Exploring connectivity of marine
benthic invertebrates

by

Katherine Nisbet

Thesis submitted in accordance with the requirements of the University of

Liverpool for the degree of Doctor in Philosophy

September 2011



Abstract

With the marine environment subjected to ever increasing anthropogenic pressures
resulting in biodiversity and habitat losses, there is an urgent need to implement
effective management and conservation strategies to limit these losses. One such
strategy is the designation of Marine Protected Area (MPA) networks, with the central
concept that individual MPAs are connected to its neighbours within the network.
However, determining scales of connectivity in an environment that varies
considerably both spatially and temporally is inherently difficult. Larval dispersal is a
main driver of population connectivity, and planktonic larval duration (PLD) is
frequently used to infer dispersal distance. Thus far studies have predominantly
focused on fish and tropical species, using approaches such as larval dispersal

modelling, otolith microchemistry or genetic estimates of connectivity.

This thesis aimed to assess the levels of connectivity in a range of benthic
invertebrates characteristic of offshore shelf seas of the Northeast Atlantic, at a range
of spatial and temporal scales. This was achieved by: (1) examining the variation in
PLDs of a typical benthic assemblage, then using this information to examine the
variation in realised dispersal at multiple locations using particle tracking software;
(2) assessing habitat preferences for the same species, and exploring how the
distribution of broad habitats would affect connectivity of species; and (3) using
microsatellite markers to determine the genetic structure of the exploited scallop
Pecten maximus at both a localised scale (Isle of Man) and a regional scale covering

over half its range.

While biological variation, in the form of PLD, did affect dispersal potential of common
benthic invertebrates, it was the physical factors of hydrographic regime and
substrate type within a species given dispersal range that played the most important
role in determining ultimate dispersal distance and location. Additionally, the scale of
genetic structure of the scallop Pecten maximus, with Norway genetically distinct from
Scotland, Ireland and Isle of Man but weaker or no structure within those regions,
highlighted the interaction of biological and physical factors. Ultimately, this thesis
has provided valuable insight into the drivers of connectivity in the marine benthos,
but further work, particularly more collaborative studies across multiple fields, is

required if MPAs are to achieve their aims in the face of a changing environment.
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Chapter 1 - Introduction

Chapter 1

Introduction

1.1  Marine Protected Areas: management and conservation benefits

Ecosystems worldwide have come under increasing pressure from human activities,
resulting in huge losses in biodiversity, habitat fragmentation and the collapse of
entire systems (e.g. Skole & Tucker 1993; Pauly et al. 1998; Gardner et al. 2003;
Thomas et al. 2004). For marine ecosystems, pressures from fishing, pollution and
climate change have been associated with unprecedented changes in chemical,
physical and biological functions (e.g. Lubchenco et al. 1995; Botsford et al. 1997;
Jennings & Kaiser 1998; Watling & Norse 1998; Jackson et al. 2001; Harley et al.
2006). With the need for more effective management and conservation in the
marine environment becoming increasingly apparent, numerous studies have
advocated the need to apply new approaches to tackle these issues (e.g. Agardy
1994; Allison et al. 1998; Murray et al. 1999). Most notably, Marine Protected Areas
(MPAs) have emerged as a popular marine management tool and have therefore
attracted increasing interest from the scientific community (e.g. Allison et al. 1998;

Gerber et al. 2003; Sale et al. 2005).

An MPA can be defined as “any area of intertidal or subtidal terrain, together with its
overlying water and associated flora, fauna, historical and cultural features, which
has been reserved by law or other effective means to protect part or all of the
enclosed environment" (Kelleher and Kenchington, 1992). Considered by some to
be the most powerful tool for conservation and management available (Agardy et al.
2011), MPAs are nevertheless limited in their usefulness, particularly when poorly
planned or consulted (Ballantine 1999). These should not be confused with marine
reserves which are MPAs that are considered to be fully protected from human
impacts; MPAs vary considerably in the protection they afford, depending on their
purpose (Lubchenco et al. 2003). Historically, they have been used as a means of
protecting a specific area, habitat or species but it is argued that the design and
selection of areas for the earlier MPAs was often based on little scientific

justification (Allison et al. 1998). Additionally, there has historically been a bias for
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establishing MPAs on coral reefs and rocky nearshore areas in temperate zones,
with the sole aim being to support fisheries management (Roberts & Polunin 1991;
Game et al. 2009; Agardy et al. 2010). Gradually, evidence has emerged to show that
MPAs are most effective where fishing and other human activities are prohibited
(i.e. marine reserves), as they are more likely to encourage (i) spillover effects
where adults move outwards into unprotected areas, and (ii) increases in biomass
through recruitment within the area (Man et al. 1995; Roberts et al. 2001; Gell &
Roberts 2003; Halpern & Warner 2003; Hart 2006; Kellner et al. 2007). Indeed,
MPAs, and marine reserves in particular, have been described as a tool but are

cautioned as being viewed as the primary and only solution (Allison et al. 1998).

In the past decade, efforts have been made to indentify priority areas and optimal
MPA configurations for conservation (Roberts et al. 2002; Sala et al. 2002; Balmford
et al. 2004; Hall-Spencer et al. 2009). Focus has also shifted from single, isolated
MPAs to the creation of networks of MPAs, whereby each MPA should provide local
protection whilst being close enough to others to remain ecologically connected. A
major benefit of this network approach should be to ensure that any node of the
network that suffers some form of perturbation will recover more quickly as it will
be seeded by other nodes, but this requires that source and seed areas are indeed
connected. Field specialists came together in 2003 to assess how best networks of
marine reserves could be designated and where gaps in knowledge existed
(Ecological Applications, 13(1)). These studies all focused on marine reserves,
though the social, economic and political issues involved (e.g. Dixon et al. 1993;
Christie et al. 2003; White et al. 2010) mean that MPAs of varying protection are a
reasonable and often necessary alternative to full protection. One of the major
areas identified to need further work to help better design networks of MPAs, was

ecological connectivity.

1.2  Connectivity in the marine environment

Simply put, connectivity is the flux of any material (e.g. gametes, genes, nutrients)
between locations (Cowen & Sponaugle 2009). Population connectivity (from here
on simply referred to as connectivity) implicitly describes the exchange of
individuals between geographically separated subpopulations that comprise a

metapopulation, though the precise definition varies between authors and
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ecosystems (Calabrese & Fagan 2004). Connectivity plays a fundamental role in
local and metapopulation dynamics, community structure, genetic diversity and the
resilience of populations to human exploitation (Gaylord & Gaines 2000; Cowen et
al. 2002; Palumbi 2003; Trakhtenbrot et al. 2005). In the marine environment,
connectivity has most commonly been referred to as the extent to which populations
are linked by the dispersal of larvae in sedentary species, and both larvae and adults
in mobile species (Palumbi 2003). Implicit in this is the term dispersal; it is
considered the driving force behind connectivity. Therefore a clear understanding
of both biological (e.g. adult movement, larval strategies, habitat selection and
settlement) and physical influences (e.g. hydrographic regimes, benthic habitat
distribution and suitability, temperature) on dispersal is essential if connectivity is

to be well understood.

One of the earliest examples linking dispersal and settlement of larvae with
abundance of adults was by Petersen (1918), who studied intertidal soft-sediment
communities for over 25 years. He described the anomaly of why the bivalve
Macoma balthica was not found in areas of deeper but suitable sediments, and
linked this to the dispersal of their larvae. Later, Thorson (1946, 1950), a Danish
biologist, was instrumental in clearly defining the life history of many benthic
invertebrates as consisting of a dispersive planktonic larval phase and a bottom-
dwelling juvenile and adult phase. Since then, advances in the field of larval ecology
have been significant, particularly with regards to larval development and
metamorphic behaviour (Young 1990) but only within the past 30 years has larval
ecology and community ecology come together to provide a view of wider
community dynamics (Levin 2006). Initially much of the work focussed on post-
settlement processes such as competition, predation, physical disturbance and their
interaction (see Todd 1998), but studies did then begin to focus on aspects of larval
settlement and recruitment, or ‘supply-side’ ecology (Roughgarden et al. 1985;
Gaines & Roughgarden 1985; Lewin 1986; Pawlik 1993).

The role of dispersal in connectivity has developed from the field of supply-side
ecology. The many driving factors that affect dispersal vary temporally, spatially
and between species, with the complexity of typical benthic invertebrate life cycles
in particular is such that modelling their life-cycles becomes increasingly difficult

due to the variation in spatial and temporal scales between larval, juvenile and adult
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phases (Eckman 1996). Indeed the heterogeneity of dispersal scales between and
within species means that from a community perspective, the complexity of
connectivity cannot be underestimated (Kinlan & Gaines 2003; Largier 2003).
However, in parallel with advances in knowledge of larval ecology (over the past 30
years) there have also been advances in the methods for measuring and/or

predicting dispersal.

1.3  Measures of dispersal and connectivity

Dispersal has been described as the ‘glue’ that keeps local populations together in a
metapopulation (Hansson 1991) and larval dispersal in marine species has been
widely accepted as the means by which populations are connected (Scheltema 1986;
Shanks et al. 2003; Kinlan et al. 2005). Therefore in order to determine at what level
connectivity occurs for any given species, dispersal must be measured.
Understanding dispersal mechanisms and distances can then potentially aid
scientists and managers to determine the optimal size, configuration and location of
MPAs (Levin 2006), though examples of this principle in practice have not as yet

been shown in the literature.

In oceans, the combination of species life histories and hydrodynamics allow for
long-distance dispersal, potentially >1000km (Thorson 1950; Scheltema 1988;
Shanks et al. 2003; Kinlan et al. 2005). However, factors such as larval behaviour,
life history strategies and persistent oceanographic features can limit dispersal and
sometimes lead to retention of larvae near to or within their parent population
(Olson 1985; Shanks 1995; Todd 1998; Armsworth et al. 2001). While dispersal can
be difficult to directly quantify, there is evidence of both extremes emerging
(Bradbury & Snelgrove 2001; Mora & Sale 2002; Kinlan & Gaines 2003; Shanks et al
2003). Graham & Sebens (1996) determined three key questions relevant to
determining marine invertebrate larval dispersal: (1) how long do larvae remain in
the plankton? (2) How much influence, by swimming, does the larva have on where
it goes? (3) What is the water flow at time of release and how will it influence the
larva’s ultimate destination? These questions form the basis of many approaches to
measuring dispersal, including coupled physical modelling, otolith microchemistry,
elemental fingerprinting, tagging experiments and genetic methods such as

estimates of gene flow between populations (Levin 2006).
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Many studies on connectivity have been weighted towards fish, tropical and/or rare
species, but not common benthic invertebrate species within a range of habitat
types. With MPA networks required to protect multiple species and habitats, more
needs to be known about dispersal and connectivity of common species as well as
commercial or heavily impacted species. For these species, the techniques best
suited to studying connectivity have been biophysical modelling and analysis of

genetic information.

Simultaneous modelling of Dbiological traits and physical processes allows
researchers to assess connectivity at varying temporal and spatial scales, and are
considered critical tools for addressing the complex processes behind connectivity
(Werner et al. 2007). Physical processes include wind-driven currents, tides, eddies,
and fronts while the primary biological traits determining dispersal are larval
development time and behaviours such as diel vertical migration. Coupled
biophysical modelling approaches vary in the number of processes and traits they
account for, but have progressed rapidly in terms of resolution of these processes
(Kinlan et al. 2005; Werner et al. 2007). This progression has also been evident in
the number of studies and variety of taxon modelled, including reef fish larvae (e.g.
Cowen et al. 2000; Paris & Cowen 2004); coral larvae (James et al. 2002; Galindo et
al. 2006); fish eggs and larvae (van der Molen et al. 2007); and invertebrates
(Dibacco & Chadwick 2001; Pederson et al. 2003).

An indirect means of assessing larval dispersal, and therefore connectivity of
populations, is through studies of genetic structure and gene flow across and
between populations (Todd 1998). Gene flow is the change in gene frequency due to
movement of gametes, individuals or groups of individuals between locations
(Slatkin 1987), therefore estimating gene flow between populations can provide
insight into the level of exchange between populations. With populations of most
species showing some levels of genetic structuring (Balloux & Lugon-Moulin 2002),
assessing how and at what spatial scale differentiation between populations occurs
can provide estimates of species dispersal ranges. As dispersal distance is usually
shorter than a species range, isolation by distance (i.e. populations in close
proximity are genetically more similar than more distant populations (Balloux &

Lugon-Moulin 2002)) estimates coupled with larval dispersal information can
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provide a measure of where population isolation occurs (Palumbi 2003). Fisheries
management in particular has become reliant on estimating population structure
through genetic studies, and increasingly understanding recruitment dynamics and
source-sink dynamics has been recognised to be vital for effective management
(Heipel et al. 1999). Protection needs to be afforded to those populations that are
self seeding but are also major sources of recruits for other populations. Wide-scale
larval dispersal would be expected to suppress population differentiation (Heipel et
al. 1999); indeed there are numerous examples of panmictic populations - those
that are unstructured and randomly mating - in the marine environment (Palumbi
1992). Conversely, there are also examples of where population differentiation has
occurred at small geographical scales, possibly due to the retention of larvae
(Palumbi 1994).

1.4 Aims

It has been suggested that management decisions cannot be based on detailed
species-level information on dispersal for the marine environment because of the
inherent complexity (Roberts et al. 2001). Indeed, in the call for the creation of an
ecologically coherent network of MPAs throughout the North-east Atlantic, the
OSPAR commission stated that while it understood connectivity played a vital role in
maintaining ecological coherence, lack of knowledge on connectivity should not
prevent the development of the network (OSPAR 2005). Whether improved
understanding of connectivity can alter designations that have already been made

remains to be seen, given the difficulty in creating them in the first place.

Whilst short-term management decisions may not wait for the science to inform
them, in the long-term better informed decisions are achievable. In terms of MPA
networks, this requires increased understanding of how connectivity varies
temporally and spatially, between species and habitats, and the biological and
physical factors that affect it. By coupling available information on life history
strategies of marine species, with hydrodynamic modelling and genetic analysis, it
should be possible to better define connectivity in temperate benthic subtidal
habitats. With the majority of the shelf seas of the north east Atlantic dominated by

sedimentary habitats and their corresponding benthic species, there is an
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immediate need to understand connectivity within these systems in order to

provide informed protection through MPA networks.

Thus, the focus of this thesis will be to explore connectivity in a range of benthic

subtidal invertebrates from the UK shelf seas, in the following way:

Chapter 2 Larval dispersal and hydrography: importance for ecological
connectivity
The variation in dispersal potential of a typical subtidal benthic invertebrate
assemblage was determined by first examining the differences in recorded
Planktonic Larval Durations (PLD) for species with the same larval development
types, then using a range of PLDs observed from these species to run dispersal
scenarios in multiple locations using particle tracking software. The contributions of
biological (PLD) and physical drivers (hydrographic region, specific location, depth
and distance from shore) to the dispersal distances achieved were then examined

using a full linear mixed model.

Chapter 3 The influence of landscape rarity, distribution and suitability on
connectivity in the marine benthos
The role of habitat specificity in determining connectivity was assessed by compiling
habitat preference traits for 79 species (from the same assemblage studied in
Chapter 2) and examining the influence of habitat suitability, rarity and distribution
on the likelihood of species being well connected in a typical regional sea (the Irish
Sea). The suitability of using marine landscapes as a proxy for habitat was examined,
as these are often used for classification of seascapes and designation of MPA
networks may be best suited at this scale. Finally, dispersal scenarios were run using
particle tracking software for several habitat specialists suited to different landscape
types within the Irish Sea, to examine the likelihood of them dispersing to suitable

habitat.

Chapter 4 Genetic structure of the scallop Pecten maximus from fishing
grounds around the Isle of Man, Irish Sea

The scallop Pecten maximus is a relatively well studied benthic invertebrate species

so that information on its life history and ecology is more accessible. We therefore

have good information already available on dispersal potential and habitat
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suitability so it is possible to examine the implications of this on divergence of the
population over longer time scales. Using microsatellite markers, the genetic
structure of a single species with a specific dispersal regime at a small geographic
scale, in this case the waters surrounding the Isle of Man, was examined. By
accounting for hydrographic regime and using software to make predictions of
genetic divergence, implications for marine management of this highly valuable

commercial species were assessed.

Chapter 5 Genetic structure of the scallop Pecten maximus along the North
East Atlantic shelf
Continuing on from Chapter 4, this chapter examined the population structure of
Pecten maximus at a larger geographic scale incorporating over half of its geographic
range, from the northernmost limits off Norway, to the south of Ireland. Previous
studies have shown varying degrees of divergence at these scales, but it may be
possible to compare common genetic breaks with dispersal strategies of those
species. Additionally, variations in genetic diversity of populations were examined

in terms of implications for management of stocks.

