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Abstract
Kathryn Anne O’Shaughnessy
Eco-engineering of coastal infrastructure: a design for life.

Coastal urbanisation has driven humans to build artificial defences to protect
infrastructure from rising sea level, erosion and stormier seas. Artificial structures are
proliferating in the coastal and marine environments (“ocean sprawl”), resulting in a
loss of natural habitat, species diversity and ecosystem services. To mitigate the impacts
of ocean sprawl, the practice of eco-engineering of coastal infrastructure has been
developed. A strong evidence base in support of eco-engineering is growing, yet there
remain critical knowledge gaps. This work investigated the ecology of artificial
structures and their ability to be enhanced in order to increase species diversity,
addressing five knowledge gaps in the eco-engineering literature: (1) understanding of
occurrence of non-native species in intertidal natural and artificial habitats along the
south coasts of England; (2) looking beyond conventional measures of species diversity
to better understand the differences in communities between natural and artificial
habitats at multiple spatial scales; (3) comparing how topographic complexity shapes
species diversity in both intertidal and subtidal habitats; (4) seeking generality of
patterns of eco-engineering interventions across geographic localities; and (5) making
the outcomes of eco-engineering research accessible in a practitioner-focused format for
stakeholders. To address the first knowledge gap, Rapid Assessment Surveys (RAS)
were conducted along the south coast of England. The central region of the south of
England supported the most non-native species, while artificial and natural habitats
differed in their assemblages of non-native species. Biological surveys in Plymouth
Sound (UK) were conducted to address the second knowledge gap. a-diversity (taxon
richness) was greater in natural compared to artificial habitats at multiple spatial scales,
but B-diversity was greater in artificial compared to natural habitats at the larger spatial
scale (m-km). To address the third and fourth knowledge gaps, habitat enhancement
eco-engineering trials in Plymouth Sound in intertidal and subtidal habitats were
conducted. Results were informally compared to those from equivalent experiments
done along the Mediterranean coast of Israel. In general, habitat complexity had an
effect on species diversity, but results were dependent on habitat and location. Lastly, an
eco-engineering “user-guide” for practitioners was created that can serve as a template
for future guides and frameworks as the science evolves and becomes freely accessible
to end-users. This thesis evaluates outcomes in the context of their application to the
management of eco-engineering in order to mitigate the negative effects of ocean
sprawl.
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1. CHAPTER ONE

General Introduction

1.1.  Ocean sprawl

The human population continues to grow, exerting pressure on natural resources
and transforming landscapes globally (Vitousek et al., 1997; Halpern et al., 2008;
Gerland et al., 2014; Cloern et al., 2016). Marine and coastal environments in particular
have been drastically modified by global shipping and transport (Halpern et al., 2008;
Yigitcanlar et al., 2008), industry (Lin, 1996; Carballo and Naranjo, 2002; Romano et
al., 2009), aquaculture (Tovar et al., 2000; Arvanitoyannis and Kassaveti, 2008),
overfishing (Parsons, 1996; Jackson et al., 2001) energy extraction (Kingston, 1992;
Wiese et al., 2001) and the need to protect coastal infrastructure from rising sea level
(Vitousek et al., 1997; Griggs, 2005; Firth and Hawkins, 2011; Stocker et al., 2013;
Firth et al., 2016b). Many of these anthropogenic activities have contributed to “ocean
sprawl” — a term that was recently coined (Duarte et al., 2012) to describe the
proliferation of artificial structures (i.e., seawalls, floating pontoons, breakwaters, oil
and gas platforms, groynes, revetment) in marine and coastal environments, and the
subsequent modification and loss of natural habitats (i.e., saltmarsh, seagrass,
mangroves, sandy beaches, natural rocky shores; Duarte et al., 2012; Firth et al., 2016b;
Bishop et al., 2017).

The major anthropogenic threats to the natural environment have been
summarised using the acronym, H.I.P.P.O.; with H. standing for habitat destruction, I.
representing invasive species, P. signifying pollution, P. representing population of
humans and O. standing for over exploitation (Torrance, 2009; UNESCO, 2017). Ocean
sprawl is undoubtedly an anthropogenic phenomenon that destroys natural habitat,

placing extraordinary stress on estuarine, coastal and marine environments. Ocean
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sprawl may facilitate overfishing and exploitation of coastal and marine resources by
providing transportation hubs for commercial fisherman and structures from which to
fish (e.g., jetties and piers). Overexploitation of natural resources alters natural trophic
dynamics (Daskalov, 2002; Scheffer et al., 2005), and can even cause a collapse in
ecosystems (Jackson et al., 2001; Post, 2013). For example, in the Aleutian Islands,
Alaska, sea otters — a keystone species — have traditionally been harvested for their fur.
Therefore, since the 1980s, this area saw a drastic decline in otter numbers, which
resulted in an increase abundance of their prey — sea urchins — which feed voraciously
on kelp (Estes and Palmisano, 1974). Subsequently, the cover of kelp in the Aleutian
Islands has declined significantly (Dean et al., 2000; Reisewitz et al., 2006). Human
activities in urban ecosystems also affect water quality and pollution load in coastal
waters. For instance, impermeable surfaces that are a common feature of urban systems
(e.g., roads, buildings, concrete seawalls and bulkheads), increase runoff into adjacent
water bodies (Arnold Jr and Gibbons, 1996; Barnes et al., 2001), often facilitating
increased input of nutrients and pollutants (e.g., agricultural fertilizers, heavy metals;
Arnold Jr and Gibbons, 1996; Wicke et al., 2012), which have the potential to cause red
tide events (Hodgkiss and Ho, 1997) and create “dead zones” (Rabalais et al., 2002).
Polluted waters can result in the closure of beaches (Rabinovici et al., 2004), decline of
recreational activities and investment in coastal development (Ofiara and Seneca, 2006)
and closure of fisheries (Lipton and Strand, 1997; Evans et al., 2016), which can have
severe implications for fishing- and tourist-dependent communities. Invasive species
utilise stationary and mobile artificial structures, such as jetties and sailing vessels,
respectively, to establish and spread (Bax et al., 2002; Foster et al., 2016; Johnson et al.,
2017), using these structures as stepping stones across otherwise uninhabitable

environments (Floerl and Inglis, 2005; Floerl et al., 2009; Sammarco, 2015).



1.2.  Coastal artificial structures

Coastal artificial structures are generally built to reclaim land and/or protect it
from flooding and erosion (Govarets and Lauwaert, 2009; Dugan et al., 2011; Dafforn
et al., 2015b). Artificial coastal structures are often built in sedimentary environments at
greater risk of flooding and erosion (Griggs, 2005; Govarets and Lauwaert, 2009;
Dugan et al., 2011; Firth et al., 2013a). They can be built along the shoreline,
completely separating land from sea (e.g., seawalls, bulkhead, rock revetment; Govarets
and Lauwaert, 2009; Dugan et al., 2011), shore-perpendicular and intended to maintain
the integrity of a sandy beach (e.g., groynes, jetties; Govarets and Lauwaert, 2009;
Dugan et al., 2011) or detached and shore-parallel built with intentions to retard waves
reaching the shore and decrease erosion (e.g., breakwaters, low crested structures;
Figure 1-1; Airoldi et al., 2005a; Burcharth and Lamberti, 2007; Govarets and
Lauwaert, 2009; Dugan et al., 2011; Dafforn et al., 2015b). Coastal artificial structures
are now so ubiquitous that in some regions, the extent of artificial coastlines dominates
over natural (Dafforn et al., 2015a). For example, > 50% of the Italian North Adriatic
shoreline is lined with artificial structures (Airoldi et al., 2005a); 74% of San Diego Bay
is armoured with rock revetment (Davis et al., 2002); and nearly 60% of coastal

mainland China is now protected by seawalls (Ma et al., 2014).



Figure 1-1. Examples of various coastal artificial structures: (A) sacrificial wave-
breaker block units placed on the seaward side of Plymouth Breakwater; (B) seawall
composed of granite and sandstone separating the land from the sea; (C) metal sheet
piling structure making up a protective harbour wall; (D) a recreational marina with
metal sheet piling walls for protection from the sea and floating pontoons for vessel
docking; (E) rip rap rock revetment is positioned where land meets sea to reduce erosion
of land; (F) jetties and groynes are positioned perpendicular to the shore to maintain
integrity of a sandy beach.

1.3.  Impacts of artificial structures

1.3.1. Environmental impacts

Artificial structures directly replace natural habitat (Airoldi and Beck, 2007,
Airoldi et al., 2009; Govarets and Lauwaert, 2009; Dugan et al., 2011); the effects of
which are more pronounced in soft bottom habitats because the footprint of an artificial

structure completely replaces soft bottom habitat (“placement loss”; Heery et al., 2017).
4



On sandy beaches, artificial structures such as groynes and jetties alter normal wave
activity and subsequently affect longshore transport and sediment deposition on a local
and regional level (Dugan et al., 2011). Alongshore structures, such as seawalls, alter
the local hydrodynamics, as waves reflecting off vertical seawalls can create turbulence
and can interact with incoming waves, causing increased sand scour along the structure;
this can cause a loss of beach area in nearby soft-bottom habitats (French, 2002; Bush et
al., 2004; Govarets and Lauwaert, 2009; Dugan et al., 2011). Overwater artificial
structures such as piers and bridges, can reduce light intensity reaching the sea floor,
which can have negative effects on migrating fish species and seagrass communities
(Shafer and Robinson, 2001; Shafer, 2002; Ono and Simenstad, 2014; Munsch et al.,

2017).
1.3.2. Ecological impacts

1.3.2.1. Biodiversity

Biodiversity of a community changes as organisms colonise available space and
biotic succession progresses over time (Bazzaz, 1975; Benedetti-Cecchi, 2000; Noél et
al., 2009; Maggi et al., 2011; Bergeron and Fenton, 2012). Biological succession is
largely influenced by direct and indirect interactions among species (Connell and
Slatyer, 1977; Sousa, 1984; Benedetti-Cecchi, 2000; Benedetti-Cecchi et al., 2000) and
the available area of substrate that can be colonised (Sousa, 1984; Benedetti-Cecchi and
Cinelli, 1994), as well as the frequency of physical disturbances (Sousa, 1980; McCook
and Chapman, 1991). Early colonisers can inhibit or facilitate later colonising species
(Connell and Slatyer, 1977; Sousa, 1979), with these interactions typically depending
on species life history traits (Sousa, 1980; Tilman, 1985; Walker et al., 1986; Benedetti-
Cecchi, 2000). On intertidal rocky shores, for instance, grazing herbivores (e.g., chitons,
patellids and littorinids) remove early colonising species, such as ephemeral green
algae, facilitating the establishment of other longer-lived, highly seasonal and/or slow-
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growing species (e.g., corticated red algae, kelp; Connell and Slatyer, 1977; Sousa,
1979; Hawkins et al., 1983; Benedetti-Cecchi and Cinelli, 1994; Anderson and
Underwood, 1997; Benedetti-Cecchi, 2000; Aguilera and Navarrete, 2007). In the
absence of grazing species, early colonisers inhibit the recruitment of larvae and spores
of other species by monopolizing space (Lubchenco, 1983; Geller, 1991; Benedetti-
Cecchi, 2000; Benedetti-Cecchi et al., 2000), subsequently keeping biodiversity
relatively low over time (Lubchenco and Menge, 1978; Maggi et al., 2011).

