an
individual egg produced under the other strategy, which is why fewer eggs need be
produced. The young hatched from these eggs are well developed, and can
immediately commence life on the benthos (Narvarte et al. 2006). The predictions of
classical marine dispersal theory state that the 'r-selected' group would be capable of
dispersing large distances, due to the planktonic period providing a mechanism for
animal movement. Previous results (Cabranes et al. 2008; Doubleday et al. 2009) have
found this holds true only some of the time, but in the right circumstances populations
of these species can be connected over large areas. It would be expected that the 'Kselected' group would have strong population structure due to their lack of a
planktonic larval stage to facilitate dispersal. To our knowledge, no population genetic
work has been done on an octopus species using this dispersal strategy. This indicates
a useful avenue of research.

One species of octopus that uses the large-egged, K-selected reproductive method is
Octopus pallidus from southern Australia. This species grows to a maximum weight of
approximately 1.2 kg. It lives for 12-18 months and, as is typical of cephalopods, is
semilparious (Leporati et al. 2009). Females lay around 400 eggs on average (Leporati
et al. 2008), which they then brood, dying shortly after the eggs hatch. Young hatch
into benthic forms, as there is no planktonic paralarval stage (Leporati et al. 2008).
Previous work on the species using stylet microchemistry has indicated that the
species forms discrete populations. There were some signs of exchange between the
two closest sites, separated by about 85km, but othyrwise most animals appeared to
have been born close to their site of collection (Doubleday et al. 2008). This fits with
what would be expected for a sedentary direct developer. However, the techniques
used in this study examine the current situation and do not necessarily detect
occasional movement. For these reasons, a genetic study which examines the effects of
past movement on the populations and can detect the signatures of occasional
movement would complement this work, allowing for a more accurate indicator of
population connectivity over longer timescales. Increasing our understanding of the
biology of this species would be beneficial in a number of ways.

Identifying the patterns of population connectivity in this species will increase our
understanding of the biology of large-egged octopus and enable sustainable
management of this species. A clear understanding of the dispersal biology of this
species would help increase our understanding of this important biological parameter
in the historically under-sampled benthic octopus group as a whole. It would also
increase our understanding of the complex system of animal movement, currents and
barriers that determine dispersal at sea. In addition, 0. pallidus is the focus of a
commercial fishery. Dispersal is important for the appropriate setting of fisheries
management unit boundaries (Doubleday et al. 2008), so understanding population
connectivity in these animals will be of use for the sustainable management of this
species in the future.

CONCLUSIONS

Dispersal is an important factor in biological systems, one which partially determines
the genetic and demographic fate of populations when faced with change. In marine
systems, dispersal has been classically considered to be a function of the amount of
time an animal spent in the water column. Recent work has suggested that dispersal is
determined by the interaction between the time in the water column,

current~,

physical

and environmental barriers and the organism's behaviour. At sea, dispersal is
measured by tagging and/or tracking individual animals, or by measuring the traces
left by past animal movement on the gene pool. Studies using the genetic method of
microsatellites have found both species whose distribution can be explained by
classical. marine dispersal theory and those who showed more complex patterns. In the
commercially important octopus group, work on members of the small-egged octopus
group has shown a complex pattern of mixed population connection and isolation, but
no genetic work has been done on the large-egged octopus. The large-egged benthic
species Octopus pallidus therefore represents an opportunity to increase our
knowledge of this group, to increase scientific understanding and help with
commercial management of this species.
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