Chapter 6 Discussion

The results from the preceding chapters were synthesised based on implications for
MPA design, while future issues including the need for adaptive management in the
face of climate change were discussed. Synthesis of results, implications for MPA

network design in the UK and future directions in research.
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Chapter 2

Larval dispersal and hydrography: importance for ecological
connectivity

2.1 INTRODUCTION

Marine Protected Areas (MPAs) have historically been directed towards a single-
purpose design, most often for fisheries or habitat protection purposes (Boersma &
Paris 1999). Following recent international agreements aimed at protecting
biodiversity (e.g. The World Summit on Sustainable Development (WSSD),
Johannesburg 2002), there is a general consensus that design must incorporate a
network of connected MPAs, and there has been increased focus on how to develop
and implement this (e.g. Roberts et al. 2003). As part of the creation of an MPA
network in the North East Atlantic, the Oslo and Paris Convention (OSPAR) requires
that any network should be ‘ecologically coherent’ (OSPAR 2003), a concept that is
still broad in its definition (see Ardron 2008 for discussion). However, it is agreed
that there are key factors which will contribute to, and be used for assessment of,
ecological coherence (OSPAR 2006, 2007; Ardron 2008), including the degree of
connectivity between sites and consideration of ‘representativity’ (where any
network should cover representative areas of all major habitat types not just those
that are currently at risk or degraded (DEFRA 2010)). Other contributing factors to
ecological coherence are replication, viability, adequacy in size and a range of
protection levels. However, a lack of knowledge on connectivity should not impede
the development of an OSPAR network (Principle 10, OSPAR 2006), and
management decisions in terms of size and spacing of MPAs should still allow for
further advances in our understanding of the drivers of connectivity in

representative habitats.

The concept of connectivity in marine populations has received considerable
attention particularly in recent years (see Palumbi 2004 for review), and can simply
be thought of as the exchange of individuals between populations through dispersal
(Cowen and Sponagule 2008). For benthic invertebrates where the adult phase is

often sessile or at least sedentary, the larval phase is critical, in which dispersion
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largely occurs and greatly influences population dynamics (Crisp 1978 but see
Valanko et al. 2010). A host of biological and physical factors also determine the
rate and scale of dispersal of larvae, such as larval behaviour, spawning time and
location, mortality, settlement cues and post-larval/juvenile dispersal (see Levin
2006 for review). Thus, accurately quantifying patterns of connectivity for a species
can be difficult and even context-dependent. Accurately predicting the movement
and subsequent recruitment of larvae within a metapopulation, whilst accounting
for these factors, is problematic, even with the use of multiple techniques such as
genetic studies, direct observations and bio-physical modelling (but see Galindo et
al. 2006). Recent improvements include coupling several techniques, such as
molecular data and bio-physical modelling (e.g. Gaines et al. 2003; Ketchington et al.
2006) to combine increasingly complex population and particle tracking models to

predict connectivity.

To date, studies using particle tracking models have focused on single species,
particularly intertidal species (e.g. limpets in Chiswell 2009; mussels in Gilg and
Hilbish 2003), tropical reef species (e.g. coral in Galindo et al. 2006), or species of
commercial interest (e.g. oyster in North et al. 2008; demersal fish in van der Molen
et al. 2007). Where the overall dispersal potential of a species assemblage has been
examined, estimates were made using information on larval development mode (e.g.
Jones & Carpenter 2009), estimates of Planktonic Larval Duration (PLD), field
observations, the rate of spread of introduced species (Shanks et al. 2003; Grantham
et al. 2003), or genetic measures (Kinlan & Gaines 2003). These studies highlight
the wide potential for dispersal, with predicted estimates of dispersal ranging from
several metres to over 1,000 kilometres for representatives from all major benthic

taxa.

In a study on a range of benthic species, Shanks et al. (2003) suggested dispersal
distance follows a bimodal distribution. Species were characterised as having (1)
PLDs <100 hours and dispersed <1 km or (2) PLDs >300 hours and dispersed >20
km. Accordingly, they proposed that a network of MPAs some 4-6km in diameter
and 10-20 km apart would allow self-seeding for animals with low dispersal
potential and connectivity for high dispersers respectively. Jones and Carpenter
(2009) progressed beyond this dichotomy (that broadly represent non-

planktotrophic and planktotrophic larvae) by categorising a selection of rare or

10
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scarce benthic invertebrates as having low, medium or high connectivity (after
Dibacco et al., 2006) and assigned potential dispersal distances and PLD ranges
(Low: <1 km, <10days; Medium: 1-100 km, <1 month; High: >100 km, weeks-
months, summarised from Tables 3, 4 and 5 in Jones and Carpenter (2009)). In a
recent study, Roberts et al. (2010) used particle tracks to run dispersal scenarios
within or around the 12-mile limit of the UK using PLDs of 1, 10, 30 and 50 days
based on a range of native species. They recommended an MPA size of
approximately 10-20 km across, each separated by 40-80 km in nearshore waters,
and for those outside the territorial limit a size of 30-60 km across to ensure

adequate protection of highly motile commercial species.

There is a clear need to provide advice on the size and spacing of MPAs so that they
can form coherent networks, but we argue here that variability in realised dispersal
potential of species characteristic of any particular habitat is dependent not only on
generic PLD ratings but also on location (see discussion of affect of distribution of
habitats, and Chapter 3). The composition of species and local hydrography will
inevitably vary between habitats. Clearly an area with a current regime that
facilitates retention of larvae, and is characterised by low dispersing species should
be treated quite differently to an area of high advection characterised by species
with high dispersal potential. In typical assemblages, such as those characterising
the subtidal sediments of the UK continental shelf, there will be a range of life
history characteristics displayed by the resident species. As yet, this location-

specific variability has not been explored for benthic invertebrates.

In this study, using PLD of species found to characterise offshore epifaunal
invertebrate assemblages around the UK shelf seas, the variation in dispersal
potential between species and locations was examined. Using a simple particle
tracking model coupled with a hydrodynamic model, the effect of PLD on dispersal
distance was explored in locations characterised by different dispersal regimes. The
overall aim of this study was to determine whether generic categorisation of species
dispersal potential is appropriate when applied to typical assemblages in locations
around the UK. This was achieved by exploring the effect of (1) larval development

type, (2) location and (3) hydrographic region on dispersal distance.

11
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2.2 METHODS

2.2.1 Classification of common subtidal benthic assemblages

2.2.1.1 Selection of species

Species lists were compiled from epifaunal data collected by the Centre for
Environment, Fisheries and Aquaculture Science (CEFAS) in 1998 and 1999 (see
Ellis et al. 2000) and for the Managing Fisheries to Conserve Groundfish and Benthic
Invertebrate Species Diversity project (MAFCONS) in 2003 and 2004 (see Callaway
et al. 2003) from four regions around the southern UK continental shelf (Figure 2.1).
CEFAS collected samples using a 4 m beam trawl fitted with a chain matrix and a 40
mm stretched mesh cod-end. The net was towed for 30 minutes at each station,
covering an approximate area of 15,000 m2 per tow. MAFCONS samples were
collected with a 2 m beam trawl fitted with a chairr matrix and a 20 mm mesh cod-
end. Each tow lasted for 5 minutes, and covered an area of approximately 463 mz2.
Epifauna were identified to lowest practicable taxonomic level, weighed and non-

colonial species counted.

To generate a list of epifaunal invertebrate species typical of temperate subtidal
benthos, species lists were reduced according to the following parameters: a species
(i) occurred at 220 % of stations; or (ii) had a catch per unit effort (CPUE) 25 kg per
hour at any station; or (iii) was ranked in the top five species by catch rate at any
one station. This generated a list of 102 taxa that represented for 98.8 % of the

biomass on average at any one station.

12
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Literature searches were conducted for each of the 102 taxa in the reduced species
list and used to identify development type and differences between taxonomic
groups. Higher taxonomic classifications of species (i.e. Phylum, Class etc.) were
based on Howson & Picton (1997).

PLD (equivalent to time spent in the water column) was used as a proxy to quantify
larval dispersal potential of 83 of the 102 taxa. Where planktonic durations varied
between sources, or a range was given from experimental data, both the maximum
and minimum time was taken. As development time varies with temperature for
ectotherms (Hoegh-Guldberg & Pearse 1995), estimates were further limited to the
temperature range of 8-13°C, which reflects the variation in average sea surface
temperatures  (SST) around the UK from January to  June
(http://gdatal.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=ocean_month).

Where estimates were only found for temperatures above this range, the longest
time was used as water temperature is inversely related to length of development
(O’Connor et al. 2007). If development type was known but time was not, estimates
for species in the same genera and the same development type were used. Where
organisms were grouped into higher taxa (e.g. Ascidians, Bryozoans), an average
time was calculated based on available data describing the most common species

found in the assemblage sampled.

Kruskal-Wallis tests were used to test for differences in PLD between development
types and between categories in Dibacco’s classification. Mann-Whitney tests were
used to test for differences by species between pairs of categories. Non-parametric
tests were used because PLD was non-normally distributed within categories.
Bonferroni's correction was used to maintain the familywise error rate for multiple

comparisons.

2.2.2 Modelling dispersal

2.2.2.1 Modelling software

Estimates of larval dispersal distance were modelled using POLPRED 2.0 (Proudman
Oceanographic Laboratory), an offshore tidal computation software package with a
Lagrangian particle tracking component that can be applied to different depth

strata. Diffusion of particles is based on Monte-Carlo random walks (Maier-Reimer
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1980), and a diffusion coefficient (m? s1) is specified by the user. Diffusion
coefficients used for estimating larval dispersal have been described for several taxa
and range from 0. 5 m2 s for coral larvae on tropical reefs (Oliver et al. 1993) to 10
m2 s-1 for barnacle larvae on the Californian coast (Alexander & Roughgarden 1996).
In this case a diffusion coefficient of 5 m2s-! was deemed to be the most appropriate
for the hydrographic and bathymetric conditions. To ascertain the effect of the
number of particles and time step used on dispersal distance, and to allow for
maximum efficiency, a sensitivity analysis was conducted. Dispersal scenarios were
run for 500 and 1,000 particles at both 15 minute and 30 minute time steps in one
location. These were run for 2, 6, 20, 42 and 90 days, and the minimum, maximum
and median distances were compared. It was found that there was little difference
in dispersal distance between particle number and time step combinations. As such,
it was decided that 1000 particles and a time step of 30 minutes would be used.
Time of release can be specified and based on species where spawning time was
known (e.g. April-June (Norman & Jones 1993); December-January (Hartnoll 1975);
spring (Comely and Ansell 1989)), a release date of 1st March was applied.

2.2.2.2 Location and timing of dispersal

In order to represent the sample assemblages used in this study, locations where
particles were released in each dispersal scenario corresponded with station
locations used by CEFAS and MAFCONS. Four areas - herein referred to as
hydrographic regions - with distinct residual current patterns were identified (see
Figures 2.1a & 2.1b), these being: Central West North Sea (CWNS) which has a
southerly transport along the English coast then an anti-clockwise circulation
through the southern North Sea; East English Channel (EEC) with a general north
easterly flow through the Dover strait to the south North Sea; Bristol Channel (BC)
displaying a northerly flow from the Celtic Sea meeting a westerly flow along the
coast of Wales from the head of the Bristol Channel; and Liverpool Bay (LB) which
has a northerly transport along the coast which meets a southerly flow from the
central Irish Sea to create a clockwise circulation (Lee & Ramster 1981). A total of
10 stations in regions CWNS, EEC and BC, and nine in LC, each situated within 20-50

m depth, were chosen and their distance from shore estimated.

In order to examine dispersal distances of different development types at multiple

locations, the minimum, maximum and median PLDs for BANF, lecithotrophic and
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planktotrophic developers (as quantified in 2.2.1.2) were used to run dispersal
scenarios at each station (see PLDs given for each development type in Table 2.3).
Scenarios for BANF PLDs were run at the bottom depth level as BANF propagules
are closely associated with the benthos. Lecithotrophic and planktotrophic runs

were undertaken at the surface depth level.

2.2.2.3 Data Analysis

A linear mixed model was used to determine the effect of PLD, station, hydrographic
region, depth and distance from shore on final dispersal distance. Dispersal distance
was log-transformed because of strong right skew. Parameters were estimated by
maximum likelihood to allow comparisons between models differing only in fixed
effects (Faraway 2006). Both random and fixed effects were tested using likelihood
ratios, which expresses the likelihood of the data fitting to one model against
another (Faraway 2006). These tests are approximate but few terms of interest had
borderline p-values. The lmer4 package (Bates 2005) in R version 2.9.0 (R
Development Core Team 2010) was used to fit and compare models and initially
included all interactions among fixed effects. Station was treated as a random effect
because we have a large number of different stations, and the variability among
stations is of more interest that the properties of particular stations. All other
factors were treated as fixed effects. To visualise the effects of development type
and region, predicted distances were obtained from the selected model for each
development type and region, with depth and distance from shore fixed at their

overall means.

2.3 RESULTS

2.3.1 Variation in dispersal potential of common subtidal soft
sediment benthic assemblages

Dispersal, classified by either development type or using the Dibacco method, was
similar with the high, medium and low classifications of the Dibacco method
corresponding to planktotrophic, lecithotrophic and benthic-associated non-feeding
(BANF) development respectively. Of the 102 taxa classified, 73.1% were
planktotrophic/high dispersers, 15.1% lecithotrophic/medium dispersers, 4.3%
were benthic-associated non-feeding (BANF) and 7.5% direct developers. When

using the Dibacco et al. (2006) method, BANF and direct developers were grouped

17



Chapter 2 - Larval dispersal and hydrography: importance for ecological connectivity

within the ‘Low’ dispersal category. Mean planktonic larval duration (PLD) was 49.7
days (* 4 SE) for planktotrophic/high, 83 days (+ 3.1 SE) for
lecithotrophic/medium, 1 day for BANF larvae and 0 days for direct development,
which grouped as ‘low’ had a mean PLD of 0.36 days (+ 0.16 SE). The range of PLDs
for High/Planktotrophic was large (6-90 days), with a median time of 42 days
(Figure 2.2).

PLD varied significantly between each of the three Dibacco ratings (Kruskal-Wallis H
=384, df = 2, p <0.001) (Figure 2.2) or four development types (Kruskal-Wallis H =
38.61, df = 3, p < 0.001). The distribution of development types varied considerably
between Phyla within the assemblage (Table 2.2). All Crustacea, 81% of the
Echinodermata and 75% Mollusca were planktotrophic, but less than half of the
Cnidaria were. Of the other Phyla, there were fewer than five taxa in each, which
made patterns difficult to ascertain. BANF species were confined to the Bryozoa,
Chordata, Cnidaria and Porifera; taxa that can also reproduce asexually (e.g. budding
of Anthozoans). Mean Planktonic Larval Duration (PLD) of phyla varied
considerably (Table 2.2). Crustacea had the highest mean PLD with all taxa
displaying planktotrophic development while the Mollusca were lower with nearly

25% of species in the assemblages sampled being direct developers.
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Table 2.2 Mean planktonic larval duration (PLD) and number of taxa of the four
development types (planktotrophic (P), lecithotrophic (L), BANF (B) and direct development
(D)) for eight phyla represented by 102 taxa (See Appendix 1 for full list).

Phyla Mean PLD Number of taxa
(days, * SE) P L B D
Annelida 38 (+13.2) 3 0 0 1
Bryozoa 1.3(x0.3) 0 0 4 0
Chordata 1.3(x0.3) 0 0 3 0
Cnidaria 20.4 (£ 7.8) 5 3 6 0
Crustacea 50.4 (+ 4.9) 28 0] 0 0
Echinodermata 42 (+ 8.5) 17 2 0 2
Mollusca 25.2(£6.1) 18 1 0 5
Porifera 2(+0) 0 3 1 0

There was variation in PLD estimates for most species, most likely associated with
the effect of temperature on larval development times (see Appendix 1). In general,
development time decreased with increasing temperature. For example, the hermit
crab Pagurus bernhardus development time ranged from 38 days at 18°C to 115
days at 6°C. Hyas coarctatus showed a similar pattern at the same temperatures

while Pandalus montagui ranged from 10d at 12°C to 18 days at 6°C.

2.3.2 Modelling dispersal

The variability among stations was significantly greater than zero (likelihood ratio
statistic 41753, 1df, p <0.001). Variation in dispersal distance was influenced by the
interactions of the four fixed factors - hydrographic region, depth, distance from
shore (DFS) and planktonic larval duration (PLD) (Appendix 2). However, the
effects of region, depth and DFS all depended upon PLD (Appendix 2).

The four-way interaction of all factors was found to have an effect on dispersal, with
PLD explaining most of the variation, as only those combinations of factors that
included PLD were significant (p<0.001, Appendix 2). Given the interaction of the
location-specific factors (station, region, depth, and distance from shore (DFS)) it
was difficult to determine the strength of the effect of each factor individually (i.e.

interactions varied dependent on specific location). For example, EEC had much
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higher dispersal distances than the other regions but stations are closer to shore
than, for example, CWNS where particles were more likely to be retained within a
smaller area (Figures 2.3, 2.4 and 2.5). In BC and LB, stations were also closer to
shore but this led to many particles either reaching land/moving outside the model
limits or being locally retained so that dispersal distance was reduced. Therefore
the removal of depth and DFS from future analysis may allow for clearer

interpretation of the strength of location and PLD alone.