Biological succession may initially be influenced by characteristics of the
available substrate (‘basal’ substrate; Marsden and Lansky, 2000; Boyero, 2003,
Moschella et al., 2005; Borsje et al., 2011; Coombes et al., 2015). Complex substrate,
by design, provides more space for organisms compared to less complex habitat or
smaller areas (the 'species-area relationship'; Preston, 1960; Connor and McCoy, 1979;
Losos and Schluter, 2000; Chapman and Underwood, 2011; Gatti et al., 2017). A
variety of available habitat niches (Whittaker et al., 1973) allows for reduced influence
of competition for resources (Schoener, 1989; Dudley and D'Antonio, 1991), thus
resulting in an increase in establishment of organisms and thus a diverse assemblage of
species surviving in an ecosystem (MacArthur and MacArthur, 1961; Ricklefs, 2010;
Pocheville, 2015). Niches can vary throughout time and space (Whittaker et al., 1973,
Schoener, 1989; Pocheville, 2015), and can involve more than just ‘habitat’ niche; any
type of resource required for survival, such as space (Whittaker et al., 1973; Smith et al.,
2014), food (Schoener, 1989) or light availability (Diehl, 1988) can contribute to a
niche. The initial colonising community provides biological complexity upon which
secondary colonisers will settle, contributing to the process of succession (Turner, 1983;
Buhl-Mortensen et al., 2010; Smith et al., 2014). In fact, biological complexity may be
more important than basal substrate complexity for determining the biodiversity of a

particular substrate, as this new habitat changes as organisms move, die off or are



overgrown over time (Benedetti-Cecchi, 2000; Maggi et al., 2011; Smith et al., 2014).
As such, available niches temporally change and increase in number with biological
succession; niches become more specialized and allow for species coexistence as
communities reach maturity (Connell and Slatyer, 1977; Huston and DeAngelis, 1994).
In this way, effects of basal substrate complexity may lessen over time due to the
original basal complexity being overwhelmed by biotic complexity (Chapman and
Underwood, 2011; Smith et al., 2014).

Biodiversity is determined not only by the complexity of a substrate, but also by
surrounding environmental factors, often with the suite of species varying over
environmental gradients (Heino, 2005; Heino et al., 2007; Dole-Olivier et al., 2009;
Gomes-Filho et al., 2010). For example, Gomes-Filho et al. (2010) found that the
assemblage of barnacles shifted from dominated by native species to dominated by the
non-native barnacle, Austrominius modestus, in Plymouth Sound, UK as one moves
further up the estuary where salinity values were lower. Similarly, Jenkins and Hartnoll
(2001) found that limpet herbivory was greater on exposed intertidal rocky shores than
on sheltered shores. Both examples illustrate that environmental gradients can directly
and indirectly determine the initial colonising species, as well as the successional
communities.

Habitat degradation and destruction is one of the major drivers of biodiversity
loss globally (Brooks et al., 2002; Krauss et al., 2010; Mantyka-Pringle et al., 2012).
Loss of biodiversity has consequences for ecosystem functioning, such as biofiltration
(Hawkins et al., 1992b; Wilkinson et al., 1996) and primary productivity (Costanza et
al., 2007). This has knock on effects on ecosystem services such as water quality
(Hawkins et al., 1992b; Wilkinson et al., 1996), habitat provision for fisheries (Moyle
and Leidy, 1992; Rogers et al., 2014), recreation, tourism and aesthetic appeal (Allen et

al., 1992; Hawkins et al., 1992a). Coastal artificial structures are generally considered



poor substitutes for their analogous natural rocky shore counterparts (Thompson et al.,
2002; Chapman, 2003; Moschella et al., 2005; Geist and Hawkins, 2016; Lai et al.,
2018). They are typically characterised by lower species richness (Moschella et al.,
2005; Gacia et al., 2007; Firth et al., 2013Db), different community composition (Bulleri
et al., 2005; Lai et al., 2018), fewer mobile and rare species (Chapman, 2003; Chapman,
2006; Pister, 2009; Chapman and Underwood, 2011) and greater numbers of non-native
species (Glasby et al., 2007; Dafforn et al., 2009; Dafforn et al., 2012). In general, many
studies agree that artificial and natural habitats support a similar suite of common
species, but artificial structures typically have lower abundances of these species
(Chapman and Bulleri, 2003; Bulleri et al., 2005; Moschella et al., 2005; Lai et al.,
2018).
1.3.2.2. Non-native species

Artificial structures provide hard substrate for attachment of non-native species.
Coastal areas characterised by hard built structures, such as international shipping ports,
provide a substantial amount of substrate for non-native species colonisation. Global
shipping and transportation hubs are often built in heavily urbanised and sheltered
estuaries, and as such, typically receive urban and industrial runoff and pollution
(Johnston et al., 2017). Ecosystems characterised by lower biodiversity (Stachowicz et
al., 1999), sheltered conditions (Bulleri and Airoldi, 2005; Vaselli et al., 2008), greater
rates of pollution (Johnston and Roberts, 2009; Johnston et al., 2017) and of which
experience disturbance events (Bulleri and Chapman, 2010; Airoldi and Bulleri, 2011)
are generally more vulnerable to invasions by non-native species (Arenas et al., 2006b;
Dafforn et al., 2012; Mineur et al., 2012). It is commonly accepted that occurrence of
non-native species is higher on artificial structures in particular compared to nearby
natural habitats (Bulleri, 2005b; Bulleri and Airoldi, 2005; Glasby et al., 2007; Dafforn

et al., 2012; Mineur et al., 2012), and many studies have identified artificial structures
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as the first point of introduction (Griffith et al., 2009; Bishop et al., 2013; Bishop et al.,
2015b). Non-native species can negatively affect native biotic communities through
competition (Haag et al., 1993; Schloesser and Nalepa, 1994; Blossey and Notzold,
1995), predation (Cohen et al., 1995) and hybridisation (Gray et al., 1991), as well as
introduction of new diseases and parasites (Bower et al., 1994; Bishop et al., 2006;
Peeler et al., 2011).

Artificial structures provide new hard substrate that can act as ‘stepping-stones’
across sedimentary habitats (Airoldi et al., 2005a; Hawkins et al., 2008; Dafforn et al.,
2009; Floerl et al., 2009; Firth et al., 2013a). This effectively increases connectivity
(i.e., the facilitation of movement of organisms among habitats and resources through
space; Bishop et al., 2017) between isolated or distant hard bottom habitats
(Johannesson and Warmoes, 1990; Sammarco et al., 2004; Airoldi et al., 2005a; Dafforn
et al., 2009; Mineur et al., 2012; Bishop et al., 2017). This is especially concerning in
the context of non-native species, as increased connectivity can promote introduction
and spread of new arrivals (Airoldi et al., 2015b; Bishop et al., 2017), thereby
facilitating biotic homogenisation (McKinney and Lockwood, 1999; McKinney, 2006).
Disturbance events, such as maintenance to a structure (Bulleri and Chapman, 2010;
Airoldi and Bulleri, 2011), harvesting organisms (Airoldi et al., 2005b) and docking and
tying up of boats (K. O’Shaughnessy, pers. obs.) can often create bare space where
dense biological assemblages occurred previously. Consequently, bare space may
become colonised by non-native and opportunistic species (Stachowicz et al., 1999;
Airoldi and Bulleri, 2011). This may in turn affect the structure and functioning
(physical and ecological) of the surrounding environment (McKinney and Lockwood,
1999; McKinney, 2006; Dugan et al., 2011).

Early detection and horizon scanning are key to preventing establishment of

non-native species (Manchester and Bullock, 2000; Mehta et al., 2007; Roy et al., 2014;



Kakkonen et al., 2019). Rapid Assessment Surveys (RAS) are a common method used
to cover a large number of locations in a reasonable amount of time for documenting
distribution of non-native species and detecting new arrivals (Pederson et al., 2005;
Arenas et al., 2006a; Bishop et al., 2015a; Bishop et al., 2015b). As densities of new
arrivals are typically low in the initial stages of introduction, sampling methods may
need to involve surveying multiple different habitats (i.e., subtidal and intertidal) and
not focusing only on where non-natives are known to invade (e.g., floating pontoons in

marinas; see Chapter 2).

1.4.  Characteristics of artificial structures

Coastal artificial structures lack topographic features that are commonly found
on natural rocky shores (Chapman, 2003; Moschella et al., 2005; Bulleri and Chapman,
2010; Aguilera et al., 2014). At the smallest scale, these features include millimetre to
centimetre size grooves, crevices and cracks (Moschella et al., 2005), while at the
medium scale (metres), features include rock pools and gaps between boulders
(Chapman, 2017; Liversage et al., 2017). At the largest scale, areas of natural rocky
shores vary in complexity at the kilometre scale (Johnson et al., 2003). These complex
features are important in providing water and moisture retention (Firth et al., 2013b;
Firth et al., 2014b), shade and relief from desiccation (Moschella et al., 2005; Bulleri
and Chapman, 2010) and refuge from predation (Fairweather, 1988; Johnson et al.,
1998; Skov et al., 2011). Additionally, natural habitats are usually gently sloping,
extending the intertidal zone, thereby providing a greater area available for biological
recruitment and colonisation (Chapman and Underwood, 2011). Conversely, artificial
structures are typically featureless and vertical in design and have a smaller areal extent
than natural rocky shores, providing less area for recruitment and colonisation

(Chapman and Bulleri, 2003; Moschella et al., 2005; Chapman and Underwood, 2011).
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Additionally, the type of material used for construction of artificial structures and the
geological origin can influence the colonising communities (Davis et al., 2002;
Moschella et al., 2005; Herbert and Hawkins, 2006; Moreira, 2006; Green et al., 2012;

Firth et al., 2014b; Dennis et al., 2017).

1.5.  Ecological engineering

Ecologists have developed a suite of terms to define and differentiate
ecosystems based on their degree of human alteration (Morse et al., 2014). Regardless
of whether these ecosystems are defined as “novel” (Hobbs et al., 2006; Morse et al.,
2014), “emerging” (Milton, 2003; Hobbs et al., 2006), “impacted” (Morse et al., 2014),
“synthetic” (Odum, 1962; Hobbs et al., 2006) or “designed” (Morse et al., 2014), it is
clear that human interventions are leading to the development of new ecosystems
without natural analogues. In response, some ecologists are calling for a paradigm shift
from a focus on the negative impacts of these new ecosystems to considering how to
appropriately manage them for ecological and societal benefit (Milton, 2003; Hobbs et
al., 2006; Francis, 2014). The design of such sustainable ecosystems which integrate
human society with the natural environment for the benefit of both by combining
ecological principles with the planning, design and modification of artificial structures,
has been labelled “ecological engineering” (or “eco-engineering”’; Odum, 1962; Mitsch
and Jorgensen, 1989; Mitsch, 1996; Bergen et al., 2001; Odum and Odum, 2003).

