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Abstract
The Asian kelp, Undaria pinnatifida (Harvey) Suringar 1873, is considered to be one of the
world’s most invasive species and is well established around the New Zealand coastline.
However, ecological implications of U. pinnatifida for marine ecosystems remain largely
unknown. This thesis aimed to provide a better understanding of the overall ecological role
that U. pinnatifida plays in rocky subtidal and sandy beach ecosystems of Otago, southern
New Zealand, and provide insights of the effects that it might have in community structure
and benthic food webs. Information on the abundance of living U. pinnatifida on subtidal
rocky reefs (2-3m depth), and of dislodged U. pinnatifida in both the surf zone (drift) and on
sandy beaches (wrack) revealed that the invasive species represents an abundant although
inconsistent resource for the native fauna, comprising up to 75 % of any macroalgal
assemblages (living, drift, wrack) during warm months and < 10% during colder months.
Chemical (C:N, organic content, protein content, calorific content) and biomechanical
(toughness and elasticity) traits showed U. pinnatifida to be a potentially good food source
with no apparent biomechanical properties that may prevent high consumption. Feeding
assays showed the beach consumer Bellorchestia quoyana (amphipod) consumed lower
amounts of U. pinnatifida than of native macroalgae when given a choice but comparable
amounts when given no choice, and it strongly preferred U. pinnatifida when macrolgae were
reconstituted into agar foods. Feeding choice assays performed on four common subtidal
grazers showed that Haliotis iris (gastropod) and Aora typica (amphipod) consumed a variety
of macroalgae including U. pinnatifida; Cookia sulcata (gastropod) also consumed U.
pinnatifida but strongly preferred Ulva spp.; and Batedotea elongata (isopod) barely
consumed U. pinnatifida. Finally, field studies revealed that U. pinnatifida provides a
comparable habitat to the also morphologically simple macroalgae Xiphophora gladiata and
Marginariella spp., but hosts only 1/4 of the density of invertebrates compared to
morphologically complex species such as Carpophyllum spp., Cystophora spp. and
Sargassum sinclarii. The findings reveal that the role of U. pinnatifida as a habitat and food
for the native fauna varies across ecosystems and among invertebrate species but is was
generally similar to some of the native macroalgae it was compared to. This work has also
demonstrated that knowledge of traits specific to faunal species (i.e. trophic position, habitat
use, etc.) and macroalgae (i.e. chemistry, biomechanics, morphology, etc.) need to be
considered when predicting the effects of invasive species.
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Chapter 1: General Introduction

1.1 Biotic homogenisation and biological invasions
The concept of ‘biotic homogenisation’ refers to a process by which similarities between
species, genetics and functions of different communities increase over time (McKinney and
Lockwood 1999, Olden and Rooney 2006). This process is driven by environmental
conditions favouring the geographical extent of invasive species (‘winners’), which have
generalist and opportunistic qualities, and the reduction of natives (‘losers’) (McKinney and
Lockwood 1999). Although biotic homogenisation has naturally occurred throughout the
Earth’s history as a consequence of global climatic changes and geological disturbances (e.g.
Vermeij 1991), humans are both accelerating and increasing the natural rate and extent at
which it is taking place (McKinney and Lockwood 1999, Olden and Poff 2003, Olden et al.
2004, Mckinney 2006, Olden and Rooney 2006). Anthropogenic activities and impacts are
known to threaten some species to extinction (e.g. Pimm et al. 1995, Vitousek et al. 1997,
Ceballos and Ehrlich 2002, Stuart et al. 2004, Rangel 2012) and to introduce others to
otherwise unreachable environments (e.g. Carlton and Geller 1993, Müller et al. 2002, Kobelt
and Nentwig 2007, Seebens et al. 2013). Consequently, human-induced biotic
homogenization is now one of the major causes of biotic impoverishment worldwide
(McKinney and Lockwood 1999, Olden and Poff 2003, Olden et al. 2004, Mckinney 2006,
Olden and Rooney 2006).

One of the main ways humans contribute to biotic homogenization is by aiding biological
invasions, which favours the mixing of faunas and floras of ecosystems worldwide
(McKinney and Lockwood 1999, Olden and Poff 2003, Olden et al. 2004, Olden and Rooney
2006). Biological invasions can damage receiving environments by altering native
communities, functions, services and dynamics of invaded ecosystem, and can also contribute
to the extinction of species (e.g. Vitousek 1990, Vitousek et al. 1997, Clavero and GarcíaBerthou 2005, Ehrenfeld 2010). The Convention on Biological Biodiversity (CBD) has
recognised that compiling and disseminating information on invasive species that threaten
ecosystems, habitats and species is essential to prevent, control and eradicate them (CBD
2000, 2001). It has been also highlighted that, in order to fully understand the effects of
15