21



250

200

150 90d
100 = IEEEE RS i I. ...................................................
50

0 l -.--..l Jexi] s s S T -.--..-.l
250
200
150 42d
100 Ssn sl snvninnissiriniss i o orcin T . < s oo i s S Ta i e S ML S S
 fal i i
250
200
150 20d
100 JuscmsaninbancensninbamimasiediTinrssonaaatbi o ol L e e e e e e

5 6d
25 L. ol
5 % olttnsoli. SRS alolalolta. stostt.lu
£
E 6
4 3d
- paiegenaea- DRalaliie olunltie- sepanalns
6 2d
4
SV TN T
6
4
2
0

CWNS EEC BC LB

Figure 2.3 Median dispersal distance (km) of 1000 particles released at stations (1-10) in
four hydrographical regions (Central West North Sea (CWNS), East English Channel (EEC),
Bristol Channel (BC) and Liverpool Bay (LB)) (see Figure 1) for a range of Planktonic Larval
Durations (PLD). Dotted lines indicate 1 km and 100 km limits. Note difference in scale for

distance.
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Figure 2.4 Percentage of particles in four hydrographic regions (CWNS, EEC, BC and LB)
that dispersed within distance ranges for 20-day, 42-day and 90-day dispersal scenarios.
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Figure 2.5 Dispersal scenarios for PLD of 42 days in four hydrographic regions (CWNS, EEC,
BC and LB). Black edged square indicates release point, representing one of ten stations in
each region, and the black dots are released particles

2.3.2.1 Effect of time (larval duration)

Dispersal distance increased in conjunction with PLD (Figure 2.6). For 1-3 days all
particles dispersed <11 km and after 6 days all were <30 km. Median and mean
distances were similar at lower PLDs but at 20 days the mean was slightly higher
than median, while at 42 and 90 days it was almost double (Figure 2.6, Table 2.3).
Interquartile ranges doubled from 36.7 km to 73.7 km to 146.9 km for 20, 42 and 90
days respectively, reflecting the diffusion of particles over time. Development type
greatly affected dispersal distance. Greatest dispersal was predicted for
planktotrophic taxa (ranging from between 1 and 260 km), whereas BANF taxa were
predicted to disperse the least (between 0.1 km to 10.5 km) (Figure 2.2).
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Table 2.3 Minimum, median and maximum Planktonic Larval Durations (PLD, days (d)) for
three larval development types (BANF, lecithotrophic and planktotrophic) and the mean
dispersal distance (km) from 39 locations.

Minimum PLD Median PLD Maximum PLD Overall
Mean
Mean Mean Mean Distance
Development distance distance distance (km) £SE
Type (km) SE (km) £SE (km) £SE
BANF 1d 1.28 id 1.28 3d 272 1.99
(+ 0.004) (£ 0.004) (x 0.007) | (+0.005)
Lecithotrophic 2d 2377 6d 9.49 20d 28.40 13.47
(+0.080) (£ 0.027) (£0.012) | (£0.051)
Planktotrophic | 6d 9.49 42d 51.30 90d 83.70 45.29
(£0.027) (£ 0.229) (£0.418) | (£0.173)

250+

200+

150

100-

Distance (km)

50

1
1d 2d 3d 6d 42d 90d

Figure 2.6 Dispersal distance for a range of Planktonic Larval Durations (PLDs)
representing the maximum, minimum and median PLDs for three development types (BANF,

lecithotrophic and planktotrophic). See Table 2.3 for explanation of how PLDs relate to
development types

2.3.2.2 Effect of hydrographic region

Based on the median distance for 1000 particles at each station, the EEC region had
consistently higher median dispersal than all other regions, with the BC and LB
regions at similar levels for all PLDs (Figure 2.3). Differences in dispersal distances

became more pronounced between regions as PLD increased; while regional
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patterns were apparent for 42 and 90 day dispersal scenarios, they became less
marked with decreased PLD. Interestingly, 2 day runs displayed greater variability
than either 1 or 3 day, both of which were bottom depth runs.

At 1, 2 and 3 days, median distance for each station was within 1-6km, while at 6
days it was within 3-22km. At 90 days, median distances ranged from 11.5km in
the LB region to 232km in EEC, where all stations apart from station 2 had a median
dispersal distance of >100km. Only two other stations (1 & 3 in CWNS) had a
median dispersal >100km. When all particles are included, 23.8% in CWNS and
96.3% in EEC dispersed over 100km (Figure 2.4). Only 0.1% and 0.04% of particles
in BC and LB respectively dispersed over 100km at 90 day PLD. For the median (42
days) PLD scenario for planktotrophic dispersers, dispersal distance was <100km
for all particles in BC and LB, and 87.1% of particles in CWNS. These regional
differences are further highlighted when log PLD is compared to mean and median
distances at each region (Figure 2.7). Again, lower PLDs show the same pattern in
all regions but after 6 days the means begin to diverge, with EEC much higher than

other regions.

200 |
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Figure 2.7 Mean dispersal distance of released particles in four hydrographical regions
(CWNS, EEC, BC and LB) for minimum, maximum and median Planktonic Larval Durations
(PLD) of the three development types (BANF, Lecithotrophic, Planktotrophic). PLD was log
transformed. Lines of best fit were calculated using polynomial (quadratic} regression,
where: CWNS R2=0.996; EEC R2=0.9921; BC R2= 0.995; LB R?= 0.979.
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2.3.2.3 Predicted distances by region for the three main dispersive types

Predictions of dispersal distance for any given particle for the range of PLDs in each
region were based on an average depth and DFS, in this case 32m and 20km
respectively. Predicted distances were of a similar range to the mean distances for
EEC, BC and LB (Figure 2.5) at each PLD (Table 2.4). Predictions for CWNS were
higher at PLDs of 20, 42 and 90d compared to the mean and median, however the
average DFS in this region was higher (109km) than used in the prediction scenario,

which may account for the difference.

Table 2.4 Predicted dispersal distance of a random particle in the four hydrographic regions
(CWNS, EEC, BC and LB) for minimum, maximum and median planktonic larval durations
(PLD) of the three development types (BANF, Lecithotrophic, Planktotrophic).

Region
PLD CWNS EEC BC LB
1 1.03 1.33 0.98 1.02
2 2.25 3.78 3.20 2.34
3 2.40 3.01 3.81 2.18
6 14.73 18.65 8.19 4.72
20 57.82 53.77 35.84 12.11
42 103.99 92.04 34.59 18.32
90 149.09 189.51 37.54 21.54

2.4 DISCUSSION

Despite over 30 years of research, there remains an immediate need to understand
the drivers of connectivity in order to better inform MPA design and management
(Gaines et al. 2010). Larval dispersal continues to be a primary focus for research in
this area. While it seems intuitive that a combination of biological and physical
factors will affect the dispersal potential of larvae, the strength and variation of
these effects are unknown for most species. Using a representative sample of
benthic invertebrates from northern European continental shelf seas, our results
demonstrate an inherent complexity and highlight the importance of biological
variability, in terms of the range of dispersal potential (PLD) shown by species with
the same development strategies and, crucially, the impact of location on potential

dispersal due to the effect of specific physical factors of a region.
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Classification of dispersal

Generic descriptors of connectivity (Dibacco et al. 2006) and dispersal potential
(Jones & Carpenter 2009) based on specific traits are a useful method of broadly
estimating a species dispersal ability. In particular, classification by larval
development type would be most useful for identifying those species with the
shortest larval dispersal period, behaviours that keep them closely associated with
the benthos, and potentially those who are most likely to settle in the shortest time
period (i.e. BANF species). By also using information on their minimum viable
population sizes and densities, the minimum size of individual MPA could be
identified (Shanks et al. 2003; Jones and Carpenter 2007). In this assemblage, 7.5%
of species were classified as direct developers, with no dispersive larval phase, and
4.3% were classified as BANF and were found to disperse <10km regardless of
location. By distinguishing BANF species from others, dispersal scenarios were able
to be run at bottom depths where current flows can differ significantly from surface
flow (Crimaldi et al. 2002). The bottom depth scenarios run for BANF species (1 & 3
days) showed less overall variation between and within regions compared to similar
surface runs for lecithotrophic species under a 2-day dispersal scenario, due to less
advection and diffusion overall. This suggests that location-specific differences are
of less importance for the dispersal of BANF larvae. With many BANF species
displaying behaviours that would encourage early settlement (Jackson 1986), it is

likely that these dispersal distances would represent maximum achievable

distances.

Existing estimates of larval dispersal are seen to be weighted towards low
dispersing, low latitude species, which if applied to all taxa and regions may
undermine conservation efforts for broadly dispersing species that dominate
temperate environments. Bradbury et al. (2008) suggests that it is possible that this
has led to the assumption that marine populations are more closed than previously
thought, even though this may be based on a skewed subset of species. Given that
73% of species in this assemblage were planktotrophic, with PLDs between 6-90
days and dispersal distances of 1-260 km, it is essential for researchers and
managers alike to account for this variation and its potential effect on connectivity.
However, we acknowledge that these results are based on a passive model that does
not include behaviour which might encourage retention, even at higher PLDs (e.g.
Morgan & Fisher 2010).
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Local and regional variations

Differences between hydrographic regions became more pronounced as PLD
increased so that at PLDs >20 days regional differences were apparent. In both the
BC and LB regions, almost no particles dispersed >100 km at 90 days, while over
95% of particles did in EEC. However, while the effect of PLD was significant, station
location also influenced dispersal distance, with mean distances doubling or even
tripling between stations within a region. While variation between some
hydrographical regions might be expected, this potential for large differences within
a region highlights the effect of localised current regime on dispersal. Several
particle tracking studies have shown this at a large scale or for single species (e.g.
Galindo et al. 2007; Paris et al. 2007); only recently have the effects of both varying
PLD and hydrography begun to be explored (see White et al. 2010).

Recommendations by Shanks et al. (2003) of a network design of 4-6 km in diameter
and 10-20 km apart appear realistic for locations that show evidence of retention
(i.e. BC, LB and to a lesser extent CWNS). As PLD increases in these regions, there is
less of a marked increase in distance. In the highly dispersive locations (EEC and
some stations in CWNS), the majority of particles dispersed more than 100km and
spacing of 10-20 km would seem unnecessarily precautionary. Roberts et al’s
(2010) recommendations of 10-20 km across and 40-80km apart provide more
flexibility, given the variation we have found in this study. Multiple locations were
found to have a unidirectional flow, indicating networks must allow for not only
current flow strength but also prevalent current direction; MPAs cannot feed into
one another if propagules go in the opposite direction. Therefore, in some areas
(dependent on the faunal composition of habitats) sizing could be adequate at less
than 10kms, and spacing may need only to be at the high end of Roberts et al’s
(2010) guidance, as long as directional flow information is incorporated. Where
retention is high, closer spacing would be required. For the 39 stations in this study,
assemblage composition did not vary greatly. Where assemblage composition does
vary between locations, size and spacing advice would need to concentrate on the
poorest dispersers. However, this may be and overly precautionary approach for

the majority of benthic species given their wide distribution.
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Future directions

Examining the variation in dispersal caused by physical processes on the most
dispersive phase of benthic invertebrates is a first step towards understanding
connectivity in UK shelf seas. Obviously dispersal does not equate directly to
recruitment; larvae must survive, settle and recruit. Given that the behaviour of
larvae for many benthic species is simply not known, the type of biophysical
modelling completed for some fish (e.g. Paris et al. 2007) and invertebrate species
(e.g. Ketchington et al. 2006) is not possible on a broad assemblage basis. Of the 102
taxa covered in this study, PLD was found for 83. Indeed the lack of information for
some on life history characteristics (e.g. settlement cues, spawning times) precludes
the use of more complex modelling methods. With this in mind, however, there are a

number of areas where further work could improve predictions.

With ongoing concerns over projected sea temperature rises (1.5 - 4°C in UK shelf
seas by the end of the century (UKCIP 2009)), our results suggest that for those
species with longer PLDs, increases of only a few degrees could see significant
shortening of the larval dispersal phase (see Appendix 1), and if outside their
tolerance threshold, increased larval mortality (Hoegh-Gulberg 1995). Additionally,
temperature may disrupt spawning time, which would be problematic for some
species that, for example, spawn to coincide with the spring plankton bloom (Koeller
et al. 2007). In the long term this may alter species ranges, community structure
and biodiversity (O'Connor et al, 2007; ter Hofstede et al. 2010). These issues
should be considered in terms of the potential need for adaptive management of
MPA network design.

Incorporating environmental cues such as habitat suitability would further refine
predictions. This would be possible where habitat information is available and
selectivity of adults is known in terms of habitat preference. Temporal variability in,
for example, current strength or flow direction will also be important and this could
also be considered with the spatial aspects to consider how much actual viable

dispersal areas would vary.

Here we have provided some indicative ranges that can be used to underpin
guidance on size and spacing of MPA networks for representative habitats. With

some further work on habitat specificity of common species and likely temporal
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variability given smaller scale changes in current patterns and flow direction, it will
soon be possible to set realistic criteria for particular habitat types and to vary the
parameters based on local conditions using some straight-forward predictive

modelling.
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Chapter 3

The influence of landscape rarity, distribution and suitability

on connectivity in the marine benthos

3.1 INTRODUCTION

The field of landscape ecology is well established in the terrestrial environment (e.g.
Naveh & Lieberman 1984; Turner 1989; Pittman et al. 2011); it was originally
conceived as an integration of ecology and geography whereby the complex
relationships between communities and their environment are studied and
expressed in a definite distribution pattern (Troll 1971). As such, landscapes consist
of multiple habitat patches, which vary in size and distribution. A habitat can be
defined as a “place where a microorganism, plaht or animal lives” (Begon et al.
1996), with the suitability of a habitat for any given species dependent on multiple
biotic and abiotic factors. In terrestrial systems, habitat patches are often defined by
vegetation type and/or the presence of different types of anthropogenic structure
(Parry et al. 2003), for example patches of forest amongst areas of urban
development in Nottinghamshire, UK (Nikolakaki 2004). Landscape ecology studies
in the marine environment initially lagged behind their terrestrial counterparts;
however the past ten years have seen an increase in marine landscape ecology, often
referred to as ‘seascape’ ecology in acknowledgement of the multi-dimensional
nature of aquatic environments (Pittman et al. 2011). Most often these studies have
focussed on either single species or single habitat types; particularly seagrass beds,
coral reefs or other biogenic reefs (see Bostrom et al. 2011). As such, studies on
seascapes that did not consist of easily defined or discrete units were lacking, but
with the increased need to determine connectivity within multiple systems, new

approaches were sought.

With landscape ecology contributing significantly to advancements in terrestrial
conservation strategies (Lui & Taylor 2002), adaptations of these principles to
marine conservation have inevitably followed, particularly with respect to MPA

network design (Leslie 2005; Leathwick et al. 2008). One of the original proponents
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to link landscape ecology theory with conservation strategies in the marine
environment was Roff & Taylor (2000), who developed a method of classifying
seascapes based on physical characteristics such as water temperature,
hydrodynamic regime and substrate type. Their classification method was further
developed by agencies in the UK (JNCC) with the resulting marine landscape maps
covering all of the UKs seas to the Exclusive Economic Zone (Connor et al. 2006).
For marine benthic invertebrates, the factors that determine the suitability of a
habitat can include the presence of conspecifics, depth, temperature, current regime
and substrate type. Thus many of the parameters used to define marine landscapes
by Roff & Taylor (2000) are key to defining habitat suitability for marine
invertebrates, meaning that there is potentially a close fit between habitats and

marine landscapes in terms of their suitability to benthic species.

Habitat preference of subtidal benthic species and the implications this would have
for connectivity in MPA networks has not been explicitly tested, particularly when
using marine landscapes as a proxy for habitat. Given that landscapes are a
convenient way of dividing up seascapes for management it is important to test the
assumption that these landscapes can act as a proxy for habitats when considering
the conservation implications of species. Thus the first aim of this study is to explore
the level of habitat specificity in a range of marine benthic species to see if
conservation based around broad landscape classes is relevant to the ecology of the

associated assemblages.

In a previous study (Chapter 2) it was found that benthic species in offshore soft
sediment communities around the UK are dominated by species with planktotrophic
dispersal strategies, with potential dispersal distances ranging from <1 km to 260
km (assuming passive dispersal) where distance varied by dispersal type, specific
location and local hydrographical conditions. Having explored the level of habitat
specificity of the same benthic species, it will then be possible to explore the fit in
terms of dispersal potential, patch area and distance between individual patches of
marine landscapes grouped by their suitability to those species. In other words, if
species x can disperse a maximum of 50 km, are the distances between areas of
suitable landscape always less than 50 km, and/or the areas of individual patches
always greater than 50km? If any species were found to show a high degree of

habitat specificity this may constrain their connectivity potential and make them
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more vulnerable to extirpation from disturbances in individual landscape patches.
However, this is based on the assumption that the individual landscape patches
suitable to these species are rare and poorly connected. If in fact suitable habitats
are widespread and well connected in terms of distances between patches,
specificity would not necessarily have any implications for the conservation of a

species.

Using the species list already compiled from Chapter 2, this chapter will examine to
what degree these species display habitat preferences and how this relates to the
marine landscape classifications. Furthermore, by examining the distribution of
these marine landscapes and exploring the area of individual patches, as well as the
distance between patches, the implications for connectivity of the different species
can be explored based on their dispersal potential. The Irish Sea will be focused
upon as it is semi-enclosed and therefore able to be treated as a discrete area. For a
number of species with high habitat specificity larval dispersal runs will also be
undertaken to examine the likelihood of them dispersing into suitable habitat given
their dispersal potential, the hydrography of the area where such habitats are found
and the distribution of patches of that habitat.