Eco-engineering techniques are widely tested and accepted in terrestrial urban
ecosystems (e.g., Alberti et al., 2003; Oberndorfer et al., 2007; Francis, 2011; Francis
and Lorimer, 2011) and river and wetland ecosystems (e.g., Palmer et al., 2005; Roni et
al., 2006; Francis and Hoggart, 2009; Radspinner et al., 2010; Zhang et al., 2010).
Application of eco-engineering in the marine and coastal environments, however, has

only gained momentum within about the last decade (Strain et al., 2017a). Results from
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a variety of eco-engineering trials have been contributing to the growing evidence base
to support eco-engineering as a sustainable answer to ocean sprawl (e.g., Moschella et
al., 2005; Chapman and Blockley, 2009; Martins et al., 2010; Browne and Chapman,
2011; Chapman and Underwood, 2011; Browne and Chapman, 2014; Firth et al.,
2014b; Perkol-Finkel and Sella, 2015; Evans et al., 2016a; Perkol-Finkel et al., 2017;
Strain et al., 2017a; Strain et al., 2017b). Emerging concepts from these trials show that,
generally, effects of interventions are usually positive for local biodiversity. Effects,
however, differ based on local conditions, habitat context and specific taxa targeted
(Strain et al., 2017a). Whilst extremely informative for the location of interest, most of
these experiments have drawn conclusions based on an intervention at only one
geographic location at one time point (e.g., Martins et al., 2010; Chapman and
Underwood, 2011; Browne and Chapman, 2014; Firth et al., 2014b; Evans et al., 2016a;
Strain et al., 2017b; Hanlon et al., 2018; reviewed in Strain et al. 2017a). Thus, there is
a clear need to test interventions across multiple geographic locations for ecologically
relevant timeframes across seasons and under different environmental conditions to
better understand generalities of effects of habitat enhancements (see Chapters 4 and 5).
Artificial structures in the marine environment are not surrogates for the natural
habitats they replace, and even the best eco-engineering designs will not replicate
nature. The “no active intervention” management policy (Welsh Government, 2011;
Environment Agency, 2013) is the best option for maintaining healthy ecosystem
functioning (Hoggart et al., 2014). However, the “hold the line” or “advance the line”
policies in which existing artificial structures are maintained or new ones are created
are currently the most practiced policies in developed nations (Environment Agency,
2013; Hogoart et al., 2014). There is emerging concern that the promise of eco-
engineering to deliver beneficial ecological benefits might be used to facilitate harmful

activities and developments in coastal environments where development would not
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otherwise be approved (Firth et al., in prep). It is important, therefore, for ecologists to
be aware that the way they communicate eco-engineering information to managers,
decision-makers and the general public should be without exaggeration or promise of
desired results, and recognise that the best advice might be to do nothing or implement

soft or hybrid eco-engineering approaches.

1.5.1. Hard approaches to eco-engineering

Although soft approaches (using vegetation, ecosystem engineering organisms
or sand fills for coastal protection; Morris et al., 2018a) and hybrid designs
(combination of soft and hard techniques; Bilkovic and Mitchell, 2013) for eco-
engineering of coastal structures are preferred (Morris et al., 2018a), quite often in
urbanised areas, the only feasible approach is to build hard structures due to lack of
space and the immediate need to protect valuable coastal infrastructure (Borsje et al.,
2011; Chee et al., 2017; Morris et al., 2018a). This thesis focuses only on hard
approaches to eco-engineering of coastal structures to provide secondary ecological
benefits.

Eco-engineering of artificial structures in coastal environments typically
involves adding topographic complexity to encourage biological recruitment and
colonisation in order to increase biodiversity (Moschella et al., 2005; Borsje et al., 2011;
Chapman and Underwood, 2011; Firth et al., 2014b; Evans et al., 2016a; Loke and
Todd, 2016; Martins et al., 2016; Strain et al., 2017a) and discourage non-native species
(Paalvast et al., 2012; Sella and Perkol-Finkel, 2015; Morris et al., 2017b). Designs can
add complexity in the form of microscale texture (< 1 cm) such as grooves and pits, fine
scale (1 - 100 cm) and larger scale (1 - 100 m) habitats such as crevices, rock pools and
gaps between boulders (Moschella et al., 2005; Firth et al., 2013b; Coombes et al.,
2015; Liversage et al., 2017). At the smallest scale (millimetres), incorporating

microtexture into built structures has been shown to increase larval recruitment and
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survival of barnacles (Coombes et al., 2015). Medium scale interventions (centimetres
to metres) have included drilling pits (Chapman and Underwood, 2011; Firth et al.,
2014b; Martins et al., 2016; Hall et al., 2018), creating water-retaining features
(Chapman and Underwood, 2011; Browne and Chapman, 2014; Evans et al., 2016a;
Firth et al., 2016a), manipulating wet mortar to create pits during the construction phase
of a seawall (Firth et al., 2014b; Jackson, 2015) and attaching complex tiles or panels
(Toft et al., 2014; Cordell et al., 2017; Perkol-Finkel et al., 2017) onto artificial
structures to enhance species diversity. Larger scale interventions (> 1 m) involve
placement of precast habitat-enhancement units within the existing structure or during
construction (Firth et al., 2014b; Perkol-Finkel and Sella, 2015; Sella and Perkol-Finkel,
2015). If eco-engineering is incorporated during the construction phase, designs can be
more creative, less expensive and implemented on a much larger scale than if fitted
retrospectively (Firth et al., 2014b; Sella and Perkol-Finkel, 2015).

Eco-engineering interventions can also involve the use of habitat-forming
organisms, such as macroalgae and calcifying organisms, in order to achieve a variety
of desired secondary ecological benefits. For example, past trials have involved
transplantation of target species onto artificial structures to rehabilitate the population
(Marzinelli et al., 2009; Campbell et al., 2014) or for conservation or habitat functioning
purposes (Perkol-Finkel et al., 2012; Ng et al., 2015; Ferrario et al., 2016). Abundances
of filter feeding and photosynthesising organisms, such as mussels and algae, can vary
greatly on artificial structures (Hawkins et al., 1992a; Layman et al., 2014; Ferrario et
al., 2016). These organisms provide habitat and improve water quality (Russell et al.,
1983; Allen et al., 1992; Layman et al., 2014), and thus are desirable species to
incorporate into eco-engineering interventions. For example, corals and sponges have
been transplanted onto artificial structures to enhance habitat and provide food to fish

and gastropods (Ng et al., 2015), and mussel cultivation operations have been set-up in
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urban docks to improve water quality (Allen et al., 1992; Hawkins et al., 1992a;
Wilkinson et al., 1996). Chapter 6 of this thesis provides a review of hard eco-
engineering designs representing a range of interventions in a variety of habitats and
geographic locations.

An emerging trend in eco-engineering is the utilisation of natural materials in
concrete to replace standard Portland cement, which may help mitigate the negative
effects of concrete structures in the marine environment (Meyer, 2009; Neo et al., 2009;
Perkol-Finkel and Sella, 2013; Perkol-Finkel and Sella, 2015; The World Harbour
Project, 2018; ECOncrete Inc., 2019; Seattle Office of the Waterfront and Civic
Projects, 2019). Perkol-Finkel and Sella (2013) tested the effects of a range of concrete
matrices compared to standard Portland cement on biological recruitment, and found
that ecosystem engineers such as oysters, serpulid worms, barnacles and corals were
more abundant on the innovative concrete matrices and contributed to the strength of
the structure. Novel experiments have found that ground-up crustose coralline algae,
molluscs and hemp fibres can also be used as aggregate replacement to attract larvae
and increase native species richness, respectively (Neo et al., 2009; Dennis et al., 2017;
Hanlon et al., 2018).

The majority of hard eco-engineering interventions to date have been tested in
the intertidal zone (but see Sella and Perkol-Finkel, 2015; Perkol-Finkel et al., 2017),
yet many structures in urbanised harbours are located within shallow subtidal habitats
(National Institute of Coastal and Marine Management of the Netherlands, 2004). Since
diversity tends to be greater at lower tidal heights (Saier, 2002; Chapman and Bulleri,
2003; Bulleri et al., 2005; Moschella et al., 2005; Chapman and Blockley, 2009; Firth et
al., 2013a; Firth et al., 2013b) and non-native species tend to be more abundant in
subtidal compared to intertidal habitats (Dafforn et al., 2012), trials in subtidal habitats

are urgently needed (see Chapter 5).
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1.5.2. Artificial reefs and lessons learned

Artificial reefs are created from the placement of non-natural substrate in the sea
intended to mimic characteristics of natural habitat, and which have traditionally been
used to aggregate or produce marine biomass (e.g., fish) for human benefit (Bohnsack,
1991; Carr and Hixon, 1997; Baine, 2001). Any hard substrate placed in the sea will
inevitably become colonised by marine life through the artificial reef effect (Langhamer
et al., 2009). This concept holds true even for structures that unintentionally become
artificial reefs, such as oil and gas platforms (Stephan et al., 1990; Kaiser and Pulsipher,
2005; Kaiser, 2006a; Langhamer, 2012; Ajemian et al., 2015), sunken ships (Stephan et
al., 1990; Arena et al., 2007), piers and jetties (Hueckel and Stayton, 1982; Coleman
and Connell, 2001).

Acrtificial reef research and design started in Japan (Bohnsack and Sutherland,
1985), but to date, artificial reefs have been utilised worldwide for a myriad of purposes
(Lima et al., 2019), including water quality improvement (Antsulevich, 1994; Falcéo et
al., 2009), habitat mitigation for human impacts, nursey habitat (West et al., 1994;
Patranella et al., 2017) and recreational purposes such as SCUBA diving (Wilhelmsson
et al., 1998; Stolk et al., 2007), surfing (Jackson et al., 2005; Rendle and Rodwell, 2014;
Herbert et al., 2017) and angling (Milon, 1989; Hooper et al., 2017). The infancy of
artificial reef design was often less ‘design’ and more often involved the dumping of
indiscriminate materials of opportunity (Harris et al., 1996), such as tyres (Stephan et
al., 1990; Collins et al., 2002; Sherman and Spieler, 2006; Morley et al., 2008) and
bridge rubble (Stephan et al., 1990; Harris et al., 1996; Bortone et al., 1998; Harris and
Pardee Woodring, 2003). The dumping of these materials has led to complications with
waterway safety and navigation (Stephan et al., 1990; Challinor and Hall, 2008),
fishing line entanglement (Stephan et al., 1990), inaccessible fishing sites and expensive

hazard markings (Stephan et al., 1990). The objectives of artificial reefs have not always
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been defined at the onset of creation and many structures have actually failed to
function as fish enhancement structures (Baine, 2001), and thus, there has been much
scrutiny over their effectiveness (Stephan et al., 1990).

Creating artificial reefs from decommissioned oil and gas platforms was first
explored in the late 1970s and early 1980s in the Gulf of Mexico with the reefing of a
subsea production system, and shortly following, the reefing of an oil platform jacket
(Dauterive, 2000). Since then, the concept and methods have evolved to maximise cost
savings, minimise environmental disruption and boost angling and SCUBA diving
opportunities (Stephan et al., 1990; Kaiser and Pulsipher, 2005; Twomey, 2011; Kaiser
et al., 2019). Government bodies from the Gulf of Mexico, in particular, are active in
transforming platforms into reefs, as thousands of current platforms are nearing the end
of their functional life and oil and gas exploration is moving into deeper offshore waters
(Stephan et al., 1990; Dauterive, 2000; Macreadie et al., 2011).

Recently, research and design development has shifted to multifunctional
artificial reefs that are purposefully designed to provide multiple benefits for humans
and nature on a variety of coastal and marine structures such as coastal defence
structures (Challinor and Hall, 2008; Cordell et al., 2017), wave and tidal energy
devices (Callaway et al., 2017) and offshore wind devices (Langhamer and
Wilhelmsson, 2009; Lacroix and Pioch, 2011). As the research and design of
ecologically engineered coastal structures are similar to that of artificial reefs, it is
imperative that researchers involved in the development of multifunctional coastal
structures be knowledgeable on the decades of research into the effectiveness of
intentionally built artificial reefs, as well as the policy and management of these
structures. For example, artificial reef projects traditionally go through environmental
and archaeological assessments, as well as permitting and siting processes that may

involve reviewing hydrological, geographical, geological, biological, ecological,
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economic and social criteria before material can be placed in the sea (Stephan et al.,
1990; Kaiser, 2006a; Kaiser et al., 2019); all these processes involve multiple parties
and many years to complete. In locations where artificial reefs are common, policies are
in place (NEFA, 1984; Stone, 1986), and guidance manuals (Atlantic and Gulf States
Marine Fisheries Commission, 2004; US DoC and NOAA, 2007; Rousseau, 2008) are
available concerning the planning, design, siting and materials that should be used for
artificial reef construction. In the Gulf of Mexico, government legislators and state
agencies closely regulate the planning, management and monitoring of artificial reefs
(Stephan et al., 1990; Kaiser, 2006a; Kaiser et al., 2019).