3.2 METHODS

3.2.1 Habitat specificity of species

Using the list of taxa created in Chapter 2 (offshore marine benthic epifauna of the
UK continental shelf as sampled by a 2 metre beam trawl), additional traits related
to habitat specificity were gathered for the 79 species where Planktonic Larval
Duration (PLD) had been identified. For each species, details for both adults and
larvae were gathered on: adult habitat preference, settlement habitat preferences
and behaviours, depth and current strength preferences. In addition, any details on
grain size preference, the importance of organic matter content of sediments to
habitat preference and the ability to delay settlement were noted if available. Each
trait was assessed by literature review, from published work and databases
including the biological traits information catalogue (BioTIC) developed by the
Marine Life Information Network (MarLIN). Using the species-specific information
on PLD and development type gathered in Chapter 2, it was then possible to assign

each species to a PLD range and distance using the distribution of distances given in
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Table 2.3 of Chapter 2 where distances were averaged over location and

hydrographic region (Table 3.1).

Table 3.1 Dispersal categories (High, Medium, Low) and corresponding Planktonic Larval
Duration (PLD) ranges and distances for three dispersive development types:
planktotrophic, lecithotrophic and BANF (Benthic Associated Non-Feeding). Distances are
the mean dispersal distances for the minimum, maximum and median PLDs in each
development type, as shown in Table 2.3

Development  Dispersal Distance
Type Category PLD range (km)
BANF L 0-1 day 1.28
BANF H 2-3 days 2.72
Lecithotrophic L 2-4 days 2.77
Lecithotrophic M 5-13 days 9.49
Lecithotrophic  H 14-max 28.4
WPlanktotrophic L 6-24 days 9.49
Planktotrophic M 25-66 days 51.3
Planktotrophic H 67-max 83.7

3.2.2 Marine Landscape distribution in the Irish Sea

Marine landscapes for the UK seas have been defined by the UKSeaMap Project
(Connor et al. 2006), and were based on the findings of the Irish Sea Pilot Project,
the first attempt to develop marine landscape maps in the UK (Vincent et al. 2004).
The landscapes are classified in terms of simplified British Geological Society (BGS)
substrate types (Figure 6 in Connor et al. 2006) along with depth, light attenuation,
maximum wave base, bottom temperature and maximum near-seabed stress, which
are induced by tidal currents. The whole of the UK continental shelf has been
classified by marine landscape and using ArcMap v9.3 it was possible to calculate
the area of each patch of each landscape type in addition to the shortest and longest
distances between each patch with its closest neighbouring patch of the same
landscape type (see Figure 3.1). Only landscapes with a depth greater than 10m
were included as the species concerned are representative of offshore habitats, not

nearshore or intertidal.

Habitat information for each species (as described in 3.2.1) was then compared to
marine landscape definitions, with sediment preference matched with sediment
type (based on the British Geological Society categories). After comparison, species

were grouped together based on their habitat preferences and marine landscapes
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matched to these to give habitat-landscape matched categories (Appendix 3). For
example, the echinoderm Anseropoda placenta has a habitat preference for sand,
muddy sand and muddy gravel, which corresponds to six marine landscapes
(Shallow mixed sediment plain (strong, moderate and weak tide stress), shallow
sand plain, Shelf mixed sediment plain (moderate), and shelf sand plain. This then
led to a habitat-landscape grouping of Mixed/Sand.  Finally, minimum patch size
and maximum distance between any two patches for each of the habitat-landscape

groupings was measured.

3.2.3 Habitat specificity and dispersal implications

Based on the findings from the previous sections, two species with known habitat
specificity were selected to explore the likelihood of such species dispersing into
areas of suitable habitat. Thus, particle dispersal scenarios were run from three
points in a mud region for Nephrops norvegicus and three points in a rocky region
for Homarus gammarus using POLPRED v2.0 (Proudman Oceanographic
Laboratory). In total, five runs were undertaken for each site with 1000 particles
released, a time step of 30 minutes and a diffusion co-efficient of 5 m2 s-1 was used
(see justification for this in Chapter 2). N. norvegicus is known to release its larvae
in the Irish Sea in May and June (Nichols et al. 1982) so a release date of 1st May
2008 was used for the dispersal simulations with a PLD of 47 days. Details on H.
gammarus larval biology is limited with the only information on PLD recorded by
Jorstad et al. (2005), where the planktonic stages developed over 2-3 weeks at 18-
20°C. The PLD was therefore taken as 21 days as sea temperatures in the Irish Sea
are lower resulting in a longer development period (see Chapter 2 for discussion).
Spawning can occur from April to August (Ennis 1973) therefore a release date of 1st

june 2008 was used.

3.3 RESULTS

3.3.1 Habitat preference and landscape distribution

Of the 79 species examined, information on adult habitat preference was found for
75 (Appendix 3). The majority of information on habitat preference was found using
BioTIC (MarLIN) as the same substrate classification was used as that of marine
landscapes (BGS). Where possible primary references were also examined. For a

number of species, habitat preference was only defined as ‘hard substrates’ which is
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not a BGS category; in these cases it was assumed that the species preferred rock. Of
the additional traits related to habitat preference that were examined (e.g. larval
settlement preferences, current strength preferences, organic content) there was a
lack of information found for most species, therefore it was removed from further

analysis.

In total, there were 28 different marine landscapes represented in the Irish Sea
(Figure 3.1). Several of these are characteristic of inshore environments such as
lagoons and estuaries so were discounted from further analysis. The size and
distribution of marine landscapes was highly variable with, for example, two large
continuous areas of mud plains contrasting with small and unevenly distributed
mixed sediment plains. Average landscape patch area was 327.8 km? ranging from
2.9 km? to 4762.1 km2 Between patches of the same landscape, the average shortest
distance was 19.5 km ranging from 1.7 - 96.6 km whilst the average furthest
distance was 58.6 km ranging from 12.6 - 258.9 km.

I Aphotic rock

I Bay

Il Embayment

I Estuary

Il Lagoon

I Photic rock

[l Sealoch

Il Shallow coarse sediment plain - moderate tide stress
[ Shallow coarse sediment plain - strong tide stress
[l Shallow coarse sediment plain - weak tide stress
[l Shallow mixed sediment plain - moderate tide stress
I Shallow mixed sediment plain - strong tide stress
[ Shallow mixed sediment plain - weak tide stress
[l Shallow mud plain

M Shallow sand plain

[l Shelf coarse sediment plain - moderate tide stress
[ Shelf coarse sediment plain - strong tide stress
[l Shelf coarse sediment plain - weak tide stress

[l Shelf mixed sediment plain - moderate tide stress
Il Shelf mixed sediment plain - strong tide stress
Il Shelf mixed sediment plain - weak tide stress

I Shelf mound or pinnacle

M Shelf mud plain

I Shelf sand plain

[ Shelf trough

I Sound

Il Warm deep-water coarse sediment plain

[ Warm deep-water sand plain

Figure 3.1 Marine landscapes of the Irish Sea (data from MESH). Black lines indicate
boundary of the study area.
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Upon comparison of the information available on species habitat preferences
(Appendix 3), it was not possible to use the information on tide stress - a parameter
used to further define marine landscapes (see Figure 3.1 landscape categories where
some substrate categories are broken into weak, moderate and strong tide stress
types) - because there was no information available on how tide stress affects
species habitat preference. There was information for some species on flow
preference but this cannot be converted to bed stress, as stress is a measure of
pressure (newtons m-2) while flow is a measure of velocity (bed stress varies with
depth as well as current velocity). In addition as the depth ranges recorded for the
species being studied (Appendix 3) tended to cover both shelf (wave base to 200m)
and shallow (Om to wave base) depths (as defined by the marine landscape
approach) based on the wave base distribution of the Irish Sea (Figure 10 in Connor
et al. 2006, ref), it was also not necessary to disaggregate categories into shallow
and shelf landscapes. Thus, the species studied were found to associate with one or
more of five broad landscape classes: rock, mud, sand, coarse (gravel and sand
mixtures) and mixed (mud and gravel). Using these broad landscape types, as
defined by species habitat preferences, 21 habitat-landscape groupings emerged
(Table 3.2).

The number of species per grouping was 8 or less for all except ‘rock’ which was
preferred by 15 species in total. There were 22 species whose habitat preference
restricted them to a single sediment type (rock, mud, or mixed), , eight of which
were BANF or direct developers, four low dispersing (9.49km) and the remaining
ten with a dispersal potential >28.4 km. Smallest patch sizes for the 21 landscape
groupings ranged from 0.958 to 3.025 km?, while greatest distance between any two
patches ranged from 2.7 km for coarse/sand to 45.45 km for rock. The seven
groupings with the greatest distances between patches did not contain coarse
sediments, as these were evenly distributed across the Irish Sea (Figure 3.2a). The
greatest three distances between patches occurred for the single habitat -landscape
matched groupings of rock, mud and mixed sediments, each of which have a

distribution of small and/or widely spaced patches (Appendix 4).

Mean dispersal distances for species varied from 0 and 1.28km for eight species
each, to 83.7 km for nine species, with 37 species with a potential dispersal of 51.3

km (Appendix 3). Of the 24 species that were at higher risk of being isolated due to
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the combination of their habitat preference, the distribution of the habitat-landscape
matched areas and their own dispersal potential (Table 3.2), seven were low
dispersing planktotrophic developers (dispersal potential of 9.49 km or less) with
the remaining being BANF or direct developers. Just over half (11 of 21) of the
habitat-landscape matched groupings had the potential for one or more of the
associated species to become isolated due to the distance between patches being

greater than their dispersal potential.

Table 3.2 Marine habitat-landscape matched groupings based on species habitat
preferences. Defined for each grouping was: smallest patch size within the Irish Sea for the
group; greatest distance between any two patches; percentage of species potentially isolated
by greatest distances; minimum dispersal distance of species within groupings. - refers to
cases where patches were continuous and therefore smallest area and greatest distance
could not be calculated. See Appendix 4 for maps of each habitat-landscape matched
grouping.

Minimum

Landscape Smallest Greatest Percent?ge dispersal Total
Groupings patch :ize distance of species distance of number of

(km°) (km) isolated all species species
Al - - - - 6
All but coarse 1.541 13.21 66 0 3
All but mud 2.894 8.05 0 28.4 3
All but rock - - - - 5
All but sand 2.945 18.05 100 1.28 2
Aphotic Rock/Sand 2,934 23.35 100 1.28 2
Coarse/Mixed/Mud 2.945 20.25 50 9.49 2
Coarse/Mixed/Sand 2.934 7.59 0 >9.49 3
Coarse/Mud/Sand 2.894 2.74 0 513 1
Coarse/Sand 3.005 2.70 0 >51.3 4
Mixed 2.934 26.81 33 0 3
Mixed/Mud 3.025 16.24 0 51.3 2
Mixed/Mud/Sand 3.015 20.25 100 0 1
Mixed/Sand 0.958 10.17 50 0 2
Mud 2.885 36.37 25 9.49 4
Mud/Sand 2.934 23.35 25 0 8
Rock . 2.940 49.45 73 1.28 15
Rock/Coarse 2.904 16.56 0 51.3 2
Rock/Coarse/Mixed 2.963 16.25 50 9.49 2
Rock/Coarse/Sand 2.904 9.44 0 513 4
Rock/Sand/Mud 2934 22.09 0 513 1
No information 4
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3.3.2 Dispersal

Dispersal scenarios run for two species that displayed habitat specificity varied
greatly in the distances travelled. Average dispersal distance of particles released
from mud landscapes for Nephrops norvegicus over 47 days was 20.9 km (Figure
3.2a), while for the rock landscape it was double at 40.8 km for half the PLD of 21
days for Homarus gammarus (Figure 3.2b). Within the rock landscape, average
dispersal distance from the three release points also varied, with the southernmost
rock release point averaging 51.1 km compared to the 35 km for the other two
release points. For all rock stations, the majority of particles travelled northwards
towards the Isle of Man, and at the end of the 21 days they were dispersed over
sand, coarse and mixed substrates but not rock (Figure 3.2). The southernmost mud
stations saw over 90% of particles remain within the mud landscape but for the
northernmost station, 95.5% of particles continued in a general northwards

direction over mixed landscape types.
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Figure 3.2 Dispersal scenarios in the Irish Sea for: (a) Nephrops norvegicus from a mud
landscape (brown shading), and (b) Homarus gammarus from a rock landscape (blue
shading). Particles were released from 3 locations in each landscape (squares) with the
colours of particles (circles) corresponding to release points.
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3.4 DISCUSSION

While networks of marine protected areas aim to protect rare or threatened species,
there are also policy objectives requiring them to provide protection to the broader
representative habitats and their species (see OSPAR 2006; Ardron 2008). A
convenient method for classifying marine areas (seascapes) is the use of broad
landscape classifications that combine information on substrate type, depth and bed
stress (Rolf & Taylor, 2000). This classification has been adapted and used to
classify the whole of the UK continental shelf (Connor et al,, 2006) and design of
MPA networks is being based around this. However, the fit between species habitat
preferences and landscape classifications, and how this might affect connectivity of
species associated with particular landscapes has not previously been explored. By
using a list of species generated in Chapter 2 that represent the common species
found in the predominant offshore habitats of the UK continental shelf, this chapter
aimed to assess whether habitat specificity for commonly occurring species had the
potential to affect connectivity through dispersal at the scale of the marine

landscape.

The findings show that habitat specificity, rarity and distribution of those
landscapes, dispersal potential of the species and local hydrographic regime all
contribute to the potential to protect species within an MPA network. In terms of fit
between habitat preference information and marine landscape definition, in many
cases landscapes were defined at a level that included more information than is
known or recorded for the species’ preferences. For example, although there was
generally information on the preference for substrate types, it was not possible or
necessary to also include information on bed stress or depth. Thus the 28 landscape
classifications defined for the Irish Sea were reduced to 21 habitat-landscape
matched groupings when based on species’ habitat preferences. Therefore,
management would be more relevant to the knowledge we have on ecology of the

species at this level of aggregation.

Bostrom et al (2011) recommended that for management purposes, the portion of
habitat generalists versus specialists needs to be assessed, particularly in order to
evaluate perturbation scenarios. However, it was found here that it cannot be

assumed that species that are more specialist in their habitat preference (preferring
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one particular landscape category, e.g. mixed sediments) are necessarily
disadvantaged in terms of connectivity when compared to species that are more
generalist in habitat preference (suited to any one of several broad landscape types).
The distribution and rarity of the landscapes themselves is key; for the region that
was explored here, the Irish Sea, any species with a habitat preference containing
coarse sediments is unlikely to be isolated at any spatial scale (see Appendix 4) due
to their widespread distribution. In comparison, species that are specific to rock or
mixed sediments could be isolated, but so could species that appeared to be more
generalist in their habitat preference if their dispersal potential is low (see Table
3.2). This study suggests that the distribution and rarity of landscapes is of equal or
greater importance than the level of specialism of species that inhabit them, and this

is likely to be true in any open marine system.

Distances between patches of marine landscapes were highly variable, while the
patches themselves were also variable in area. The likelihood of species being
isolated in different habitat-landscape matched groupings was based on straight line
distances between the pair of patches that were furthest apart, and did not take into
account the effects of hydrographic regime on actual dispersal. As shown by
dispersal scenarios based on Homarus gammarus on rock, and Nephrops norvegicus
on mud, the difference in achieved dispersal distances was driven by the
hydrographic regimes of the locations, not the dispersal potential of the species.
While these factors may seem obvious, the implications on connectivity are
important; a landscape of mud is inherently low in current flow while a rock
substrate is more likely to experience high stress. The analysis undertaken here
suggests that given their distinct nature, mud plains could be entirely self seeding
due to their large size and low dispersal potential while rocky patches may be more
sensitive to perturbations due to their small size and high dispersal potential. In
addition offshore rock areas are rare in the Irish Sea and poorly connected, which
suggest that they may even require higher levels of protection than other landscape

types where there is the potential for seeding from other patches.

Settlement and recruitment may be as important as dispersal in influencing
connectivity for species, therefore determining the dynamics of settlement and
recruitment is essential for a broader understanding (Pineda et al. 2009). However,

it was only possible to find information on settlement preferences or behaviours for
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7 of the 79 species investigated here. Whilst settlement behaviours may play an
important role in determining the final distribution of new recruits, particularly
where larvae are able to delay settlement in the face of unsuitable habitat and
disperse further (e.g. Marthasterias glacialis Barker & Nichols 1983; Mytulis edulis
Bayne 1965), there has been suggestion that larvae should be considered passive at
large spatial scales (>m), and active choice is more important over smaller spatial
scales (<m) (Butman & Grassle 1992; Grassle et al. 1992; Nellis & Bourget 1996). If
this is true, behaviours would have little effect on the survival of settling individuals
if they land in patches of unsuitable habitat where the patches are greater than
several metres squared in area. Minimum patch size for this study was always
around a square kilometre or greater, but this was limited by the resolution of the
modelling used to classify landscape around the UK continental shelf. Further
ground-truthing of landscape classification and patch size would help to clarify the
actual potential for settlement behaviour to affect recruitment in offshore benthic

species.

With marine protection strategies aiming, amongst other things, to protect
representative species and habitats, knowledge of the dynamics of a range of
habitats is required. In the work described here, it has been demonstrated that most
subtidal benthic invertebrates of common sediments could be considered habitat
generalists. For specifists and rare species, attention must be paid to habitat patch

size and local hydrography if they are to be suitably protected.
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Chapter 4

Genetic structure of the scallop Pecten maximus from fishing
grounds around the Isle of Man, Irish Sea

4.1 INTRODUCTION

For sedentary or sessile benthic marine invertebrates with planktotrophic larvae,
dispersal during the larval phase is thought to be the predominant means of
dispersal (Jablonski & Lutz 1983; Scheltema 1986). Thus the traditional view for
populations of species with dispersive larvae is that they are genetically, and often
demographically, open (Scheltema 1971; Johnson 2005; Warner & Cowen 2005).
However, recent studies have highlighted that larvae are not always dispersed so
widely, due to biological and/or hydrodynamic factors (Cowen et al. 2007). For
example, numerous studies have shown that active larval behaviour can aid
retention to natal habitat, leading to reduced connectivity and possible isolation of
populations (Leis 1991; Cowen & Castro 1994). Hence, it is clear that connectivity in
the marine environment is not a simple corollary of life history. These issues are
important for applied conservation, particularly stock management and marine
protected area (MPA) design. Specifically, understanding the scale and magnitude of
dispersal of sedentary benthic marine invertebrates that are exploited is essential as
they face further impacts on connectivity due to the potential reduction in breeding
stock through targeting of specific year size classes and habitat damage (Thorpe et
al. 2000). If exploited stocks are to be successfully managed and gain from the
benefits of MPAs such as spillover effects (Gell and Roberts, 2003), it is essential to

understand connectivity and the mechanisms that drive it.

The scallop Pecten maximus (L.) is an important fishery for several fleets along the
European Atlantic coast, with an annual landing of over 58,000 tonnes in 2009
(http://www.fao.org/fishery/species/3516/en). A broadcast spawning bivalve with
associated high fecundity, at settlement spat prefer silt-free sand near other
conspecifics (Gruffyd & Beaumont 1972), leading to large aggregations of adults
which are easily exploited by dredging fisheries. The planktotrophic larvae spend
between 15 to 34 days feeding in the plankton with total pelagic duration (defined
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as the time between the release of gametes to settlement of spat) 18 to 42 days
depending on the sea temperature (Le Pennec et al. 2003). In the Irish Sea and
around the Isle of Man in particular, the commercial fishery for P. maximus has been
ongoing since the 1930s, with 14 main grounds fished by boats from across the
region (Figure 4.1(a)). With the aim of maintaining stock size and high yields,
several regulations, such as a minimum landing size of 110 mm shell length, an
annual closed season from June to October, and restrictions on gear type and size,
were instigated from the beginning of the fishery (Brand et al. 1991). Nonetheless,
the combined effects of increased demand for scallops and improved fishing
methods, led to a decline in Manx scallop stocks such that by 1993 scallop landings
on the Isle of Man had decreased to 650 tonnes from a peak of 2100 tonnes in 1985
(Brand et al. 1991; Heipel et al. 1999). Heavy levels of exploitation were also
accompanied by a shift in age structure, with younger scallops (<5 years)
dominating the catch in the 1990s (Brand 2000). The reduction in the numbers of
older (and thus larger) scallops led to a decline in overall reproductive output and
greater possibility of poor recruitment or even stock collapse. Crucially, for
implementation of management and protection of specific stocks, the level of
isolation (i.e. self-recruitment) and pattern of dispersal among Manx stocks was not
known; ultimately a key question for management is whether each stock is isolated
or forms part of a wider meta-population. Given the dispersal strategy of P.
maximus, with its potential for a long planktonic period (18 - 42 d), it was assumed
that grounds were highly connected to each other through the exchange of larvae;
thus stocks managed by the Isle of Man have been considered open and treated as

one population.

However, seascape features such as tidal and wind-driven currents, stratification of
temperature or salinity, or fine-scale hydrodynamics can influence population
structure. Hydrodynamic patterns within the Irish Sea have been the focus of
research for a number of decades. In their 1969 paper, Ramster and Hill described
the residual currents characteristic of the region. A strong northwards flow was
shown to diverge once it reached the southern end of the Isle of Man, resulting in
northwards flows along both the east and west coasts, which if strong enough could
potentially result in isolation of populations either side of the island. The east coast
current joins an anti-clockwise circulation throughout Liverpool Bay which is

variable in amplitude (Lee & Ramster 1981) while the western Irish Sea continues in
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a northern flow. While these residual currents may indicate no flow between east
and west, fine scale currents and intra-annual variations may allow for some level of
exchange. Using high resolution hydrodynamic and particle track modelling, Neill &
Kaiser (2008) modelled the release of particles representing P. maximus larvae from
different grounds around the Isle of Man. In their scenarios, there appeared to be
considerable connectivity amongst the grounds but the eastern grounds of East
Douglas and particularly Laxey appeared to receive fewer particles. They
determined that these two sites fed into the others to the north and south but that
they in turn were supplied by grounds further offshore and to the east where a high

degree of commercial exploitation occurs, leading to fewer recruits to these grounds.

The idea of connectivity among stocks of P. maximus is generally supported by
genetic studies. Thus, early work using allozymes found little genetic structure
amongst individuals sampled over wide distances (Isle of Man, Scotland and France)
(Beaumont et al. 1993; Wilding et al. 1998). However, in their study using
Restriction Fragment Length Polymorphism (RFLP) analysis of fragments of mtDNA
from the 12S and 16S genes, Heipel et al. (1999) found slight but significant
differences between scallops from five grounds around the Isle of Man, with East
Douglas on the east coast most different from the others. The implication is that
more polymorphic genetic markers may have greater power to detect stock
structure, particularly over smaller geographic ranges (see Selkoe et al. 2008 for
review). Using polymorphic microsatellite loci developed for P. maximus, 1
determine the level and pattern of population differentiation between Manx scallop
stocks, and examine the impact of current patterns upon the pattern of genetic
structure and diversity found, with particular regard to areas that act as potential
source and sinks. These data are interpreted in light of implications for connectivity
and stock management. It is predicted that due to current patterns, stocks on the
east coast will be more genetically similar to each other than to those on the west,

with Laxey in particular isolated from the west.
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4.2 METHODS

4.2.1 Sample Collection

Samples of Pecten maximus were collected between 2003 and 2005 at 10 locations
around the Isle of Man that represent the main commercially-exploited grounds
(Figure 4.1). Samples were collected by dredging at all sites except the closed areas

(OCA and NCA), where divers were used. Samples were taken from the adductor

muscle and stored in 100% ethanol at -20°C until DNA extraction.

4.2.2 DNA extraction and microsatellite amplification

DNA was extracted from 48 samples per location using a standard high-salt
extraction method (Sambrook & Russell, 2001; Walsh et al. 1991). Samples were
genotyped at eight microsatellite loci (Watts et al. 2005; Table 4.1). Between 10-50
ng of DNA was used in a 10 pl PCR containing 75 mM Tris-HCl pH 8.9, 20 mM
(NH4)2504, 0.01% v/v Tween-20, 0.2 mM each dNTP, 1.5-3.0 mM MgCl;, 2 pmol each
primer and 0.25 U Taq polymerase (ABgene). Forward primers were 5'-labelled
with either 6-FAM, NED, PET or VIC flourophores (Applied Biosystems). Thermal
cycling conditions were: 95°C for 3 min, followed by 5 cycles of (95°C for 30 s, Ta°C
45 s, 72°C 45s), 35 cycles of (95°C for 30 s, T.°C for 45 s, 72°C for 55 s) and a final
extension of 72°C for 10 mins, where T, is the locus-specific annealing temperature

for each primer (see Table 4.1).

PCR products were pooled into one of two genotyping panels along with a GENESCAN-
500 LIz size standard (Applied Biosystems) and separated by capillary
electrophoresis through a denaturing polymer on an ABI3100 automated sequencer
(Applied Biosystems). Allele sizes were determined using the cubic model of

analysis in GENEMAPPER software (Applied Biosystems).

48



Chapter 4 - Genetic structure of the scallop Pecten maximus from fishing grounds
around the Isle of Man, Irish Sea

(a)

(b)

0 5 10 20 km

Figure 4.1 (a) Map of the Irish Sea showing the main fishing grounds of the scallop Pecten
maximus around the Isle of Man (taken from Beukers-Stewart et al. (2003)). (b) Ten sample
locations of P. maximus used in this study - Targets (TAR), Peel (PEL), Bradda Inshore (BRI),
Bradda Offshore (BRO), Around Closed Area (ACA), New Closed Area (NCA), Old Closed Area
(OCA), Chickens (CHI), East Douglas (EDS) and Laxey (LXY) - taken from seven fishing
grounds around the Isle of Man between 2003 and 2005.
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Table 4.1 Primer sequences, annealing temperature (T,°C), allele lengths (bp), fluorescent
dye (5’ flourophore) and number of alleles (Na) for eight microsatellite loci isolated from the
scallop Pecten maximus (see Watts et al (2005) for details)

Loci Primers T.(°C)  Length (bp) Dye Na
LIST15-002a For: GTTAGCATTTTCTCCCCGG 50 130180 PET 21
Rev: TTGTGAAGTTGGTCAACATGGC

LIST15-004 For: TCCCTTTGATTCAGGTTTGTC 50 295 -307 ViIC 6
Rev: ATGATTTGGAATCGGCTTTG

LIST15-014 For: ATACCTGGCTTATTGCCGCC 50 215-249 FAM 18
Rev: CTTAACACCTTTCGCTATCG

LiST15-020 For: TTTGGGCATTTTCGCACG 50 290 — 348 FAM 23
Rev: ACCCTTACACACCTACCC

LIST15-005 For: CAATAGTTCGTTCAGCGGCG 50 243 -273 FAM 28
Rev: CTCTTGGATGCTTGTGAGGG

LIST15-011 For: TTGGAAGCGGTTGACAAGCG 55 197 -376 PET 84
Rev: AATCAGAGCGAGGTAACGGG

LIST15-016 For: CCGTGAAGGGTTGAAAGG 45 240 - 320 ViC 70
Rev: GCATTACACAAACACTCCC

LIST15-019 For: ACACCGAGATGCCGTGAAGG 45 220 -300 NED 77
Rev: GTGCATTACACAAACACCCC

4.2.3 Data Analyses

The occurrence of null alleles (alleles that have failed to amplify due to mutations in
the flanking regions, leading to assumption of a homozygote), stuttering and
genotyping errors was tested using MICROCHECKER v.2.2.0.3 (Van Oosterhout et al.
2004). Data were then converted for use in different programs using CONVERT
v.1.31 (Glaubitz 2004) and FORMATOMATIC v.0.8.1 (Manoukis, 2007). Null allele
frequencies and confidence intervals were calculated for each locus and each

population using GENEPOP v.4.0.11 (Rousset 2008).

The significance of any departures from expected Hardy-Weinberg equilibrium
conditions (HWE) was assessed by permuting alleles among individuals within
samples (1,000 permutations) using FSTAT v.2.9.3 (Goudet 2001). Basic measures of
genetic diversity, including allelic richness (4z), number of alleles (N4), and expected
(H.) and observed (H,) heterozygosity, and Wright's (1951) inbreeding coefficient
(Fis), were calculated for each population and locus using FSTAT v.2.9.3 (Goudet
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2001). Population subdivision was characterised for each locus and as an average
over all loci by calculating Fsr (Weir & Cockerham 1984), using GENEPOP v.4.0.11
(Rousset 2008).

Next, estimates of Fsr (averaged over all loci) between all pairs of samples were
calculated using ARLEQUIN v.3.1 (Excoffier et al. 2005), and their significance tested
over 10,000 permutations. The frequency of occurrence of private alleles (alleles
that are only found in one population, Barton & Slatkin, 1986) and the number of
shared alleles between locations was calculated using the MICROSATELLITE
TOOLKIT (Park, 2001). For the latter, a score for each pairwise comparison of
individuals is equal to the number of matching alleles between samples divided by
the number of alleles typed, then averaged over all loci. Differences in proportion of
shared alleles between all locations and between east and west locations were

assessed using Kruskal-Wallis tests as the data were non-normally distributed.

Analysis of population structure was carried out using STRUCTURE v.2.3.1
(Pritchard et al. 2000). For each analysis, 10 independent runs of STRUCTURE were
made, to assess output consistency and to calculate AK, which is the rate of change of
the probability between successive runs (Evanno et al. 2005). The number of
clusters (K) was varied from 1 up to 10 using the admixture model and correlated
allele frequencies. All model runs were based on 10,000 Markov chain Monte Carlo
replications with an initial burn-in period of 10,000 iterations. The most
pronounced partition (level of population subdivision) of the data set was identified
using the method of Evanno et al. (2005), with 4K calculated using STRUCTURE
HARVESTER v.0.6.7 (Earl 2011). Analysis was run with and without sample

locations set as priors.

4.3 RESULTS

4.3.1 Genetic diversity and HWE

A total of 480 samples from ten locations around the Isle of Man were sampled and
genotyped. Of the eight microsatellite loci used in this study, all but one were highly
polymorphic with number of alleles, over all samples, ranging from 18 to 84 (Table
4.2); LIST15-004 had six alleles, and correspondingly the lowest allelic richness of
2.43, with values for Ag at the other loci ranging from 4.61 to 16.2. Mean expected
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heterozygosity (Hg) was high (>0.47) for all loci except LIST15-004 which was 0.19.
Five loci - LIST15-002a, LIST15-020, LIST15-011, LIST15-016 and LIST15-019 -
showed departure from Hardy-Weinberg Equilibrium (HWE). Null allele
frequencies (and 95% confidence intervals) for these five loci were high for most
locations (Table 4.3), ranging from 0.077 (+0.035) to 0.345 (+0.263), with most loci
having estimated null allele frequencies greater than 0.1. Given that these loci also
show significant departure from HWE over all samples (p<0.05) as a result of
heterozygote deficiency (Table 4.2) it is likely that the high occurrence of null alleles

is responsible.
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4.3.2 Population differentiation

There was little evidence of population subdivision, with a global Fsr (averaged over
all loci) of 0.007; single locus estimates of Fsr varied from the highest values for
LIST15-002a (Fsr=0.032) and LIST15-005 (Fsr=0.016), followed by LIST15-011
(Fst=0.005), LIST15-014 (Fsr=0.004), LIST15-016 (Fsr=0.002) and LIST15-019
(Fsr=0.003) with LIST15-004 and LIST15-020 the lowest (Fsr=0.000 and Fsr=-0.001,

respectively).

Between each location, the mean proportion of shared alleles ranged from 0.19 to
0.40 (Table 4.4), and overall were found to be significantly different from each other
(Kruskal-Wallis H = 1129.7, df = 43, p < 0.001). However, when grouped by east and
west locations there was no difference observed (Kruskal-Wallis H = 0.74, df=1,p >
0.05). Noticeably, all BRI and ACA combinations were < 0.22 with any other station,
except for their combination which showed the highest proportion of shared alleles
at 0.40. When these were compared with both the other combinations it was found
that they were responsible for the differences observed (Kruskal-Wallis H = 1054.5,
df = 2, p < 0.001). Similarly, when pairwise Fsr comparisons were made, BRI and
ACA appeared to be different from other stocks (Table 4.4) but eastern grounds
were not significantly different from west. Values of Fsr were significant (p<0.05)
for 15 of the 45 tests performed between grounds, with BRI and ACA significantly
different from the other grounds but not each other, or BRI with OCA. Overall Fsr
ranged from -0.003 between OCA and BRO to 0.031 between ACA and both CHI and
EDS. Within the sample locations, the number of private alleles over all loci ranged
from 1 to 10 for the west side locations, and 12 and 15 for the two east side
locations of East Douglas and Laxey respectively (Table 4.2). Given that the total
number of alleles across all populations was 327, this gives a frequency <0.05 for all

locations with a mean value of <0.02, indicating few private alleles.
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Table 4.4 Mean proportion of shared alleles between individuals of pairwise locations
(above the diagonal) and pairwise Fsrvalues between pairwise locations (below diagonal)
from ten Pecten maximus fishing grounds around the Isle of Man. See Figure 4.1 for ground
location and codes. Values in bold are significantly different from zero (p<0.05), after 1000
permutations.