Ecologists leading eco-engineering projects can learn from the decades of
research and development, successes and failures and immense scrutiny that artificial
reefs have experienced. Although the field of eco-engineering has not seen the same of
criticism that artificial reefs have, it is important for eco-engineering projects to
consider these potential criticisms early on in order to push the field forward with little
resistance from the public, conservation groups, economists and government bodies.
Acrtificial reefs have been blamed for mortality of sea turtles (Barnette, 2017; Texas
Parks and Wildlife Artificial Reefs Program, pers. comm.), interference in shrimping
and other trawling and bottom-fishing activities (Texas Parks and Wildlife Artificial
Reefs Program, pers. comm.) and influencing the adjacent soft sediment habitat
(Ambrose and Anderson, 1990; Stephan et al., 1990; Danovaro et al., 2002; Langhamer,
2012; Heery et al., 2017). There remains a contentious debate over the ability of
artificial reefs to produce organisms rather than simply concentrate the already existing
biomass in a region (Bohnsack and Sutherland, 1985; DeMartini et al., 1994; Grossman
et al., 1997; Pickering and Whitmarsh, 1997; Shipp, 1999; Brickhill et al., 2005; Smith
et al., 2015). Some studies argue that artificial reefs increase catch rates by aggregating

recreational fish, thereby creating a situation in which previously unexploited
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populations are now available to be fished (and thus overexploited; Polovina, 1989;
Grossman et al., 1997). Other studies have shown that the addition of essential hard
substrate to a habitat facilitates the addition of new individuals with an increase in
overall abundance and biomass (Claisse et al., 2014; Claisse et al., 2015; Smith et al.,
2015; Smith et al., 2016; Streich et al., 2017). Popular game fish are known residents
and visitors to artificial reefs (Stephan et al., 1990; Bohnsack et al., 1994; Streich et al.,
2017), with these fisheries attracting anglers and SCUBA divers, boosting tourism, and
representing a vital source of income for local communities (Stephan et al., 1990;
Adams et al., 2006; Stolk et al., 2007; Rendle and Rodwell, 2014). Reviews on the
production versus attraction debate have concluded that carefully controlled studies with
high replication, adequate temporal sampling capturing all life history stages and
analysis of fish age and length data over time are necessary to resolve this contentious
issue (Bohnsack and Sutherland, 1985; Brickhill et al., 2005), and that clearly defined
management strategies are vital in assessing the success of an artificial reef (Pickering

and Whitmarsh, 1997).

1.6.  Measuring biodiversity

The current biodiversity crisis (Singh, 2002; Koh et al., 2004; Monastersky,
2014) has caused a growing need for efficient and cost-effective sampling methods to
quantify biodiversity for a variety of purposes such as environmental impact
assessments (Michelsen, 2008; Koellner et al., 2013), monitoring biotic responses to
anthropogenic change (Chapman, 2003; Sattler et al., 2010) and tracking range
expansions of climate migrants (Herbert et al., 2003; Mieszkowska et al., 2006;
Hawkins et al., 2009). Biodiversity is the variety of life within and between species and
of ecosystems; it considers genetic diversity, species diversity and ecosystem diversity

(Convention on Biological Diversity, 2006; Colwell, 2009). Species diversity is only a
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part of biodiversity, composed of species richness (number of different species present
in a given area regardless of identity) and relative abundance (number of individuals of
each species; Colwell, 2009; Tuomisto, 2010b). Ecologists and conservationists have
traditionally labelled “species diversity” as “biodiversity”, neglecting the other
components of biodiversity (Colwell, 2009). Moreover, total and mean species richness
are often used as the only response variables in habitat assessment studies in terrestrial,
freshwater and marine systems (e.g., Bronmark, 1985; Kohn and Walsh, 1994;
Chapman, 2003; Sattler et al., 2010; Nielsen et al., 2011; Firth et al., 2013b; Firth et al.,
2014a). It is a concern that mean species richness may not be sensitive enough to detect
important differences between habitats of interest or levels of factors in an experiment,
and therefore may overlook ecological information necessary for conservation and
management decisions (Warwick and Clarke, 1998; Chapman et al., 2009; Winfree et
al., 2015; Hillebrand et al., 2018). Information concerning abundances of species in
particular has been recognised as more valuable in assessing ecosystem functioning
compared to species richness alone (Yee and Juliano, 2007; Dirzo et al., 2014; Winfree
et al., 2015). Furthermore, biodiversity assessments that consider multiple spatial scales
may be more valuable for landscape scale management decisions compared to focussing
on biodiversity at a single scale (Legendre et al., 2005; Devictor et al., 2010; Socolar et
al., 2016), as response of taxa can differ across spatial scales (Terlizzi et al., 2008;
Morris et al., 2018c; Porter et al., 2018). The use of B-diversity — the variation in
identities of species among sampling units in a given area (Anderson et al., 2011) — has
been shown as an effective measure to detect differences in species diversity at multiple
spatial scales (Terlizzi et al., 2008; Bevilacqua et al., 2012; Barros et al., 2014; Porter et

al., 2018; see Chapter 3).

20



1.7.  Policy drivers and potential for application of eco-engineering in coastal
development

Throughout this section, the potential of applying eco-engineering in coastal
developments as routine practice are discussed, and two barriers to eco-engineering
designs becoming part of real practice are introduced: (1) policy concerning the use of
nature-based solutions (e.g., eco-engineering) during coastal development in the UK is
non-statutory (UK Parliament, 2009; HM Government, 2011; Welsh Government,
2017b; Welsh Government, 2017a); and (2) evidence supporting eco-engineering is
locked away in academic literature — the synthesis of research into a practitioner-
focused format is lacking (McNie, 2007; Holmes and Clark, 2008; Evans et al., 2019).
In this chapter and Chapter 7, relevant policies in the UK are discussed, but more
specifically, policies from a Welsh perspective are highlighted.

Despite the mounting evidence supporting eco-engineering as a sustainable
option to mitigate the effects of ocean sprawl (Strain et al., 2017a) and increasing
government and stakeholder awareness of the ecological benefits of eco-engineered
structures (Evans et al., 2017; Evans et al., 2019), consideration of eco-engineering at
the policy level in Wales and the wider UK is still non-statutory (Table 1-1; UK
Parliament, 2009; HM Government, 2011; Welsh Government, 2016; Welsh
Government, 2017a). There has been recent progress, however, in shifting perceptions
from traditional hard built structures to nature-based solutions for flood and coastal
erosion management in the UK and Wales (HM Government, 2011; Naylor et al., 2012;
Evans et al., 2017; Welsh Government, 2017a; Welsh Government, 2017b) and around
the world (Dafforn et al., 2015a; Dafforn et al., 2016; Mayer-Pinto et al., 2017). In the
2011 National Strategy for Flood and Coastal Erosion Risk Management in Wales, there
was no mention of working with natural processes for coastal adaptation (Welsh

Government, 2011). Although still in the development stage, the 2019 National Strategy
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for Flood and Coastal Erosion Risk Management has an entire section dedicated to
nature-based solutions, in which the concept is introduced, recommendation for
application is put forward and case studies are presented (WG FCERM team, pers.
comm.). The 2017 Draft Welsh National Marine Plan (due to be released summer 2019)
and the Marine Policy Statement (UK) encourage innovative coastal developments that
restore marine habitats and build resilient ecosystems by increasing biodiversity and
supporting ecosystem services. The 2017 Draft Welsh National Marine Plan in
particular highlights the need to build with alternative substrate that favours biotic
settlement and colonisation and encourages incorporation of additional habitat
complexity to support a more biodiverse community (Table 1-1). Although these
policies are far from statutory requirements, they are undoubtedly setting the stage for
future obligatory regulations for sustainable coastal development in Wales and the
wider UK.

In Wales, polices such as the Well-Being of Future Generations Act and the
Environment (Wales) Act (Table 1-1) have helped foster support (albeit theoretical) for
using nature-based solutions as an alternative to traditional building in both terrestrial
and coastal systems. Although this is encouraging, the WG FCERM team has expressed
concern over access to evidence supporting eco-engineering as a useful tool for coastal
adaptation, as most research is locked away in inaccessible academic journals. Even if
this information were made freely available to government bodies and practitioners, the
overwhelming amount of literature at hand would probably discourage them from
pursuing these options. Thus, there is a clear need to provide practitioners with the
appropriate evidence and guidance on using eco-engineering as a sustainable alternative

to traditional hard engineering of coastal structures (Evans et al., 2019; see Chapter 6).
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Table 1-1. Current environmental policy relevant to sustainable coastal development in the EU, UK and Wales.

Policy

Relevant sections

Relevant key points

Steered by/product of

EU and UK

The Marine Strategy
Framework Directive
(2008)

Habitats Directive
92/43/EEC (1992)

Water Framework
Directive (2000)

Convention on Biological
Diversity (CBD) (1992)

Environment Act (1995)

Marine and Coastal Access
Act (2009)

Marine Policy Statement
(2011)

2.6.1. Marine ecology and
biodiversity

One of the main aims is the "achievement of good environmental
status in our marine and coastal waters" by 2020.

Advises "on the conservation of natural habitats and of wild fauna and
flora™ and "aims to promote the maintenance of biodiversity, taking
account of economic, social, cultural and regional requirements."

Aims to achieve "good ecological status" in all European waterbodies.

The main aims include "the conservation of biological diversity, the
sustainable use of its components and the fair and equitable sharing of
the benefits arising out of the utilization of genetic resources."

Promotes the "conservation of natural resources and the conservation or
enhancement of the environment.” Creation of the Environment Agency
(EA).

Policy to oversee marine functions and activities. Creation and
protection of Marine Conservation Zones (MCZ) and national nature
reserves. Creation of the Marine Management Organisation (MMO).

"Development proposals may provide, where appropriate, opportunities
for building-in beneficial features for marine ecology, biodiversity and
geodiversity as part of good design; for example, incorporating use of
shelter for juvenile fish alongside proposals for structures in the sea."

European Commission

European Commission

European Commission

United Nations Environment
Programme (UNEP)

UK Parliament (implementation
of EU Directive)

UK Parliament (implementation
of EU Directive)

Marine and Coastal Access Act
2009
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Wales

Draft Welsh Marine Plan
(2017)

The Well-Being of Future
Generations (Wales) Act
(2015)

The Environment (Wales)
Act (2016)

Sustainable Management
of Natural Resources
(SMNR) (2018)

The Natural Resources
Policy (NRP) (2016)

General policy — Living

within environmental limits;

Protection, restoration and
enhancement of marine
ecosystems

Part 2: Improving Well-
Being; Sustainable

development and well-being

duty on public bodies

Section 6: Biodiversity and
resilience of ecosystems
duty

Section 7: Biodiversity lists

and duty to take steps to
maintain and enhance
biodiversity

Section 4.3: Nature-based

solutions and maximising

our contribution across the
well-being goals

"When developing proposals, the sensitivities of marine ecosystems
should be taken into account and where possible, proposals should
demonstrate how they will contribute to their protection.” More
specifically, by "using different substrates for building on the foreshore
that are favourable to post-construction colonisation by a range of
species. Small changes to intertidal structures that allow the formation
of crevices in walls or pools at low tide as opposed to the structure
drying out entirely can provide an additional environment for rock pool
species that would otherwise be unable to exist there."

A resilient Wales means "a nation which maintains and enhances a
biodiverse natural environment with healthy functioning ecosystems
that support social, economic and ecological resilience and the capacity
to adapt to change (for example climate change).”

Requires that "public authorities must seek to maintain and enhance
biodiversity so far as consistent with the proper exercise of their
functions and in so doing promote the resilience of ecosystems."

The Welsh Government must publish "lists of priority habitats and
species that it considers 'of principal importance for the purpose of

maintaining and enhancing biodiversity in relation to Wales'.

The SMNsssR aims to deliver "a strategy on the integrated management
of land, water and living resources that promotes conservation and
sustainable use in an equitable way."

The NRP guilds the delivery of nature-based solutions with a particular
focus on the following:

* Developing resilient ecological networks

* Increasing green infrastructure in and around urban areas

* Coastal zone management and adaptation

Marine and Coastal Access Act
2009 (UK)

Welsh Government

Well-Being of Future
Generations Act (2015)

Part 1: Environment (Wales) Act
2016

Part 1: Environment (Wales) Act
2016
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1.8.  Overview and aims of the thesis

The overall aim of this thesis was to investigate the ecology of artificial
structures and their ability to be enhanced in order to increase species diversity, with the
view to enhancing ecosystem functioning, offsetting the establishment of non-native
species and promoting ecosystem services. This research addressed five knowledge
gaps in the current eco-engineering literature: (1) understanding of occurrence and
patterns of non-native species in intertidal natural and artificial habitats along the south
coasts of England (Chapter 2); (2) looking beyond conventional measures (a-diversity)
of species diversity to better understand the differences in communities between natural
and artificial habitats at multiple spatial scales (Chapter 3); (3) comparing how
topographic complexity shapes species diversity in both intertidal and subtidal habitats
(Chapters 4 and 5); (4) seeking generality of patterns of eco-engineering interventions
across geographic localities (Chapters 4 and 5); and (5) making the outcomes of eco-
engineering research accessible in a user-friendly and practitioner-focused format for
stakeholders and end-users (Chapter 6). Each knowledge gap is addressed in detail in

Chapters 2 - 6.

Chapter 2: Occurrence of non-native species recorded from Rapid Assessment
Surveys (RAS) in natural and artificial intertidal habitats

Coastal artificial structures may facilitate the spread of non-native species
(Airoldi et al., 2015b; Bishop et al., 2017), thus, one of the goals of eco-engineering is
to encourage native assemblages, thereby offsetting non-natives (Paalvast et al., 2012;
Firth et al., 2014b; Dafforn et al., 2015b; Chapman et al., 2018). Therefore, providing a
baseline of current non-native species occurrence and abundance in the geographic
region of interest is necessary for monitoring success of eco-engineering designs

(Dafforn et al., 2015b; Mayer-Pinto et al., 2017). Moreover, patterns of occurrence and
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observed differences in non-native species assemblages between natural and artificial
habitats can inform eco-engineering designs in order to discourage non-native species
colonisation. The south coast of England is well studied in regards to occurrence of
subtidal non-native species in marinas, but comprehensive records from intertidal
habitats, especially natural rocky shores, are lacking. Rapid Assessment Surveys (RAS)
in harbours along the south coast of England were conducted to quantify intertidal non-
native species on artificial structures and compare assemblages between natural and
artificial habitats. Information from this chapter will contribute to a more
comprehensive view of non-native species present in the south of England to provide an
“intertidal baseline” and allow for the predictive capability to identify harbours at high

risk of invasion, which can aid in effective horizon scanning.

Chapter 3: Impacts of coastal urbanisation on species diversity are scale and
metric dependent

Species diversity (usually measured as mean taxon richness) is often the
response variable of choice for measuring success of eco-engineering interventions or
monitoring community composition among habitats (e.g., Chapman, 2003; Firth et al.,
2013b; Firth et al., 2014a). Moreover, measurements are often done at one spatial scale
and using one metric of analysis, which can sometimes overlook valuable ecological
information. To better understand differences in biotic communities between natural
and artificial habitats, intertidal natural rocky shores and artificial structures in
Plymouth Sound were surveyed. Plymouth Sound was used because it is an ideal model
system due to its mosaic of natural and artificial habitats. Data were analysed at two
spatial scales and using multiple measures of species diversity in order to capture as
much ecological information as possible. Results from this chapter can inform future

monitoring practices and analyses.
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Chapter 4: Effects of habitat complexity and mussel seeding on species diversity in
intertidal habitats across two geographic locations

Experiments for this chapter were part of the Sydney Institute of Marine
Science’s World Harbour Project (World Harbour Project, 2019) — a global initiative
aimed at building ecologically-stable and resilient harbours in urbanised port cities
around the world. The project consisted of 15 partner cities from across the globe
running the same experiment to test the effects of eco-engineering techniques in
enhancing native biodiversity in intertidal habitats. To investigate effects of added
complexity on species diversity, tiles of various topographic complexities and mussel
seeding were attached to intertidal seawalls. Although data collected from these
experiments contributed to the global analysis done by Sydney Institute of Marine
Science, statistical analysis of these data were done on their own to draw conclusions at
a local level. Additionally, informal comparisons were made of local results with those
obtained from similar intertidal eco-engineering trials conducted at a marina in the
Mediterranean Sea in order to understand the generality of patterns of effects across two

geographic locations.

Chapter 5: Effects of habitat complexity, mussel seeding and shade on species
diversity in subtidal habitats across two geographic locations

The majority of eco-engineering studies to date have been trialled in intertidal
habitats (Strain et al., 2017a), with very few subtidal examples (but see Sella and
Perkol-Finkel, 2015; Perkol-Finkel et al., 2017). To address the knowledge gap
concerning the potential of eco-engineering to enhance species diversity in subtidal
habitats, tiles of various levels of topographic complexity and mussel seeding as well as

tiles that were shaded or unshaded were deployed subtidally off floating pontoons.
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Results from these experiments were informally compared to those from similar eco-
engineering subtidal trials conducted at a marina in the Mediterranean Sea. The
rationale for this comparison was to address the knowledge gap concerning comparison

of results across geographic localities for generality of patterns.

Chapter 6: Design catalogue for eco-engineering of marine and coastal artificial
structures: a multifunctional approach for stakeholders and end-users

This chapter addressed the need for a practitioner-focused and structured “user
guide” for eco-engineering in marine, coastal and estuarine environments. It is
presented as an accessible review and catalogue of possible eco-engineering options and
a summary of guidance for a range of different structures tailored for practitioners. It
includes an introduction to eco-engineering in marine, coastal and estuarine
environments, provides a step-by-step approach to choosing the appropriate eco-
engineering intervention, broadly describes different types of eco-engineering and
concludes with a photographic catalogue of a range of examples. This work can serve as
a template for future eco-engineering guides that should evolve in tandem with

emerging proof-of-concept evidence.

Chapter 7: General Discussion
This chapter is a synthesis of major findings from the PhD set in the context of
potential application and current policy. This section concludes with recommendations

for future work.
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2. CHAPTER TWO
Occurrence of non-native species recorded from Rapid Assessment Surveys (RAS)

in natural and artificial intertidal habitats

Abstract

Loss of natural habitat from ocean sprawl coupled with non-native species (NNS)
introductions are among the top threats to marine biodiversity globally. Effective
methods of early detection and eradication of NNS are urgently needed. Rapid
Assessment Surveys (RAS) combining both quantitative and semi-quantitative
techniques were conducted to compare NNS richness and assemblage composition on
both intertidal natural rocky shores and artificial structures along the south coast of
England. Additionally, surveys were conducted to assessed NNS richness and
assemblage composition on groynes that retained a constant connection to the sea at low
water compared with those that were exposed at low water. Overall, 26 NNS were
found, with two species discovered in new localities (the carpet sea squirt, Didemnum
vexillum Kott, 2002 and the red alga, Chrysymenia wrightii (Harvey) Yamada, 1932.
NNS assemblage composition varied significantly between natural and artificial
habitats, with artificial habitats supporting greater numbers of NNS only when
guantitative data were analysed. Assemblage composition differed among harbours and
regions (West, Central, East), with the Central region supporting the greatest number of
NNS. There was a positive relationship between NNS richness and average number of
vessels arriving to each region. Groynes that maintained a constant connection to the sea
at low water supported significantly more NNS and different NNS assemblage
composition compared to “unconnected” groynes. Overall, semi-qualitative sampling
techniques detected more NNS than quantitative techniques, but neither method

captured all NNS recorded on their own, highlighting the importance of a combined
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sampling approach for early detection of new arrivals. Results indicate that international
transport and artificial structures likely play important synergistic roles in the

introduction and spread of NNS into harbours.

2.1 Introduction

The world is experiencing a biodiversity crisis (Singh, 2002; Monastersky,
2014). Natural habitat loss and the introduction and spread of non-native species (NNS)
are modifying natural ecosystems and threatening global biodiversity (Manchester and
Bullock, 2000; Bax et al., 2003; Simberloff, 2005; Brooks et al., 2006). “Ocean sprawl”
— the proliferation of artificial structures (e.g., seawalls, groynes, piers, floating
pontoons, offshore platforms) in coastal and marine environments is leading to the
replacement of natural habitats with a variety of hard engineered structures built to
support human activities (e.g., aquaculture, transportation, industry, shipping, energy
extraction) and stabilise and protect shorelines from rising seas (Griggs, 2005; Duarte et
al., 2012; Firth et al., 2016b; Bishop et al., 2017). Ocean sprawl provides substrata for
attachment of NNS, facilitating ecological connectivity among global transportation and
shipping hubs (Bishop et al., 2017) and aiding the spread of cryptogenic (i.e., it is
unclear whether the species is native or introduced; Kinzie, 1984; Carlton, 1996a),
opportunistic (i.e., a species adapted to exploit new or disturbed habitats; Whitlatch and
Zajac, 1985) and non-native species (Carlton and Geller, 1993; Cohen and Carlton,
1997; Ruiz et al., 1997; Dafforn et al., 2009; Firth et al., 2016b). Artificial structures
facilitate the homogenisation of biological communities, supporting species
assemblages not encountered in natural habitats and affecting the structure and
functioning (physical and ecological) of the surrounding environment (McKinney and

Lockwood, 1999; McKinney, 2006; Dugan et al., 2011).
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NNS can have detrimental impacts on the receiving natural environment through
competition and predation with native species (Blossey and Notzold, 1995; Cohen et al.,
1995; Lengyel et al., 2009), as well as introduction of new diseases and parasites
(Bower et al., 1994; Bishop et al., 2006; Peeler et al., 2011), with consequences for
local biodiversity and ecosystem structure and functioning (Mack et al., 2000; Molnar et
al., 2008; Dafforn et al., 2012). As such, NNS can affect local and regional economies
(Pimentel et al., 2005; Williams et al., 2010). For example, the carpet sea squirt,
Didemnum vexillum Kott 2002, is considered a global invader (Osman and Whitlatch,
2007; Herborg et al., 2009; Lambert, 2009). It is known to smother native sessile
communities (Griffith et al., 2009; Lengyel et al., 2009) and foul marina equipment and
boat hulls in great abundances (Coutts and Forrest, 2007). The European zebra mussel,
Dreissena polymorpha (Pallas), was introduced to the US Great Lakes in the mid-1980s
via ballast water discharged from ships travelling from Europe and has since spread to
adjacent aquatic waterways (Hebert et al., 1989; O’Neill Jr and Dextrase, 1994; Benson
and Boydstun, 1995; Pimentel et al., 2005). D. polymorpha outcompetes native
molluscs and clogs water filtration systems, intake pipes and electric generating plants,
costing US $1 billion per year in control measures (Stein and Flack, 1996; Pimentel et
al., 2005).