TAR PEL BRI NCA ACA OCA BRO
TAR 0 0.32 0.20 0.32 0.21 0.33 0.34

PEL 0.003 0 0.22 0.31 0.24 031 0.32 0.32 0.31 0.29

BRI 0.010 0.009 0 0.20 0.40 0.20 0.20 0.20 0.19 0.19
NCA 0.004 0.003 0.018 0 0.21 031 0.33 0.33 0.31 0.29
ACA 0.020 0.015 0.000 0.024 0 0.22 0.22 0.21 0.21 0.20
OCA -0.002 -0.001 0.009 0.000 0.014 0 0.33 0.33 0.32 0.29
BRO -0.002 0.001 0.012 0.002 0.017 -0.003 0 0.35 0.33 031
0.003 0.022 0.002 0.031 0.000 0.000 0 0.33 0.31
0.005 0.023 0.006 0.031 0.002 0.003 -0.001 0 0.30
0.000 0.013 0.003 0.015 0.005 0.007 0.013 0.008 0

STRUCTURE failed to detect a distinct number of populations that corresponded to
different geographic locations (Figure 4.2). Modal values of AK were identified at
K=3 and 6 (Figure 4.2b); however, neither scenario allowed subsequent clustering of
individuals from genetically distinct areas, but rather individuals from all stocks
were estimated to have membership from each of the 3 or 6 model clusters. Such
pattern is typical of weak or no population structure. In contrast to the shared allele
and pairwise Fsr analyses, neither ACA nor BRI formed distinct clusters. When
simulations were run with locations given as a prior there was no improvement in

structure. Overall the results indicate that Manx scallops are not genetically distinct.
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4.4 DISCUSSION

Knowledge of scallop stock structure is important for the purposes of effective
management and conservation. The dispersal potential of Pecten maximus larvae
(based on the findings of Chapter 2) suggests that they are capable of dispersing the
varying distances (all <100km) between Isle of Man grounds, which is concordant
with previous genetic studies and particle tracking models. Using eight
microsatellite loci developed for the scallop Pecten maximus, no obvious genetic
differences amongst grounds, either due to distance separating them or
hydrodynamics, was found. However, there was indication that both BRI and ACA
were more genetically different to the other locations, from both the pairwise Fsr
analysis and shared allele analysis. This was in contrast to the only other study by
Heipel et al. (1999) which found EDS to be genetically distinct from other grounds.
Analysis by STRUCTURE did not support either the isolation of BRI or ACA, or the
hypothesis of isolation of grounds on the east from the west. As with many molluscs
(as determined by Li et al. 2003), there was a high occurrence of null alleles for five
of the eight microsatellite loci, to a level that was sufficient to reduce heterozygosity,
potentially skewing the results (see Balloux & Lougin-Moulin 2002). However, with
a global FST of 0.007, even after accounting for these effects the results would
suggest that there is high gene flow between populations. While previous studies
have found some differentiation (e.g. Heipel 1999) these were slight compared to
the difference between the Isle of Man and the isolated Mulroy Bay in Ireland. That
study used two conserved regions of mitochondrial DNA, yet microsatellites used in
this study failed to support Heipel et als data. Additionally, the more modern:
methods of analysis used in this study such as Bayesian clustering of STRUCTURE

are more powerful in detecting variation (Selkoe et al. 2008), yet they failed to do so.

The development of strong population structure requires both sufficient time and
space; in this instance it is possible that a short time scale and small geographic area
have resulted in continuous high gene flow. The Irish Sea became open 17,000 years
ago with the retreat of the ice sheet from the last Ice Age (Clark et al. 2010), which is
equivalent to approximately 6,000 P. maximus generations based on a generation
time of 2 to 3 years. Though there is no definitive number of generations for
divergence to occur for any given species (see Palumbi 1994), the different factors
dictating gene flow such as mutation rates, effective population size and migration,

may require more time and a greater geographic scale. With highly dispersive
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larvae, high fecundity, large population size and the recruitment of larvae from
elsewhere in the Irish Sea, P. maximus may require more time for divergence to
occur. The whelk Buccinum undatum, which has a non-dispersive larval phase and
adults that remain within a small area (<8km?), has been shown to be undergoing a
population bottleneck and adaptation to specific environmental factors in the
northern Irish Sea (Wheetman et al. 2006). That a species which is far less
dispersive than P. maximus is only now showing signs of population isolation now
could suggest that P. maximus populations are in non-equilibrium conditions and are

still diverging.

Scallop grounds around the Isle of Man are not part of a closed system; the
possibility of other sources in the Irish Sea contributing to those grounds is likely
given the hydrographic patterns and modelled dispersal scenarios of propagules
described by Neill & Kaiser (2008) and Van der Molen et al. (2007). Even the
occasional recruit from another population can be sufficient to maintain genetic
homogeneity (Waples et al. 2008). Understanding the source-sink dynamics of P.
maximus in the Irish Sea is key to identifying connectivity potential of grounds and
to making informed management decisions. Neill & Kaiser (2008) found that the
pattern of particle dispersal around the Isle of Man suggested a network of MPAs
would aid stock recovery due to the retention at some grounds and the higher
dispersal potential of particles from others. This may indeed be achievable, but
long-term monitoring of dispersal patterns which account for temporal variation
through, for example, prolonged storm activity, would need to be in place if stock

recovery were to be effective.

As demonstrated in Chapter 2, median Planktonic Larval Durations (PLD) for
planktotrophic species (42 days) result in dispersal distances of passive particles
between <1km to 100km, depending on the strength and direction of currents. The
Irish Sea is an enclosed system with specific hydrographic patterns that overall are
likely to retain particles within it, unlike open coastlines such as the Atlantic or
Pacific coasts of North America where particles are more likely to have the
opportunity to disperse further, particularly if a uni-directional current
predominates (e.g. Galindo et al. 2006; Pineda et al. 2007; van Dijk et al. 2009). In
their study Van der Molen et al. (2007) modelled the dispersal of fish propagules in

the Irish Sea and showed that some species, given certain larval behaviours and
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characteristics of eggs in the plankton, were capable of dispersing well over 100km,
which given the scale of separation between grounds, the highest being 90km
between TAR and LXY, would indicate the potential for larval exchange between all

grounds under the correct hydrographic conditions.

Itis unclear whether P. maximus larvae show specific behaviours that would greatly
affect dispersal potential, but given the lack of genetic structure at this geographic
scale it seems unlikely. However, settling pediveligers are shown to remain close to
the seafloor searching for suitable substrate and are capable of grouping together
using a mucous net, possibly to allow further dispersal if the habitat is unsuitable
(Le Pennec et al. 2003). Additionally, the veliger stage is capable of locomotion, with
a mean swimming speed of 1.4 mm s, but it is thought this is for vertical swimming
then passive sinking, which would conserve energy (Cragg 1980; Le Pennec et al.
2003). If this behaviour is timed with the tides it is possible it may encourage
retention near the parent population. Increasingly studies are showing that larval
retention and self recruitment are more common that previously recognised and can
be of high evolutionary value (Jones et al. 2005; Sinclair 1988; Strathmann et al.
2002). However, given the density of scallop aggregations around the Isle of Man it
is possible that the entire region could be considered a retention zone, with larvae

capable of finding a suitable settlement site even at their maximal dispersal range.

Here we have found no evidence of genetically distinct populations around the Isle
of Man, indicating a high level of gene flow between grounds. This could be due to a
number of reasons, the most likely being high dispersal potential and therefore
connectivity, coupled with insufficiently strong hydrographic barriers during larval
release. However, there are other effects on connectivity, which, in the short term,
could result in a reduction in effective population sizes; commercially exploited
species are even more susceptible to impacts on population connectivity (reduction
of certain size classes, reduced reproductive output, etc), which could lead to
population bottlenecks (Weetman et al. 2007). In the same way that a network of
MPAs should be designed to ensure connectivity, it is not only those grounds that
feed into others but those that are potentially isolated that require adequate
protection. In order to determine source-sink dynamics, genetic studies need to be
undertaken in combination with other methods. For example, continuous and

regular sampling of scallop larvae both in the water column and recently settled,
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coupled with genetic analysis of multiple year classes has been shown to be more
effective in determining source-sink dynamics of localised populations (Selkoe et al.
2008). Further understanding of the population connectivity of P. maximus will not
only provide essential information for the management of stocks but may also help
gain insight into the regional connectivity of a wider range of benthic invertebrates.
In conclusion, this genetic analysis suggests that scallop grounds around the Isle of
Man can be treated as a single stock, but identifying source and sink grounds are

essential if overall stock viability is to be maintained.
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Chapter 5

Genetic structure of the scallop Pecten maximus along the
North East Atlantic shelf

5.1 INTRODUCTION

Population differentiation can occur at varying geographical scales, but it has long
been considered that the ability for high dispersal, large population sizes and lack of
strong geographical barriers means that marine species show less differentiation
than terrestrial species at the same geographical scales (Palumbi 1996; Caley et al.
1996). However, some marine species show higher levels of genetic differentiation
than anticipated simply due to barriers to dispersal, such as hydrographic (e.g. Star
et al. 2003; Sotka et al. 2004; Goldstein et al. 2009) or isolation of preferential
habitat (e.g. Johnson & Black 1995; Riginos & Nachman 2001). Ultimately, the
spatial scale of connectivity for populations of marine species is not dependent on
any one factor but an interaction of oceanographic features, behaviour and habitat
(Cowen et al. 2007). Determining where barriers lie and how these interactions
affect them is essential for effective management and conservation of marine

species.

The occurrence and potential causes of genetic structure has been determined for
many species across the north east Atlantic shelf region. For example, the oyster
Ostrea edulis displayed evidence of population isolation and reduced genetic
diversity between Norway and the rest of the Atlantic, believed to be due to isolation
by distance (IBD) alone (Launey et al. 2002), while the whelk Buccinum undatum
was found to have distinct populations in Iceland, Canada, the Swedish Skaggerak
and the rest of Europe, with what appeared to be the beginning of a population
bottleneck in the Solent, UK (Weetman et al. 2006). Reduced gene flow was
observed between populations of plaice (Pleuronectes platessa) from Norway,
Iceland and the Baltic, and was determined to result from hydrographic and
bathymetric barriers, particularly depth restrictions to adult movement (Hoarau et
al. 2002; Was et al. 2010). The highly dispersive crustacean Crangon crangon was

shown to have differentiation between populations in western Britain, eastern
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English Channel and the Baltic Sea as a result of both IBD and hydrographic features
restricting gene flow (Weetman et al. 2007). In addition to the physical factors that
can affect genetic structure of populations, biological factors can be equally
important. For species with high fecundities there is an inherent high variance in
reproductive success and therefore a reduction in effective population size which
can lead to genetic drift (Hedgecock 1994). Marine bivalves are susceptible to these
effects due to their typical sedentary adult phase and high fecundity, and highly
dispersive gametic and larval phases. As described in Chapter 4, Pecten maximus is
characterised by a highly dispersive planktotrophic larval phase and an adult phase
that rarely moves more than several metres (Hartnoll 1967). P. maximus’
geographic range extends along the eastern Atlantic from northern Norway to
southern Spain and includes the Azores, Madeira and the Canaries. Previous studies
have found no genetic divergence over relatively large geographic distances, for
example between samples from Scotland and France (Beaumont et al. 1993; Wilding
1997). Nonetheless, among areas there was evidence of major differences in their
reproductive ecology which were unchanged when environmental factors were
altered, suggesting a heritable component to local adaptation (Mackie & Ansell,
1993). Similarly, populations on the Norwegian coastline are not genetically
different (Ridgway & Dahle 2000), even though stocks show phenotypic
differentiation (Magnesen & Christophersen 2008).

Marine bivalves have consistently shown reduced heterozygosity estimates and
deviation from HWE where their life history characteristics (large populations and
the ability for high dispersal as larvae) would predict the opposite (David et al.
1997). As described in Chapter 4, null alleles could explain this deviation however
heterozygote deficits have also been reported in bivalves when using allozymes
(Zouros & Foltz 1984). Mooted hypotheses for this consistent deficit include the
suggestion of some kind of selective advantage of homozygotes at the larval stage or
an influence of temporal sampling effects (Gaffney et al. 1996). The influence of gene
flow and genetic drift should affect all loci similarly while selection may affect the
observed occurrence of polymorphisms between locations (Launey et al. 2004)
leading to high levels of heterogeneity among loci. This has been shown to be
particularly problematic for studies using allozymes, which have been shown to be

under selection (e.g. Hilbish & Koehn, 1985; Moraga & Tanguy, 2000). Using
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microsatellite markers, which are putative neutral and less polymorphic, resolution

can be increased.

This chapter expands the fine-scale analysis of population structure of P. maximus
from the Isle of Man in Chapter 4 to examine the genetic divergence that occurs from
northernmost edge of P. maximus range in Norway, through Scotland, Ireland and
the Irish Sea.  Using samples from 15 locations, microsatellite analysis will be
employed to determine major boundaries to gene flow, and also whether there is
any indication of reduced gene flow among populations within each of the 3 regions
of Norway, Scotland and Ireland, and what if any physical or ecological barriers may

have influenced any observed structure.

5.2 METHODS

5.2.1 Sample collection

Samples of Pecten maximus were collected by either divers, commercial dredges or
beam trawls from locations around Ireland, Norway and the United Kingdom
between 2003 and 2008 (Figure 5.1). At each location, between 9 and 30 samples
were collected (Table 5.1). Tissue samples were taken from the adductor muscle

and stored in 80-100% ethanol at -20°C until DNA extraction.

5.2.2 DNA extraction, microsatellite amplification and sequencing

DNA was extracted from samples using a standard high-salt extraction method
(Sambrook & Russell 2001; Walsh et al. 1991). Samples were genotyped at eight
microsatellite loci (Watts et al. 2005; Table 4.1). Between 10-50 ng of DNA was used
in 2 10 pl PCR containing 75 mM Tris-HCI pH 8.9, 20 mM (NH4).S04, 0.01% v/v
Tween-20, 0.2 mM each dNTP, 1.5-3.0 mM MgCl, 2 pmol each primer and 0.25 u Taq
polymerase (ABgene). Forward primers were 5’-labelled with either 6-FAM, NED, PET
or ViC flourophores (Applied Biosystems). Thermal cycling conditions were: 95°C
for 3 min, followed by 5 cycles of (95°C for 30 s, T,°C 45 s, 72°C 45s), 35 cycles of
(95°C for 30 s, T,°C for 45 s, 72°C for 55 s) and a final extension of 72°C for 10 mins,
where T, is the locus-specific annealing temperature for each primer (see Table 4.1).
PCR products were pooled into one of two genotyping panels along with a GENESCAN-
500 L1z size standard (Applied Biosystems) and separated by capillary

electrophoresis through a denaturing polymer on an ABI3100 automated sequencer
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(Applied Biosystems). Allele sizes were determined using the cubic model of

analysis in GENEMAPPER software (Applied Biosystems).

5.2.3 Data analysis

Data conversions for use in different programs were made using CONVERT v.1.31
(Glaubitz 2004). The occurrence of null alleles, stuttering and genotyping errors
was tested using MICROCHECKER v.2.2.0.3 (Van Oosterhout et al. 2004).
Additionally, null allele frequencies and confidence intervals for all populations at

each locus were then assessed using GENEPOP v.4.0.11 (Rousset 2008).

Measures of genetic diversity including allelic richness (Ar), number of alleles (Na),
expected heterozygosity (H.) and observed heterozygosity (H,) were calculated for
each population and locus using FSTAT v.2.9.3 (Goudet 2001) and ARLEQUIN v.3.1
(Excoffier et al. 2005). FSTAT was also used to assess both deviations from Hardy-
Weinberg equilibrium (HWE) across all loci and populations using the inbreeding
coefficient Fis (Weir & Cockerham 1984), and the overall levels of population
differentiation as determined by values of Fsr (Weir & Cockerham 1984).
Significance between population groups was tested by a random permutation
procedure (Goudet 2001). To assess whether genetic diversity differed between the
three regions of Norway, Scotland and Ireland, mean values (over all locations and
loci) of NA, AR, HE and FST were calculated, and differences among regions were

tested using a permutation test in FSTAT.

Pairwise Fsr values between all population pairs were calculated using ARLEQUIN
v.3.1 (Excoffier et al. 2005), and significance tested over 10,000 permutations. A
multilocus Analysis of Molecular Variance (AMOVA) was conducted to partition the
relative amount of differentiation within samples, between samples within the 3
regions, and between the three regions, using ARLEQUIN v.3.1 (Excoffier et al.
2005). Isolation-by-distance (IBD), was examined by comparing Fsr /1- Fsr and the
natural log of geographic distance (shortest marine route, km) between each
pairwise population, and the significance of associations was estimated using a

Mantel test with 10,000 permutations and regression analysis in FSTAT.
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Analysis of population structure was carried out using STRUCTURE v2.3.1
(Pritchard et al. 2000). For each analysis, 10 independent runs of STRUCTURE were
made, to assess output consistency and to calculate AK (Evanno et al. 2005). The
number of clusters (K) was varied from 1 up to 10 using the admixture model and
correlated allele frequencies. All model runs were based on 500,000 Markov chain
Monte Carlo replications with an initial burn-in period of 50,000 iterations. The
most pronounced partition (level of population subdivision) of the data set was
identified using the method of Evanno et al. (2005) where the second order rate of
change of the likelihood function with respect to K (4K) was calculated using
STRUCTURE HARVESTER v.0.6.7 (Earl 2011). When data sets have few markers,
few individuals or weak structure, using sampling locations as prior information
assists the program in clustering by using LOCPRIOR models (Hubisz et al. 2009),
which can provide accurate inference of population structure where the standard
models are unable to. In this instance, locations were grouped based on

hypothesised populations of Norway, Scotland and Ireland.

5.3 RESULTS

Of the eight microsatellite loci LIST15-011, LIST15-016 and LIST15-019 failed to
amplify sufficiently in enough samples for analysis. For the other loci, null allele
frequencies were relatively low at all locations for LIST15-002a, LIST15-004,
LIST15-014 (Table 5.1). At loci LIST15-005 frequencies ranged from 0 to 0.1403
while for LIST15-020 frequencies were highest at up to 0.353. At MILL, STL and
PSM, null allele frequencies could not be generated for two of the five loci (Table
5.1). These correlated with the loci where only one allele was scored, which meant
that other measures of diversity for these loci at these locations could not be
calculated (Appendix 1). For each location, at each locus, the number of alleles (N,)
ranged from 1 to 13 with the total number of alleles for each locus over all locations
from 7 at LIST15-002a to 21 at LIST15-005 (Appendix 5). Mean expected
heterozygosity (Heg) was high (>0.53) for all loci except LIST15-004 (0.20) (Table
5.2). Global Fst was 0.06 (Cl 0.029-0.082) while global FIS was 0.08 (CI -0.142-
0.223) (Table 5.2)
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Table 5.1 Null allele frequencies for 5 microsatellite loci at 14 locations along the North East
Atlantic coast. - indicates not enough information to compute frequencies while only
confidence intervals that could be calculated are shown in italics. See Figure 5.1 for location

codes.