The importance of horizon scanning (i.e., investigating future potential NNS
threats; Roy et al., 2014; Gallardo et al., 2016) and regular monitoring (Eno et al., 1997,
Manchester and Bullock, 2000; Mehta et al., 2007; Kakkonen et al., 2019) for
preventing establishment and/or spread of NNS (Witte et al., 2010; McDonald, 2012;
Gallagher et al., 2017) cannot be overstated. As many NNS are rare/low in numbers or
are cryptogenic during initial introduction (Mehta et al., 2007; Rees et al., 2014; Bishop
et al., 2015b), approaches that utilise multiple measures and are sensitive enough to

detect low species densities (e.g., eDNA; Rees et al., 2014; Klymus et al., 2015; Xia et
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al., 2018) are necessary for early detection and prevention of establishment (Mehta et
al., 2007; Kakkonen et al., 2019). For example, the Asian green mussel, Perna viridis
(Linnaeus, 1758), has invaded marine waters around the world (Baker et al., 2007),
fouling artificial structures such as intake pipes (Benson et al., 2001). A horizon scan
determined that P. viridis was a non-native species of high priority in Australian waters
(Hayes et al., 2005). Subsequently, potential receiving habitats and pathways of
introduction (hulls and ballast water of foreign vessels) have been meticulously
monitored (Stafford et al., 2007; Wells, 2017) and legally binding conditions have been
set out that require developers to make efforts to minimise NNS introductions (Wells,
2017). These early detection methods were vital when a small population of P. viridis
was found in 2011 in Western Australia, as immediate response and thus eradication
was possible (McDonald, 2012).

The rise in global shipping and transportation has meant that harbours have
become characterised by a range of different artificial structures, with many harbours
seeing an extraordinary amount of shipping traffic from around the world every day
(Seebens et al., 2013; Marine Traffic, 2019; World Port Source, 2019). Mobile vectors
(e.g., small leisure craft to large commercial tankers) are facilitated by static structures
(i.e., artificial structures; e.g., breakwaters, groynes and offshore oil and gas platforms)
in acting as stepping-stones or reservoirs contributing to the introduction and spread of
NNS globally (Floerl and Inglis, 2005; Clarke Murray et al., 2011; Mineur et al., 2012).
The primary vectors of initial introduction are typically transoceanic ships, barges and
floating platforms (i.e., mobile vectors) that dock in large international harbours
(Carlton and Geller, 1993; Ruiz et al., 1997). These vessels transport species in two
main ways: (1) as larvae in ship ballast water and (2) as adults fouling ship hulls
(Gollasch, 2002; Gollasch, 2008; Molnar et al., 2008). Thus, initial NNS colonisation

and settlement tend to be highest within major shipping ports compared to surrounding
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areas (Eno et al., 1997; Molnar et al., 2008; Keller et al., 2011; Wood et al., 2015;
Foster et al., 2016). Secondary spread of NNS is likely through a combination of mobile
vectors and artificial structures (Carlton and Geller, 1993; Sammarco et al., 2004;
Clarke Murray et al., 2011; Airoldi et al., 2015b). NNS can hitchhike on smaller local
vessels, such as leisure craft and fishing boats, that travel amongst multiple ports
regionally; they can then break off or spawn in the visited locations (Floerl and Inglis,
2005; Clarke Murray et al., 2011). Planktonic larvae of NNS can also be carried away
from the port of introduction by wave-driven currents (McQuaid and Phillips, 2000),
settling on artificial structures along the coast (Wasson et al., 2001). For example, in a
study investigating dispersal of mussel larvae, propagules travelled up to nearly 100 km
from the source population, but dispersal was highly dependent on local hydrography
and time of year (McQuaid and Phillips, 2000). In this way, artificial structures act as
‘stepping stones’, allowing non-natives to persist or spread by provision of hard
substrate amongst otherwise uninhabitable habitats (e.g., 'soft bottom' sediment habitat;
Apte et al., 2000; Floerl et al., 2009; Airoldi et al., 2015a; Sammarco, 2015; Bishop et
al., 2017).

Artificial structures are a common feature of heavily urbanised harbours,
necessary for supporting industry, commercial and naval shipping, cruise liners and
ferry traffic (Mineur et al., 2012). Biotic communities on artificial structures are
typically less diverse with greater numbers of non-native species than comparable
natural rocky shore habitat (Glasby et al., 2007; Vaselli et al., 2008; Airoldi et al.,
2015a). This disparity has been attributed to the physical design of artificial structures;
they typically have steep profiles and reduced surface area and limited topographic
complexity compared to their natural analogues (Moschella et al., 2005; Chapman and
Underwood, 2011). Human activities in harbours (e.g., vessel docking, fishing,

maintenance work) can exacerbate effects of artificial structures on the biotic
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communities by physically dislodging communities from substrate, creating bare space
for new colonisers to exploit and thereby influencing successional dynamics of the
community (e.g., removal of predators, loss of canopy algae; Stachowicz et al., 1999;
Byers, 2002). Additionally, ports are usually located within sheltered bays or estuaries,
which by nature, experience greater fluxes in temperature and salinity (Whitehead et al.,
2009), nutrients (Statham, 2012) and pollution (Stark, 1998; Johnston et al., 2017,
Hitchcock and Mitrovic, 2019) compared to open coasts. Additionally, shipping
activities introduce pollutants from waste discharges (Butt, 2007), fuel spillages
(Walkup, 1971; Simpson et al., 1995) and anti-fouling paints (Floerl and Inglis, 2005;
Turner, 2010). These physical and chemical stressors may synergistically interact,
leaving severely disturbed areas vulnerable to more resilient and opportunistic invaders
(Stachowicz et al., 1999; Piola and Johnston, 2008; Airoldi and Bulleri, 2011; Johnston
etal., 2017).

Depending on their primary function, artificial structures in intertidal habitats
can be built in the low-, mid- or high-shore (Dugan et al., 2011). For example, seawalls
are shoreline structures built directly abutting land so as to separate land and water,
primarily functioning to retain land and prevent erosion (Govarets and Lauwaert, 2009;
Chapman and Underwood, 2011; Dugan et al., 2011). They can be placed in mid- or
upper-intertidal habitats, or span the entire intertidal zone, remaining connected to the
sea at low tide (Dugan et al., 2011). Shore-perpendicular groynes however are built to
preserve the width of sandy beaches by preventing sediment transport away from the
concerned area (Dugan et al., 2011). These structures can reach into the lower intertidal
or shallow subtidal zones, retaining a constant connection to the sea even at extreme
low water. There is general agreement that biodiversity is greater in the lower compared
to the upper intertidal zone on artificial structures (Moschella et al., 2005; Chapman and

Underwood, 2011; Dugan et al., 2011; Firth et al., 2016a), likely due to longer
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immersion periods which is when structures are exposed to the pool of colonising
species. Little research, however, has been done to investigate occurrence of NNS on
structures that maintain a constant connection to the sea compared to structures that are
completely exposed at low water. Such research may inform the study of artificial
structures as ‘stepping stones’ for NNS spread between distant locations (Floerl and
Inglis, 2005; Airoldi et al., 2015b; De Mesel et al., 2015), which may disrupt natural
ecological connectivity (Trakhtenbrot et al., 2005; De Mesel et al., 2015; Bishop et al.,
2017). Providing additional hard substrate where it is naturally absent represents a
potential pathway by which opportunistic and non-native fouling species can proliferate
in an otherwise uninhabitable environment (Sammarco et al., 2004; Floerl et al., 2009;
De Mesel et al., 2015; Bishop et al., 2017). This knowledge will be critical as coastal
urbanisation continues and decisions will be made regarding coastal development to
work with nature and support native biotic communities (Dafforn, 2017; Mayer-Pinto et
al., 2017).

Interest in the field of urban ecology is growing, as humans are increasingly
aware of their impact on the natural environment and realising the value of natural
capital (i.e., essential ecosystem services for humans; Schultz et al., 2015; Norton et al.,
2016; Ouyang et al., 2016). Urban ecology strives to understand the relationship
between living organisms and the surrounding urban environment, in particular,
examining anthropogenic effects on biological communities (Collins et al., 2000;
Alberti et al., 2003; Alberti, 2005). In urbanised coastal environments, there have been a
multitude of surveys conducted to investigate the differences in biodiversity between
natural and artificial intertidal habitats (Chapman, 2003; Bulleri and Chapman, 2004;
Knott et al., 2004; Airoldi et al., 2005a; Bulleri et al., 2005; Moschella et al., 2005; Firth
et al., 2016¢; Mayer-Pinto et al., 2018b). Information from these studies should serve as

a benchmark against which to measure change to biotic communities over time, and is
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essential in informing management decisions concerning ecological engineering of
artificial coastal structures. Ecological engineering (or “eco-engineering”) is an
approach that combines ecology and engineering techniques to manage hard engineered
structures for ecological and societal benefits (Odum, 1962; Mitsch and Jorgensen,
1989; Mitsch, 1996; Milton, 2003; Odum and Odum, 2003). Increasing interest in eco-
engineering of coastlines in urbanised harbours (Cordell et al., 2017; World Harbour
Project, 2018; Living Seawalls, 2019) has heightened the need for a variety of
ecological survey information at local and regional scales (Mayer-Pinto et al., 2017).

Studies investigating the distribution and assemblage of NNS on artificial
structures in intertidal habitats are lacking (but see Arenas et al., 2006a; Ashton et al.,
2006; Bishop et al., 2013; Bishop et al., 2015a; Bishop et al., 2015b for studies in
subtidal habitats ), and even less attention has been paid to understanding differences in
NNS assemblages between natural and artificial intertidal habitats (but see Glasby et al.,
2007; Dafforn et al., 2012 for natural and artificial comparison in subtidal habitats). It
has been well documented that NNS invade and proliferate on subtidal artificial
structures (i.e., floating pontoons; Arenas et al., 2006a; Ashton et al., 2006; Glasby et
al., 2007; Dafforn et al., 2012; Bishop et al., 2015a; Bishop et al., 2015b; Wood et al.,
2015; Foster et al., 2016). This should not mean, however, that surveys focus on these
structures alone, as there have been documented cases of NNS ‘spill over’ into natural
habitats (Coutts and Forrest, 2007; Valentine et al., 2007; Carman and Grunden, 2010;
Epstein and Smale, 2018). Understanding the mechanisms underpinning the diversity
deficit and difference in NNS assemblages between natural and artificial habitats is
critical to develop a robust foundation of evidence upon which to base eco-engineering
and coastal management decisions.

Initial records of introduction to the British Isles are often from the south coast

of England due to its proximity to Europe and high volume of local (usually
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recreational) and international traffic (Fletcher and Manfredi, 1995; Arenas et al.,
2006a; Minchin et al., 2013; Defra, 2015; Foster et al., 2016; Defra, 2019). The south
coast of England can be separated into three regions: West, Central and East (Bishop et
al., 2015b). International shipping, industry, and cruise traffic is greatest in the Central
region (i.e., Poole, Southampton and Portsmouth [the Solent]; Marine Traffic, 2019) . In
the East, Dover is UK’s closest connection to France, and thus supports cargo and
passenger ships from Calais (Marine Traffic, 2019). In the West, there is less
international shipping than in the Central region, but two of the harbours support
military bases (i.e., Falmouth and Plymouth; Marine Traffic, 2019). Previous surveys in
subtidal habitats in these areas have found higher occurrences of NNS in the Central
region compared to the other two regions (Bishop et al., 2015b; Foster et al., 2016),
suggesting that shipping patterns may influence the number of NNS found in each of
the three regions. Moreover, it is likely that NNS which have become established in
Europe have crossed the English Channel from Europe to the UK (Eno et al., 1997).
One study found that marinas in the north of France shared a similar suite of NNS to
marinas in the southwest of England, with higher abundances of NNS in France (Bishop
et al., 2015a). This suggests the general movement of NNS has been from France across
the Channel to England. For example, the orange-tipped sea squirt, Corella eumyota
Traustedt, 1882, was first recorded in Gosport (Portsmouth area) in 2004, but has been
known in France since 2002 (Bishop et al., 2015b). Similarly, the red ripple bryozoan,
Watersipora subatra (Ortmann, 1890), was first discovered in Plymouth and Poole in
2008, but was already established in France since 1999 (Bishop et al., 2015a; Bishop et
al., 2015b). The current study builds on existing background knowledge from previous
studies conducted in subtidal habitats along the south coast of England (i.e., Arenas et

al., 2006a; Minchin et al., 2013; Bishop et al., 2015a; Bishop et al., 2015b).
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Rapid Assessment Surveys (RAS) are used as a practical method of covering a
large number of locations in a reasonable amount of time, being particularly useful in
detecting new arrivals of non-native species and tracking their spatio-temporal spread
(Pederson et al., 2005; Arenas et al., 2006a; Bishop et al., 2015a; Bishop et al., 2015b).
RAS are typically a qualitative approach, involving timed searches of targeted areas and
habitats (i.e., undersides of floating pontoons). In biodiversity surveys, however, the
most common means of gathering data is predominantly through quantitative quadrat
sampling (Chapman, 2003; Chapman, 2006; Airoldi and Bulleri, 2011; Lai et al., 2018),
often avoiding topographically complex surfaces (Bulleri et al., 2005; Dafforn et al.,
2012; Firth et al., 2016c). Recording of species using the latter strategy, however,
depends entirely on where the quadrats fall, and most likely fails to capture presence of
rare species and/or species that live in complex and hidden habitats such as cracks, rock
pools and the undersides of boulders. To address the current knowledge gaps
concerning occurrence of NNS on natural rocky shores and artificial structures in
intertidal habitats, we conducted Rapid Assessment Surveys of NNS in intertidal natural
and artificial habitats using both qualitative and quantitative techniques within 11
harbours along the south coast of England to test the following hypotheses:

1. Total and mean NNS richness will be greater, and NNS assemblage composition
will be different in artificial compared to natural habitats (Study 1).

2. Total and mean NNS richness and NNS composition in artificial habitats will
differ among harbours and regions; specifically, total and mean richness will be
highest in the Central region (Study 2).

3. The number of NNS per harbour and region will be positively correlated with
average number of arriving vessels (Study 2).

4. Artificial structures that maintained a connection to the sea at low water will

support greater total and mean NNS richness, and different assemblage
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composition, compared to structures that were not connected to the sea at low

water (Study 3).

2.2 Materials and methods

2.2.1 Study region
The harbours along the south coast of England are ideally positioned in the

English Channel for supporting international and regional shipping traffic, military
traffic and ferries to continental Europe. Major international shipping ports along the
south coast include Southampton, Portsmouth and Dover, while major cross-channel
ferry terminals are located in Plymouth, Poole, Southampton, Portsmouth and Dover
(Table 2-1; Figure 2-1; Marine Traffic, 2019). This area has a long history of supporting
wartime activities, and many of these ports still support active military bases (i.e.,
Falmouth, Plymouth, Poole and Portsmouth; The Royal Navy, 2019). At the nearest
point between England and France, the distance is only 33 km (i.e., the Straight of
Dover; Sea Routes, 2019). Plymouth, Southampton and Portsmouth are major hubs for
yachting enthusiasts from around Europe and the world, while Poole and Southampton
are proximal to shellfish aquaculture sites which have had a history of international
shellfish translocation (Arenas et al., 2006a); an activity that is known to be a major
pathway for the introduction of NNS (Minchin, 1996; Ruesink et al., 2005; Molnar et
al., 2008). Consequently, the south coast of England has traditionally been susceptible
to invasions and is known as the point of introduction for many NNS from Europe and
around the world (Farnham et al., 1973; Fletcher and Manfredi, 1995; Eno et al., 1997,
Bishop et al., 2015a; Bishop et al., 2015b).

In this study, harbours were grouped into geographic regions following Bishop et al.
(2015b). Harbours in the ‘West’ are located west of Portland Bill. ‘Central’ harbours are
located within the Solent region, including Poole Harbour. ‘East’ harbours are located
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east of the Solent (Table 2-1). All harbours had artificial substrata, but only harbours in
the West had natural rocky shore (contained within the larger natural harbour) for
comparison. Therefore, sites east of Portland Bill were not included in the natural and

artificial comparison study (Study 1; Appendix 1).
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Table 2-1. Details for NNS RAS conducted along the south coast of England, including survey details, type of vessels by harbour and harbour
characteristics. Natural and artificial habitat comparisons were only done in the West region (FAL, LOE, PLY, SAL, TOR). Vessel information was
obtained from Marine Traffic (2019) and World Port Source (2019). *Continental passenger ferries travel from south England to northern Europe.
+Dominant natural habitat is rocky shore (‘RS”) or soft bottom (‘SB’) habitat. $Main features include ?size of harbour (‘v. sm’ = very small, ‘sm’ =
small, ‘med’ = medium and ‘lg’ = large); "type of harbour (natural coastal inlet, coastal breakwater); “freshwater input; “depth of main channel
(‘shallow’ =< 5 m, ‘average’ = 5-9 m and ‘deep’ = > 9 m) and ®average tidal range as recorded in July 2018 from Tide Plotter (v. 5.8, Belfield
Software Ltd). Information on size and type of harbour, as well as depth of main channel were obtained from World Port Source (2019).

Survey details Type of vessels Harbour characteristics
Cont'l , . -
oL . Int'l cruise Fishing
Int'l shipping passenger .
Har  Harbour/ . lines (types . vessels &|Dom nat .
. Region (typesof  ferry (no. of Military ) Main featurest
code city e L of leisure habt
destinations) destinations) L.
" destinations) craft

FAL Falmouth West 0 0 0 v v RS med? natural coastal inlet®; moderate input; averaged; 3.6m°
LOE Looe West 0 0 0 0 v RS v. sm% natural coastal inlet®; major input; shallow®; 3.5 m®
PLY Plymouth West Global 2 0 v v RS med? natural coastal inlet®; moderate input’; deep®; 3.6 m®
SAL Salcombe West 0 0 0 0 v RS v. sm% natural coastal inlet®; minimal inputS; shallow®; 3.3 m®
TOR Torbay West 0 0 0 0 v RS v. sm? coastal breakwater®; no input; average®; 3.0 m®
POL Poole Central 0 1 0 0 v SB sm? natural coastal inlet®; limited input; shallow®; 1.0 m®
SHN Southampton Central Global 0 Global 0 v SB Ig% natural coastal inletb; moderate input; averaged; 29 m¢
PMH  Portsmouth Central 0 6 0 v v SB med?; natural coastal inletb; limited input®; average; deepd; 3.1m¢
SHM  Shoreham East 0 0 0 0 v SB v. sm% natural coastal inlet®; major input; shallow®; 4.5 m®
FOL  Folkestone East 0 0 0 0 v SB v. sm% coastal breakwater®; no input’; average?; 5.2 m¢
DOV Dover East European 2 European 0 v SB sm? coastal breakwater®; no input®; average®; 4.7 m®
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Figure 2-1. (A) Map of the British Isles, with the English Channel indicated in the black box. (B) Continental
ferry routes across the English Channel are shown by the light dashes and internationally sailing vessels (cargo
ships or luxury cruise liners) are shown by the dark dashes. Lines representing shipping routes do not reflect
the numbers of vessels arriving and departing. *International cargo ships and cruise liners include only those
vessels that travel outside of northern Europe (e.g., Dover supports cargo-shipping activities, but these ships
regularly sail only to European destinations). Southampton and Plymouth are the only harbours with ships that
sail internationally on a regular basis (dark dashes). Harbours within the West region include Falmouth, Looe,
Plymouth, Salcombe and Torbay. Harbours within the Central region include Poole, Southampton and
Portsmouth. Harbours within the East region include Shoreham, Folkestone and Dover. See Table 2-1 for
Harbour codes. Information was obtained from Marine Traffic (2019) and World Port Source (2019).
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2.2.2 Sampling methods

2.2.2.1 Study 1: NNS richness and assemblage composition in natural
compared to artificial habitats
To investigate differences of occurrence of NNS between natural and artificial

habitats, 10 surveys (‘Sites’) in natural habitats (i.e., rocky shores) and 11 surveys
(“Sites’) in artificial habitats (artificial structures) in the West region were conducted
(Appendix 1; Table 1, 2) between May and July 2018. Natural sites were chosen based
on location to closest harbour and were as sheltered as possible to reduce the influence
of wave exposure gradients on assemblage composition. Water temperature and salinity
were recorded at each site during time of sampling (low water of spring tides). Artificial
structures surveyed included seawalls composed of locally sourced rock. There was no
restriction placed on size of structure.

To capture NNS richness and abundance, a combined approach that consisted of
employing guantitative and semi-quantitative techniques was used; native biota were
not quantified. Quantitative techniques involved haphazardly placing 20 quadrats (25 x
25 cm) in the lower intertidal within a 10 x 10 m area. Often, this area was condensed
because the steeper slope of artificial structures resulted in reduced area available to
survey. All NNS visible to the naked eye within the quadrats were identified and
quantified. The surveyor was trained by expert taxonomists who specialise in NNS
identification. Voucher specimens and photographs were transported back to the
laboratory where experts confirmed the identities of NNS. To positively identify and
quantify the non-native barnacle, Austrominius modestus (Darwin, 1854), 5 x 5 cm
photo-quadrat images (n = 20) were taken in the densest barnacle zone and photographs
were later analysed using ImageJ (Schneider et al., 2012). Slope and substrate were
standardised by surveying vertical or sloping substrate (> 45° angle) and avoiding
topographically complex surfaces (i.e., gaps, grooves, pits, crevices, rock pools). To
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locate rare species, a 30-minute timed search was conducted across the study area,
including complex surfaces and microhabitats that were avoided during the quantitative
assessment. A semi-quantitative assessment of overall abundance of each NNS was
made on a scale of 0-3 (0 = absent, 1 = rare-occasional, 2 = frequent-common, 3 =
abundant-superabundant; Bishop et al., 2015b). Thus, the quantitative method produced
20 quadrat replicates per site, while the semi-quantitative technique produced one
abundance score for each NNS per site. Species that could not be identified in the field
(e.g., bryozoans such as Tricellaria inopinata (d'Hondt & Occhipinti Ambrogi, 1985)
and Bugulina spp.) were preserved in 70% ethanol and transported back to the

laboratory where they were examined using microscopy.