02a 4 14 20 5
8RN 0 0 0.063 0.098 +0.022 0.126 +0.027
TRD 0 0] 0 0.138 +0.052 0.0281 10
ALS 0 0 0.025 0 0.092 +0.022 0.031
SOG 0.013 0 0 0 0
KVT 0 0.093 t0.01 0.005 0 0.056 +0.003 0.0722 +0.019
SHL 0.042 0.101 0.014 0.138 +0.043 0.059 +0.013
ISK 0 0 0 0.25110.118 0
MiLL - - 0 0 0
Mus o 0.085 0.088 10.003 0.176 £t0.067 O
KLB 0 0 0 0.291 10.145 0.1403 +0.033
vu 0 0 0.130 0.110 0
STL 0 - - 0 0
PSM o - 0 0.310 -
WEB O 0 0.197 0.102 0
Icw 0 0 0 0.353 0

Table 5.2 Summary statistics for five microsatellite loci of the scallop Pecten maximus pooled
from 15 locations across the north east Atlantic shelf. N,: number of alleles; H,: observed
heterozygosity; Hg: expected heterozygosity. Significant values (P<0.05) of Fs; and Fs (calculated
after Weir and Cockerham (1984) ) are denoted in bold.

Locus N, Ho He Fsr Fis

LIST15-002a 7 0.71 0.53 0.07 -0.31
LIST15-004 9 0.20 0.20 0.00 0.13
LIST15-014 17 0.59 0.66 0.08 0.09
LIST15-020 16 0.49 0.76 0.09 0.30
LIST15-005 21 0.81 0.88 0.02 0.11
Overall 14 0.56 0.61 0.06 0.08

Diversity measures at latitude indicated no correlation between both allele richness
and expected heterozygosity and latitude (Figure 5.2). The mean number of alleles

showed a positive relationship with latitude (R? = 0.3496) however.
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Figure 5.2 Measures of genetic diversity (Number of Alleles (Na), Allele richness (Ag) and
Expected Heterozygosity (Hg)) for Pecten maximus at different latitudes from 15 locations
along the north east Atlantic shelf. Locations are shaded by region: Norway (black), Scotland
(white) and Ireland (grey).

Between Norway and Scottish locations, pairwise Fsr values were significantly
different (Table 5.4). Norway was also significantly different to most Ireland/Irish
Sea populations except PSM and STL, which were two locations with only one allele
at two loci. Additionally, MUB, an enclosed bay on the north-west coast of Ireland
also showed significant differences with other Irish locations but not with three of
the five Norway locations. There appeared to be no significant (p>0.05) correlation
between genetic differentiation and geographic distance (R? = 0.052) though the
rank correlation test was significant (p = 0.019) (Figure 5.3). An AMOVA (Table 5.3)
indentified all sources of variation to be significant, with among regions component
accounting for 2.27% of the total variance, among populations within regions 4.28%

and within populations 7.77%.
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Figure 5.3 Relationship between genetic differentiation (Fsr/1- Fsr) and the natural log of
geographical distance (In km). Comparisons between: Norway and other locations 4 ;
Scotland and Ireland] ; and Ireland/Irish Sead .

Table 5.3 Analysis of molecular variance (AMOVA) conducted for the three regions in the
north east Atlantic

Degrees of Sum of Variance Percentage
Source of variation freedom squares components  of variation P
Among regions 2 20.79 0.037 227 0.022
Among populations
within regions 12 42.815 0.070 4.28 <0.001
Within populations 1077 348.009 0.126 7.77 <0.001
Total 1091 730.614 1.624

Fixation indices: Fsc —0.0438, Fsr=0., Fer = 0.

Clustering analysis using STRUCTURE indicated a distinct grouping of Norway
locations with no variation amongst them (Figure 5.4) based on the highest log
likelihood value where K = 2 and the highest AK value where K = 5 (Figure 5.5). In
addition, as K increased from 2 to 5, it became evident that the three locations in
Scotland formed another cluster which was different to Norwegian and Irish
populations. The remaining populations in Ireland and the Irish Sea showed little
distinct structure, though at K’s of 2, 3 and 4 they shared most similarity with
Scottish locations. Overall the major barrier appeared to be Norway and the other
locations, with a Scotland/Ireland split which is not very strong in terms of

membership to separate mode clusters.
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Figure 5.4 Population structure based on five microsatellite loci as estimated by clustering
analysis using STRUCTURE, with the assignment of 480 individuals from 10 locations around
the Isle of Man to K genetically different groups (where K =2 to 6 in this instance). Each bar
represents an individual with the bar coloured according to assignment to each

K/population.
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Figure 5.5 Population structure based on five microsatellite loci as estimated by clustering
analysis using STRUCTURE. Primary X-axis represents most likely estimated number of
populations (K) from the data as indicated by the highest value of AK, which is the rate of
change of the probability between successive runs (calculated after Evanno et al,, 2005). The
secondary Y-axis is the corresponding mean log-likelihood for K populations, where the most
likely number of populations is the highest L (K).

5.4 DISCUSSION

By determining the genetic diversity and structure of a species throughout its
geographic range, the scale at which populations are connected can be assessed.
Using microsatellite and sequencing analysis on samples of Pecten maximus from 15
locations from the northernmost edge to the middle of its range, this study has
shown that there is a distinct barrier to gene flow separating populations in Norway
from those in Scotland and Ireland, with another, weaker barrier between Scotland
and Ireland. Given the results of Chapter 4 where no genetic structure was observed
between grounds around the Isle of Man, genetic structuring was more likely to be
observed at larger geographical scales. However, the reasons behind the observed

patterns of structure found here need to be addressed.

As discussed in Chapter 4, the retreat of the ice sheet at the last glaciation period
began approximately 17,000 years ago from the southern Irish Sea (Clark et al.
2010), coinciding with the southernmost sampling sites in this study.
Recolonisation of the region would have happened gradually, with the assumption
that the northernmost locations would have been the last to be colonised. At the

edge of species range limits, populations are hypothesized to show reduced
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diversity and variability along with a smaller effective population size (e.g. Lind et al.
2007; Maggs et al. 2008; Was et al. 2010). While gene diversities were middling to
high (mean He = 0.61) for all populations, there was no reduction in genetic diversity
in the northern populations in comparison to the rest (Figure 5.2). It is possible that
these differences may be observed when compared to samples from the full extent
of P. maximus range or it may simply be the case that fishing pressures have reduced
population sizes and therefore genetic diversity across all populations, masking any
patterns. Additionally, there is evidence that during the last glaciation period some
species survived in small periglacial refugia, which would dampen the effects of

genetic diversity reduction in northern regions (Maggs et al. 2008).

The sharp genetic break isolating Norway from the other locations, coupled with no
reduction of genetic diversity at the northernmost locations, is indication that there
has been sufficient time since the glacial retreat for populations to diverge.
However, the mechanisms by which Norway has become isolated need to be
examined. Initially, isolation-by-distance (IBD) could be assumed to be responsible
for this pattern, but there was no evidence of IBD through either the mantel test or
from comparison of genetic differentiation and distance (Figure 5.3). Indeed,
individuals from Shetland are more genetically related to those in the south of
Ireland >1500 km away than those in Norway <350 km away. Given that P, maximus
have a PLD of between 18 and 42 days, it is unlikely larvae could cross the >300km
between Shetland and Norway, even if currents were strong enough to ensure
exchange. Indeed current patterns of the northern North Sea show a flow
southwards from Shetland, which joins a general flow into the Baltic, coupled with
variable and wind-driven patterns in central areas (Lee & Ramster 1981; Smith et al.
1996). Furthermore, there is a strong contrasting northwards flow along the
Norway coast. With dispersal scenarios in Chapter 2 attaining a maximal distance of
250 km for a particle at 42 days (though this was in the Eastern English Channel
where flow speeds are much higher than elsewhere), dispersal potential between
Shetland and Norway is likely to be low or nonexistent. The distance between
Shetland and Norway would not necessarily result in reduced connectivity if there
were grounds acting as stepping stones between. However, any such stepping stone
grounds are likely to have been severely depleted and their habitat compromised by
the intense fishing activities characteristic of the North Sea (e.g. Turner et al. 1999;
Frid et al. 2000).
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While these factors impact directly upon the dispersal of larvae, there is also the
possibility of environmental variations creating a phenotypic barrier between the
two. With large range of sea temperatures found across the sampling range, larvae
may not be able to successfully recruit into populations if they are not adapted to
local conditions.  Additionally, variations in reproductive timings indicating
phenotypic differences have been shown between locations in Norway (Magnesen &
Christophersen 2005) and between scallops from France and Scotland (Mackie &
Ansell 1993), even while no genetic variation was found. This may be indication of
adaptive divergence between populations, which may correlate with reduced

connectivity.

Over similar geographic distances in shelf seas, genetic differentiation has been
found for many species such as the scallop Placopecten magellanicus in the
northwest Atlantic (Ketchington et al. 2005), the shrimp Crangon crangon between
Britain and the Baltic (Weetman et al. 2007) and the limpet Cellana strigilis across
New Zealand and the sub-Antarctic (Goldstein et al. 2009). As with this study,
divergence did not occur at much smaller geographic scales, therefore it may be that
processes of genetic differentiation are similar in all shelf regions. There has been
inference of the isolation of Mulroy Bay (MUBY), an enclosed bay on the northwest
coast of Ireland, resulting in genetic isolation (e.g. Heipel et al. 1999) but this was
not consistent with the results of this study. The weak genetic break between
Scotland and Ireland demonstrated in STRUCTURE is interesting. Hydrographic
fronts in the northern channel of the Irish Sea and could feasibly isolate the west
coast of Scotland from STL, PSM, ICW and WEB. However, the populations on the
west coast of Ireland (KLB and VLI) are not subject to a strong hydrographic barrier;
indeed there is a strong northerly residual current along the west coast of Ireland
towards the Isle of Skye (ISK). This may explain why as K increased, the distinction

of the two regions became less pronounced (Figure 5.4).

The lack of genetic structure within broad regions has implications for management
of P. maximus populations and sedentary marine invertebrates in general, both
locally and across the entire study range. While genetic diversity was uniform
across all populations, fishing pressures can reduce effective population size leading
to a reduction in genetic diversity (Hauser et al. 2002). As many scallop fisheries are

within the territorial limit, they are subject to a high degree of local management
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and in cases such as the Isle of Man, have been effective in recovering stocks after
crashes (e.g. Beukers-Stewart et al. 2003, 2005). But these crashes may have
already affected genetic structure of populations, particularly in terms of diversity.
Additionally, phenotypic diversity may be as important to maintain if adaptations
are temperature dependent; with projected average sea temperature rise as high as
4°C by the end of the century (UKCIP 2009), the geographic range to which species
are adapted, whether for larval development or reproductive timing, will be altered.
Therefore, understanding patterns of connectivity at a genetic level will help in pre-

emptive management strategies.
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Chapter 6

Discussion

With widespread disturbance, alteration and even species or habitat loss due to
anthropogenic pressures on the marine environment (e.g. Pauly et al. 1998; Frid et
al. 2000; Jackson et al. 2001), effective management and conservation strategies are
essential if biodiversity loss is to be stabilised and sustainable use of the
environment to be achieved. Networks of marine protected areas (MPAs) are a
popular method for protecting biodiversity (e.g. Roberts et al. 2002; Gaines et al.
2010), but the benefits of a network can only be achieved if the design takes full
account of the factors that influence ecological coherence, which include the
adequacy and viability of the individual MPA sites selected and the ecological

connectivity between these.

Despite over 30 years of research, there still remains an immediate need to improve
our understanding of the drivers of ecological connectivity, particularly with respect
to the design and management of MPA networks (Gaines et al. 2010). While early
studies were predominantly focussed on determining connectivity of fish and/or
coral reefs, few studies explored this for temperate benthic invertebrates,
particularly those common to offshore habitats. Policy drivers now require the
protection of representative areas of the full range of biodiversity that is native to a
given area (e.g. OSPAR 2006) and this therefore requires advice on network design

that is relevant to the full range of species and habitats.

This thesis aimed to explore connectivity of marine benthic invertebrates of
temperate continental shelf seas. This was done first by assessing the variation in
dispersal potential of a typical benthic invertebrate assemblage, due to the effects of
larval development type and Planktonic Larval Duration (PLD), and due to specific
location, hydrography, depth and distance from shore (Chapter 2). Using the same
species, the level of habitat specificity and the implications of this and the
distribution and rarity of habitat types on dispersal potential was then examined in
Chapter 3. In the following two chapters, the genetic structure of an exploited

sessile benthic invertebrate, the scallop Pecten maximus, was determined at both

78



Chapter 6 - Discussion

localised and regional geographic levels. The findings of this thesis have
demonstrated both the importance of biological variation within typical benthic
assemblages of the UK shelf seas, and the need to account for local hydrography and
habitat suitability and distribution when determining dispersal potential.
Furthermore, while no genetic structuring of Pecten maximus was evident at a
localised scale (the Isle of Man), the variation and pattern of both genetic diversity
and genetic structure across the north east Atlantic highlights the complexities of

connectivity amongst populations.

6.1  Scaling policy with connectivity

Policy drivers act at different temporal and spatial scales, and given that networks of
MPAs are one of the potential management measures that can be sought to achieve
the objectives of these policies, it is important to understand at what spatial and
temporal scales connectivity works. Within Europe, the Marine Strategy Framework
Directive (MSFD) operates over broad regional sea areas (Northeast Atlantic, Baltic
Sea, Black Sea and the Mediterranean). It strongly encourages the co-operation of
the countries bordering these seas when implementing their management measures
(EC 2008). The regional sea conventions (e.g. OSPAR, HELCOM) also act at the
regional sea scales, though their definitions of regional seas do not always match
those of the MSFD. For example, OSPAR has management areas within the northeast
Atlantic such as the greater North Sea. Additionally, there are national objectives
for MPA network designation, and in reality while many of the major directives and
conventions operate at the regional scale, it is the individual countries that will
instigate management measures. It is therefore crucial to understand the scales at
which connectivity operates in order to assess the level of transboundary

cooperation needed to design networks of MPAs that work to their full potential.

Strong hydrographical features (such as major fronts) can operate as barriers to
dispersal, which may act to reduce connectivity of a species within its geographic
range (Gaylord & Gaines 2000; Werner et al. 2007). Using genetic marker
techniques, a barrier between individuals of the scallop Pecten maximus in Norway
and individuals of the same species around Scotland and Ireland was clearly evident
(Chapter 5), with a weak barrier also suggested between Scottish and Irish coasts.

The genetic divergence noted between Norwegian and UK/Ireland populations has

79



Chapter 6 - Discussion

also been described for plaice (Hoarau et al. 2006; Was et al. 2010), while similar
barriers have been noted between Iceland, Faroe and the Barents Sea for a range of
species (e.g. Hutchison et al. 2001; Luttikhuizen et al. 2003; Weetman et al 2006;
Danancher & Garcia-Vazquez 2011). Clearly, even for invertebrate species with
highly dispersive larvae, genetic connectivity operates in most cases within regional
sea scales (100 km or less). Thus management should also be designated at this

level (although see section on adaptation to climate change in 6.3).

Findings from Chapters 2-4 highlighted the factors that affect connectivity within
regional seas and these are discussed further in Section 6.2 below. However, it is
important to note that designations at the national scale, where the influence of
outlying but fully connected areas is not taken into account, may also lack ecological
sense. In particular, the lack of genetic structure in scallop populations found
around the Isle of Man (Chapter 4) highlights that knowledge of surrounding source
and sink areas must also be considered in designing national networks, and
supports the need for cooperation of countries surrounding regional seas. Our
results demonstrate that with the variation in hydrographic regime (Chapter 2) and
distribution of preferred habitats (Chapter 3), designation of spatial management
tools for any policy objective, whether it operates for national, regional or
international interests, should be done at the scale of regional seas and should

involve transboundary cooperation of countries in designing networks of MPAs.

6.2  Factors affecting connectivity within regional seas

Explicit advice on size and spacing of MPA networks, based on a range of species,
varies from nodes of 4-6 km in diameter and 10-20 km apart (Shanks et al. 2003), to
10-20km across and 40-80km apart (Roberts et al. 2010). The latter study was
conducted within the UK, and seemed more appropriate given the findings of
Chapter 2, although it is clear from the findings of both Chapters 2 and 3 that using
simple rules on size and spacing will not necessarily result in the most efficient
design of a network, particularly when local hydrographic conditions and habitat
distributions are not taken into account. Dispersal scenarios run in both chapters
also support the need to take into account direction of dispersal in designating

connected MPA nodes within a network.
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In terms of variation in development types and PLDs, the fact that these species
ranges are within UK and Ireland shelf seas, and in most cases have a minimum
geographic range from Norway to Spain, means the species information gathered
can be applied throughout the North East Atlantic. Obviously, temperatures across
the region vary so this would have to be taken into account in terms of dispersal
potential as temperature does correlate with PLD (see Chapter 2, Appendix 1).
Ultimately, each region must take into account the physical parameters of
temperature, hydrographic regime and habitat suitability and distribution when
considering MPA network design but within regions, the scales of realised dispersal
described in this thesis can be considered as indicative of the sorts of species found

in temperate offshore habitats.

As stated previously, even a small number of recruits would ensure genetic
homogeneity amongst grounds; it is possible that the large area of scallop grounds
around the Isle of Man, and therefore the large area of release points of gametes,
ensures larvae disperse widely enough for this to occur. Furthermore, not only are
scallop grounds themselves large around the Isle of Man (see Figure 4.1a), but the
habitat preference of Pecten maximus is broad enough that they can find suitable
habitat (based on sediment type) throughout the Irish Sea (Figure 6.1). While they
are found in large aggregations, which form the basis of the fishery not only around
the Isle of Man but across the Irish Sea, this does not mean they are not found more

sparsely dispersed throughout their entire range.
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Figure 6.1 Distribution of ‘coarse/sand’ habitat-landscape grouping (yellow shading) in the
Irish Sea, which is suitable for the scallop Pecten maximus.

Connectivity is a key component of ensuring overall ecological coherence, relating
directly to our ability to assess whether an MPA network “interacts and supports the
wider environment”. Initial definitions of ecological coherence were vague, (Ardron
2008); however, in 2007 OSPAR published a working definition, where an
ecologically coherent network of MPAs: (i) interacts and supports the wider
environment and (ii) maintains the processes, functions, and structures of the
intended protected features across their natural range. The OSPAR definition is
itself still vague in practice, but the findings of this thesis suggest it would be
possible to expand on these concepts to give more specific guidance on what should
be assessed in determining the ecological coherence of an area (thus a stricter
definition of ecological coherence itself). By combining information on species

composition and dispersal potential, habitat distributions and hydrographic regime,
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networks can be better assessed as to whether they are achieving ecological

coherence, specifically in terms of connectivity.

Connectivity is, however, only one aspect of ecological coherence; MPA network
designation should also account for the other aspects (viability, adequacy,
representation) and how they might vary. Findings from the work undertaken in
this thesis support the need to know much more about viability, as even where good
predictions can be made on dispersal patterns and the proportions of larvae that
might end up in a given designated area, it is equally important to know the
numbers of recruits necessary to maintain viable populations, as successful
settlement and recruitment of settlers is one of the main requirements to sustaining
population connectivity (Marshall et al. 2010). Furthermore, while dispersal may
occur over a large range, settlement and recruitment within that range is subject to
high selection pressures which result in high post-colonisation mortality (Chia 1989;
Marshall et al 2010). For example, in the dispersal scenarios run for Nephrops
norvegicus in Chapter 3 the larvae released from the northern-most station mainly
dispersed outside of the area of suitable habitat. With 5% of the larvae released
predicted to stay within the area of suitable habitat and with high levels of fecundity,
it could be that this would be enough to self-seed the area even allowing for
mortality. However, without a clearer idea of population dynamics and recruitment

levels required it is impossible to advise on this.

The survival of both larvae and adults are dependent on many factors, not least of
which is the suitability of the habitat. In their review of these factors Marshall et al.
(2010) demonstrated that the scale of selection pressures vary, but are often smaller
than the scale of dispersal potential. They argued that this would bias survival
against exogenous colonisers, and was therefore a phenotype-environment
mismatch, a term used to describe a reduction in fitness when an organism
specialised to one environment finds itself in another environment (defined by
DeWitt et al. 1998). With indications of phenotypic differences in Pecten maximus
within Norway grounds (Ridgeway & Dahle (2000), and between France and
Scotland (Beaumont et al. 1993), the scale of connectivity at a phenotypic level is
smaller than microsatellite analysis would indicate. This highlights the importance
of considering connectivity at shorter temporal scales than genetic time scales. If

entire regions are treated as genetically identical based solely on microsatellite
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markers, important local adaptations to the physical environment could be reduced
if populations are impacted. This is particularly important if populations are to be

resilient to a changing environment.

6.3  Further work

While this thesis has examined a number of approaches to determining connectivity
in the marine benthos, it has not been possible to validate predictions against actual
data on the characteristics of individual species over time. It is apparent that the
complexity of both determining and measuring connectivity, even in more discrete
systems such as coral reefs, should not be underestimated. As such, there has been
increasing awareness for the need to use a combined approach to address these
issues and the viability of MPA networks. For example, Sale & Kritzer (2003)
described the need for large-scale, multidisciplinary, and collaborative research
programs, which were undertaken in association with natural resource managers.
Additionally, Pineda et al. (2009) examined approaches to recruitment and
population dynamics of benthic systems, and described the use of reductionist
approaches, where complex systems are studied one parameter at a time, and
simplified approaches, where the numbers of processes within a system are reduced
to make the problem more manageable. They found that simplified approaches can
‘muddle’ understanding of complex processes, leading to mistaken inferences of
results. They concluded that understanding each component is essential if systems

are to be understood as a whole.

It will be a continued challenge to integrate multiple and novel methods to address
the complexity of connectivity in the marine benthos, but collaborations between
benthic ecologists, oceanographers, statistical modellers and molecular ecologists
will be a much more productive than a lone-method approach. Already successful
examples of these approaches can be found. For example, by examining the genetic
structure of three species within a region and combining this with environmental
data that would affect genetic patterns such as habitat patch size, temperature and
hydrodynamics, Selkoe et al. (2010) showed that while slight differences in diversity
and pairwise differentiation across sampling sites could be viewed as genetic

patchiness or noise, they might in fact actually indicate ecologically meaningful
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differences. Clearly these collaborative approaches will be key in unravelling the

complexities of connectivity in the future.

One of the most essential factors in MPA network design will be the ability for
adaptive management; networks must be able to be altered, not only in the face of a
changing environment through, for example, climate change, but also with
improvement of scientific knowledge. While decisions on the design of MPA
networks are being made (or in the case of the UK have been made (MCZ
designations in 2011)), the number of scientific studies on dispersal and
connectivity have increased exponentially (Figure 6.2). Fewer than 10 studies a
year were undertaken through the 1990s and early 2000s, but by 2005 studies
began to increase exponentially, with over 80 in 2010. Clearly, the findings of each
of these could potentially have implications for how MPA networks are designed,
and if the findings are not disseminated to managers, designs may be ill-informed

and potentially useless in terms of their aims.
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Figure 6.2 Number of publications since 1990 on larval dispersal and connectivity. Data

from a Web of Science search on topic.
MPA network design in the UK has been undertaken by governmental bodies at local

and national levels, with Scotland and Northern Ireland working independently

from England and Wales. Each region is using sites already afforded some level of
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protection (e.g. Ramsar sites and Special Areas of Conservation (SACs)) as the first
part of the network. Designation of additional locations in England and Wales has
been established through the Marine Conservation Zone (MCZ) Projects. Overall the
network is to adhere to the design principles of representativity, replication,
adequacy and connectivity (JNCC/Natural England 2010). For connectivity, the lack
of detailed information available led the guidelines to state that it should be
considered of secondary importance to the other principles. What has been
recommended, is that if species-specific dispersal estimates are available they
should be used to determine spacing, but where this information is not known,
spacing between MPAs of similar habitat should not be more than 40 - 80 km (as
recommended by Roberts et al. (2010)). Indeed, it is the findings of Roberts et al.
(2010) which form the basis of guidelines on connectivity for the UK’s designations.
It is made clear that connectivity will vary depending on location, but there are no
clear recommendations for how hydrographic regime or habitat distribution could

be incorporated into network design, only that they will play a role in connectivity.

The findings of this thesis, particularly those covered in Chapters 2 and 3 describe
the variation in connectivity between locations, both due to hydrography and
habitat distributions. It would be a relatively simple process for managers to use
the same methods to assess connectivity of the proposed MCZs, thereby allowing for
location-specific variations in connectivity to be incorporated. Furthermore, at the
national and international scale, the genetic breaks shown in Chapter 5, coupled
with the findings of other genetic studies, highlight the need for cross-regional

collaboration to ensure that the larger MPA network is indeed connected.

Although the potential effects of a number of key drivers on connectivity were
explored in this thesis, it was not possible to cover the likely effects of changes in
temperature. It has long been recognised that the development time of a larva is
highly variable (Scheltema 1986), but as already discussed in Chapter 2, sea
temperature is negatively related to development time. Dispersal potential is
therefore reduced at higher temperatures, though for any given species the effects of
this relationship are highly variable (0’Connor et al. 2007). While many studies are
conducted in optimal conditions, there is often a high mortality rate at extremes of
temperature ranges. For example, an ovigerous female of Corystes cassivelaunus was

maintained in an aquarium at 15°C and the resulting eggs maintained in batches of
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10°C, 15°C and 20-25°C (Ingle & Rice 1972). Survival to the megalopa stage only
occurred at 15°C, with the fastest mortality shown for the 20-25°C group. It may be
that larvae remain competent at temperatures that adults are acclimatised to,
though mortality may be high. In this case, 15°C was higher than what adults and
larvae would normally experience in British waters during spring or summer (Ingle
& Rice 1972). With projected sea temperature rises of 3°C on average (IPCC), but
potentially much higher localised increases, a reduction of larval dispersal potential

and competency may be seen.

However, the temperature limits of adults were not so clear. While geographic and
therefore temperature ranges were large for the majority of species studied here, it
is possible local populations cannot adapt quickly enough to increased
temperatures. Additionally, if species live at the edge of their limits already then
increases may have severe impacts on them (e.g. Hammond & Hofmann 2010). For
example, even with its range extending across the world, Carcinus maenas has been
shown to not be able to mate at >18°C. In another study, juveniles of Panadlus
borealis have been shown to be more sensitive to temperature changes than adults
(Koeller et al. 2009; Daoud et al. 2010), which could have major implications for the
structure and dynamics of populations throughout their range. Additionally,
reduced pH from increasing CO; will have an effect on larval development, leading to
high mortality and reduced PLD which will therefore reduce dispersal (Ericson et al
2010). From a fisheries perspective, one potentially positive aspects of rising sea
surface temperature has been shown in Isle of Man scallop populations, where rising
spring temperatures have seen increased gonad development, leading to greater
gamete production which may be the cause of increased recruitment success
amongst stocks (Shephard et al. 2010). Ultimately, the potential impacts of climate
change on mortality and dispersal of species throughout their life history must
continue to be examined. If MPA networks are to have any hope of achieving their

aims, they must be able to adapt to accommodate these changes.

6.4 Conclusions

Though the establishment of MPAs are often restricted by economic and socio-
political factors, they still play an important and viable role in conservation. While

there are examples of successful MPAs, Mora & Sale (2011) found that not enough
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are being established at a fast enough rate to match the accelerating loss of species
and habitats, and that the shortcomings of most MPAs mean they should not be
viewed as the only solution to manage and reduce habitat and biodiversity loss.
There are some human pressures, such as overfishing, which must be tackled
through different management measures, such as reduction of effort, but there are
still many issues where MPA networks can help. Mora & Sale (2011) go on to
describe the lack of connectivity between MPAs, and the single focus of sites (e.g.
fish stock protection) that reduce their effectiveness in protecting against a broad
range of threats, as being a major barrier to their usefulness. Thus, there is a need to
find both additional means of protecting habitats and species and to continue to

improve designation of MPA sites within a network.

In the face of a changing environment, connectivity of species and systems will
naturally change. Thus there is a clear need for adaptive capability in network
designations. Given this, designations at any given time need to account for a
number of key factors that include: the dispersal potential of the species involved;
the habitat requirements of those species and the distribution and rarity of those
habitats; and the hydrography of the area and site-specific conditions. Designations
should occur within regional sea areas where major hydrographical barriers define
the boundaries of those areas, and it is critical that individual countries
communicate with neighbouring countries to account for connectivity that goes
beyond their jurisdictional areas. Continued efforts to understand ecological
coherence should also focus on viability and the level of recruitment required to
maintain viable populations of a range of species representative of native
biodiversity. In terms of ecological connectivity, there is still room for increases in
understanding but the rate of knowledge growth in this area has increased
considerably since this thesis began. Any further work on connectivity will benefit
the field most with increased collaborations across scientific fields and better

dissemination to policy makers and marine managers.
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APPENDIX 4 continued...
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8. Coarse/Mud/Sand

9. Coarse/Sand

10. Mixed

11. Mixed/Mud

12. Mixed/Mud/Sand
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APPENDIX 5

Basic measures of genetic diversity (number of alleles (Na), allele richness (Ar), expected heterozygosity
(Hg), observed heterozygosity (Ho), and the inbreeding coefficient (Fis)) for Pecten maximus from 15
locations in the north east Atlantic shelf (see Figure 5.1 for locations). N/A indicates not enough
information for calculation. Fis calculated after Weir and Cockerham, probability of deviation from Hardy
Weinberg Equilibrium (HWE) *P<0.05 **P<0.01, significant for 21 out of 75 population -locus

combinations.
LIST15-002a  LIST15-004 LIST 15-014 LIST15-020 LIST15-005

BRN

N, 3 2 5 7 10

Ap 160 1.09 1.80 1.83 1.91

H; 0.60 0.09 0.80 0.83 0.91

H, 0.92 0.09 0.67 0.67 0.64

Fs -0.571 0 0.17 0.207* 0.314**
TRD

N, 3 3 6 9 11

Ay 1153 1.15 173 1.84 1.89

He 053 0.14 0.73 0.84 0.89

Ho 0.74 0.15 0.74 0.58 0.83

Fs -0.398 -0.036 -0.013 0.316** 0.075
ALS

N, 3 2 6 8 12

Ay 557 .37 1.80 s Wy 1.76

He 0.57 0.17 0.80 0.77 0.76

Ho 059 0.18 0.73 0.62 0.70

Fs -0.042 -0.077 0.093 0.201* 0.083*
soG g

N, 4 3 7 9 9

Az 162 133 1.79 172 1.79

H: 0.62 0.13 0.79 0.72 0.79

Ho 0.60 0.14 0.79 0.80 0.73

Fs 0.032 -0.033 -0.001 -0.114 0.084
KVT

Ny, 3 4 8 3 i 13

Az 158 1.25 1.78 1.76 1.81

Hs 0.58 0.25 0.78 0.76 0.81

Hp, 0.76 0.18 0.76 0.67 0.67

Fs -0.305 0.278** 0.035 Q. 121% 0.176**
SHL

Ny, 5 5 6 6 11

Az 150 1.18 1.53 1.76 1.91

Hg 0.50 0.18 0.53 0.76 0.91

Ho, 048 0.12 0.46 0.50 0.78

Fs 0.042 0.378* 0.133 0.343** 0.145*
ISK

Ny, 2 2 7 8 9

Ap 152 1.08 1.46 1.81 1.87

He 051 0.08 0.46 0.81 0.87

Ho 0093 0.08 0.40 0.38 0.87

Fs -0.867 0.000 0.138 0.535*¢ 0.000
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LIST15-002a  LIST15-004  LIST15-014  LIST15-020  LIST15-005
MILL
N, 1 1 6 3 5
Az 1.00 1.00 1.68 1.60 1.93
He N/A N/A 0.68 0.60 0.93
Ho N/A N/A 0.71 0.67 1.00
Fs N/A N/A -0.053 -0.143 -0.091
PSM
N, 2 1 5 4 1
Ay 153 1.00 1.73 1.69 1.00
He 053 N/A 0.73 0.69 N/A
Ho, 0.50 N/A 0.71 0.14 N/A
Fs 0.063 N/A 0.016 0.806* N/A
STL
N, 3 1 1 4 5
Ay 161 1.00 1.00 1.87 1.93
He 061 N/A N/A 0.87 0.93
Ho, 0.75 N/A N/A 0.67 0.67
Fs -0.286 N/A N/A 0.273 0.333
MUB
R 4 9 8 11
Ay 151 1.28 1.85 1.74 1.88
He 051 0.28 0.85 0.74 0.88
H, 081 0.22 0.71 0.41 0.81
Fs -0.619 0.220* 0.167* 0.455** 0.079
KLB
N2 2 8 6 9
A, 143 1.08 1.66 1.81 1.91
He 043 0.08 0.66 0.81 0.91
Ho, 0.58 0.08 0.67 0.27 0.70
Fs -0.375 0.000 -0.017 0.674** 0.236*
VLl
N, 2 3 5 3 8
Ay 153 131 1.56 1.53 1.92
He 0.53 0.31 0.56 0.53 0.92
Ho, 1.00 0.33 0.33 0.33 1.00
Fs -1.000 -0.091 0.415* 0.385 -0.098
WEB
Ny 2 3 4 5 8
Ay 140 1.28 1.58 1.79 1.96
He 0.40 0.27 0.58 0.79 0.96
Hp, 0.50 0.29 0.25 0.50 1.00
Fs -0.273 -0.043 0.582* 0.388 -0.053
Icw
Ny 2 3 3 5 6
Ay 153 1.44 1.32 1.86 1.93
He 053 0.44 0.32 0.86 0.93
H, 083 0.50 0.33 0.17 1.00
Fs -0.667 -0.154 -0.053 0.821** -0.091
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LIST15-002a  LIST15-004 LIST 15-014 LIST15-020 LIST15-005
All populations
N, 7 9 a7 16 21
Arp 156 1.18 1.76 1.84 1.87
He 053 0.20 0.66 0.76 0.88
Ho, 071 0.20 0.59 0.49 0.81
Fs -031 0.13** 0.09* 0.30%* 0.13%%
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