2.2.2.2 Study 2: Comparison of NNS richness and assemblage composition

among harbours and regions and general description of NNS present on artificial

structures

Eleven harbours spanning three regions across the south coast of England were
surveyed (West: Falmouth, Looe, Plymouth, Salcombe, Torbay; Central: Poole,
Southampton, Portsmouth; East: Shoreham, Folkestone, Dover) between May and
October 2018. As many artificial structures (‘Sites’) as possible with public access were
surveyed in each harbour, with no restriction on size of structure. Artificial structures
surveyed extended into the lower intertidal zone when low water was < 1 m, and
included seawalls, breakwaters, groynes, discharge pipes and piers. Some of these
structures extended into the subtidal zone. The same sampling methodologies used for

Study 1 were also followed for Study 2.
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2.2.2.3 Study 3: NNS richness and assemblage composition on groynes

constantly connected to the sea compared to groynes not constantly connected to

the sea

To determine if there was a difference in NNS richness and assemblage
composition between artificial structures with a constant connection to the sea
compared to structures that are exposed at low water, eight rock armour groynes were
surveyed on Sandbanks Beach just outside Poole Harbour (50.686761, -1.938103)
during mean low water spring tides (approx. 0.3 m above CD) in September 2018. Four
of these groynes retained a connection to the sea even at extreme low water, while the
other four were fully exposed at low water (Figure 2-2). The same sampling
methodologies used for Study 1 were also followed for Study 3. Quadrats were placed
at the same tidal height across all groynes (i.e., lower intertidal). Comparable tidal
heights on each groyne were determined by moving between structures and noting the
position of the receding water on groynes. Groynes were positioned perpendicular to the
beach, therefore both sides of the structures were sampled using both sampling

techniques.
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Figure 2-2. Example of an “unconnected” groyne that becomes exposed at low water
(foreground) compared to a “connected” groyne that retains a constant connection with
the sea even at low water (background).

2.2.3 Statistical analyses

2.2.3.1 Study 1: NNS richness and assemblage composition in natural

compared to artificial habitats

To compare NNS richness and assemblage composition between natural and
artificial habitats, comparisons were made between 10 natural sites and 11 nearby
artificial sites. NNS richness and assemblage composition were assessed using
quantitative and semi-quantitative data. Two-way nested designs with fixed factor
Habitat (2 levels: natural, artificial) and random factor Site (nested in Habitat) were
employed. PERMANOVA tests were based on 9999 permutations of residuals under a
reduced model. Tests for differences were conducted in PRIMER v6 with the
PERMANOVA+ add-on using the PERMANOVA routine (PRIMER-E Ltd, Plymouth,
UK; Anderson et al., 2008), and ordination of samples were visualised using two-

dimensional non-metric multidimensional scaling (hMDS) plots. Contributions to
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dissimilarities among regions from each species was determined using the similarity

percentages routine (SIMPER).

2.2.3.2 Study 2: Comparison of NNS richness and assemblage composition

among harbours and regions and general description of NNS present on artificial

structures

Differences in NNS richness and assemblage composition among harbours and
regions were assessed using data from both the quantitative and semi-quantitative
surveys. For both sampling methods, where abundance information was used, data were
fourth-root transformed to down-weight the influence of very abundant species
(Anderson et al., 2008). Bray-Curtis dissimilarly matrices were then computed, and
permutational multivariate analysis of variance tests (PERMANOVA; Anderson, 2001)
were used to test for differences in species richness and assemblage composition. For
quantitative data, a three-way nested design was used for each test with random factor
Site (number of levels depended on number of surveys done in each harbour) nested in
fixed factor Harbour (10 levels: Falmouth, Looe, Plymouth, Torbay, Poole,
Southampton, Portsmouth, Shoreham, Folkestone, Dover) nested in fixed factor Region
(3 levels: West, Central, East). As quantitative sampling was not undertaken in
Salcombe, only 10 harbours were included in quantitative analyses. Because there was
not replication at the ‘Site’ level when semi-quantitative data were analysed (i.e., there
was one abundance value per site), two-way nested designs with fixed factor Harbour
(11 levels: Falmouth, Looe, Plymouth, Salcombe, Torbay, Poole, Southampton,
Portsmouth, Shoreham, Folkestone, Dover) nested in fixed factor Region (3 levels)
were used. Correlations between NNS richness and number of vessels per harbour and
region were assessed using Spearman Rank-order correlations in SigmaPlot v13.

Information about vessel type and the average number of vessels per harbour over a 60-
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day period as a proxy for boat traffic in general was obtained from the Marine Traffic

website (Marine Traffic, 2019).

2.2.3.3 Study 3: NNS richness and assemblage composition on groynes

constantly connected to the sea compared to groynes not constantly connected to

the sea

Differences in NNS species richness and assemblage composition between
“connected” and “unconnected” groynes were analysed using data from both the
quantitative and semi-quantitative surveys. One-way permutational multivariate
analysis of variance tests (PERMANOVA,; Anderson, 2001) were used to test for
differences in species richness and assemblage composition between “connected” and
“unconnected” groynes with fixed factor Connection (2 levels: connected, not
connected) after Bray-Curtis dissimilarity matrices were computed. Where abundance
information was used, data were square root transformed to down-weight the influence

of very abundant species (Anderson et al., 2008).

2.3 Results

2.3.1 General overview

Water temperature and salinity collected during surveys ranged from 12.5-25.2
°C and 29-35 psu, respectively (Appendix 1, Table 2). In Study 1, a total of 15 NNS
were recorded across artificial and natural habitats, with artificial habitats supporting
more NNS (12 taxa) than natural habitats (9 taxa). In Study 2, a total of 26 NNS were
recorded in surveys conducted on artificial structures (Table 2-2), with Poole and the
Central region supporting the greatest mean and total NNS richness. In Study 3, a total
of 13 NNS were recorded, with 13 NNS found on groynes with a constant connection to

the sea, while only 3 NNS were found on groynes that were not connected at low water.
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Table 2-2. Summary table of NNS recorded during the quantitative and semi-quantitative surveys, and within natural and artificial habitats, as well as
the number of harbours occupied. NNS included under the ‘Artificial’ column are species recorded in all artificial habitats during Study 1 and 2, but
asterisks (*) indicate NNS that were also recorded on artificial structures in the natural and artificial habitats comparison study (Study 1).
"Botrylloides sp. indet. represents a species of Botrylloides that is likely either B. diegensis or B. violaceus but could not be positively distinguished
between the two (Bishop et al., 2015b). "'Crepidula fornicata was regularly observed at the base of artificial structures amongst rock rubble; it was
rarely seen directly on artificial structures. C. fornicata was included in all analyses.

Total no. of Quantitative Se'f"i' . Natural Artificial
harbours quantitative
Bryozoa
Watersipora subatra (Ortmann, 1890) 7 4 4 4 v'*
Tricellaria inopinata d'Hondt & Occhipinti Ambrogi, 1985 5 v v v'*
Bugulina stolonifera (Ryland, 1960) 2 4 4
Bugulina simplex (Hincks, 1886) 1 v v
Bugula neritina (Linnaeus, 1758) 3 v 4 v
Ascidian
Didemnum vexillum Kott, 2002 2 v v v
Botrylloides diegensis Ritter & Forsyth, 1917 3 4 v v
Botrylloides violaceus Oka, 1927 3 v v V¥
Botrylloides sp. indet.* 3 v v V¥
Aplidium cf. glabrum (Verrill, 1871) 2 v v v
Styela clava Herdman, 1881 6 v v vk
Corella eumyota Traustedt, 1882 1 v v
Mollusca
Magallana gigas (Thunberg, 1793) 10 v 4 v V¥
Crepidula fornicata (Linnaeus, 1758) tt 5 4 4 v'*
Cnidaria
Diadumene lineata (Verrill, 1869) 1 v v
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Arthropoda

Austrominius modestus (Darwin, 1854) 11 v v v V¥
Annelida

Ficopomatus enigmaticus (Fauvel, 1923) 2 4 v
Ochrophyta

Undaria pinnatifida (Harvey) Suringar, 1873 2 v v v v

Sargassum muticum (Yendo) Fensholt, 1955 6 4 4 v vk

Colpomenia peregrina Sauvageau, 1927 4 v v v V¥
Rhodophyta

Grateloupia turuturu Yamada, 1941 2 v v v v

Chrysymenia wrightii (Harvey) Yamada, 1932 1 4 v

Caulacanthus okamurae Yamada, 1933 8 v v v vk

Bonnemaisonia hamifera Hariot, 1891 1 v V¥

Asparagopsis armata Harvey, 1855 1 v v
Chlorophyta

Codium fragile subsp. fragile (Suringar) Hariot, 1889 1 4 4
Total number of species 26 18 25 9 25
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2.3.2 Study 1: NNS richness and assemblage composition in natural compared
to artificial habitats
Of the 15 NNS that were recorded along the southwest coast of England (Table

2-2), nine and 12 were recorded in natural (60% of total) and artificial habitats (80% of
total), respectively. Species that were unique to natural habitat included the brown alga,
Undaria pinnatifida (Harvey) Suringar, 1873 and the red algae, Grateloupia turuturu
Yamada, 1941 and Asparagopsis armata Harvey, 1855. Species unique to artificial
habitat included the erect bryozoan, T. inopinata, the orange cloak sea squirt,
Botrylloides violaceus Oka, 1927, an unidentified Botrylloides species, Botrylloides sp.
indet. (Bishop et al., 2015b), the leathery sea squirt, Styela clava Herdman, 1881, the
slipper limpet, Crepidula fornicata (Linnaeus, 1758) and the red alga, Bonnemaisonia
hamifera Hariot, 1891 (Figure 2-2). The artificial structures sampled in this study
consisted of ten seawalls composed of medium to large natural stone and one seawall
composed of large Portland concrete blocks. The seawalls made of natural stone
supported more NNS (10 species) compared to the seawall composed of Portland
concrete (8 species). Semi-quantitative techniques found 15 NNS across natural and
artificial habitat, while quantitative techniques yielded only eight species. The use of
quantitative techniques alone failed to record B. violaceus, C. fornicata, U. pinnatifida,
G. turuturu, A. armata, B. hamifera and the brown alga, Sargassum muticum (Yendo)

Fensholt, 1955.
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Figure 2-3. The number of sites occupied by non-native species along the southwest
coast of England within natural and artificial habitats.

Statistical analysis of the quantitative data found that mean NNS richness per site
was significantly greater in artificial compared to natural habitats (Table 2-3a, Figure 2-
4a), and similarly, assemblage composition of NNS varied significantly between natural
and artificial habitats (Table 2-3a). Statistical analysis of the semi-quantitative data
showed that the mean number of NNS per site did not differ significantly between
habitats (Table 2-3b, Figure 2-4b), although community assemblage did differ (Table 2-
3b, Figure 2-5). SIMPER analysis of quantitative data showed that over 80% of
dissimilarity in assemblage composition between natural and artificial habitats was
attributed to A. modestus (32.6%), W. subatra (30.9%) and the red alga, Caulacanthus
okamurae Yamada, 1933 (23.1%), with all three species more abundant in artificial
habitats (Table 2-4a). SIMPER analysis of semi-quantitative data revealed that over
50% of dissimilarity in assemblage composition between natural and artificial habitats
was attributable to four species: S. muticum (17.3%), the red ripple bryozoan, W.