invasions, research should pay more attention to community-level interactions and food web
impacts in invaded ecosystems (Parker et al. 1999, Williams and Smith 2007, Ehrenfeld
2010). The study of invasive species is also seen very positively by many, as it usually brings
additional insights on ecosystem function, community ecology, extinction, response of
species to climate change or basic evolutionary processes that may otherwise remain
unstudied (e.g. Sakai et al. 2001, Shea 2002, Sax et al. 2007). Finally, understanding the
impacts that biological invasions have on ecosystems is key at this point of the Earth’s history
when factors such as global change are favouring the introduction of species and augmenting
the rate and extent of existing invasions (e.g. Dukes and Mooney 1999, Walther et al. 2009,
Bradley et al. 2012, Bellard et al. 2013, Ware et al. 2014).

1.2 Invasive macroalgae
Biological invasions have occurred in at least 80% of marine ecoregions (Molnar et al. 2008),
that is in at least 80% of the ‘strongly cohesive units of relatively consistent species
composition’ (Spalding et al. 2007). Marine invasive species are known to be responsible for
a considerable loss in biodiversity and resource values of marine ecosystems worldwide (e.g.
Carlton 1996, Bax et al. 2003, Byrnes et al. 2007, Williams and Smith 2007, Molnar et al.
2008). Macroalgae make a substantial contribution to marine invasions as they comprise ~
10–40% of the total marine introduced species (Schaffelke et al. 2006). In addition, most of
the macroalgal orders (80%) contain potential invasive species (Schaffelke et al. 2006) and
both the number of macroalgae introduced (277, Williams and Smith 2007), and the number
of invasion events have increased over the last two decades worldwide (Schaffelke and Hewitt
2007). Macroalgal introductions are mainly linked to long distance shipping activities and
aquaculture and, once macroalgae become invasive, they tend (~ 80 % of invasions events) to
negatively impact the receiving environment (reviewed in Schaffelke et al. 2006, Hewitt et al.
2007, Schaffelke and Hewitt 2007, Williams and Smith 2007, Molnar et al. 2008).

Although some claim there is no evidence of a common suite of life history characteristics of
invasive macroalgae (Valentine et al. 2007), others have found that certain macroalgal traits
promote macroalgal invasions. Such traits include a plastic physiology (Dean and Hurd 2007),
wide environmental tolerances (Boudouresque and Verlaque 2002), both sexual and asexual
reproduction (Sakai et al. 2001), chemical defence against grazers (Enge et al. 2012), rstrategy life (Ribera and Boudouresque 1995), rapid colonization after disturbance (Valentine
16

and Johnson 2003, 2004), ability to grow in a wide variety of substrates (Russell et al. 2008),
dispersal capabilities, size or fast growth (Nyberg and Wallentinus 2005). In addition, Lyons
and Schiebling (2009) state that it is not only macroalgal traits but also multiple interacting
factors, such as the characteristics of invaded communities, environmental conditions and
anthropogenic activities, which determine invasion success. However, in order to understand
the extent of the impacts that invasive macroalgae may cause in a new environment it is
necessary to comprehend the role they play in the ecosystem.
1.2.1 Role of macroalgae in temperate ecosystems

Benthic macroalgae dominate temperate, coastal marine ecosystems throughout the world
forming extensive three dimensional habitats that include several layers of canopy structure
(e.g. Dayton 1985, Santelices and Marquet 1998, Leliaert et al. 2000, Steneck et al. 2003,
Schiel and Foster 2006, Shears and Babcock 2007, Smale et al. 2013). They can create,
maintain and modify habitats in the marine ecosystems by altering environmental parameters
such as light (Wernberg et al. 2005), water flow (Rosman et al. 2007), seawater chemistry
(Hurd et al. 2011) or sedimentation rates (Eckman et al. 1989), thus functioning as ecosystem
engineers (sensu Jones et al. 1994, 1997). Benthic macroalgae also form the base of coastal
food webs, contribute substantially to coastal productivity and provide habitat and food for a
wide range of near-shore benthic communities, including invertebrates and fish (e.g. Mann
1973, Duggins et al. 1989, Steneck et al. 2003, Taylor and Steinberg 2005, Christie et al.
2009, Krumhansl and Scheibling 2012). Of all the macroalgal-associated fauna, small mobile
invertebrates (e.g. crustaceans such as amphipods or isopods, polychaetes, gastropods, etc.)
are especially important as they use host macroalgae as a habitat, and sometimes as food too,
contributing greatly to secondary productivity and linking primary production to upper
trophic levels such as small predatory fishes (e.g. Edgar and Moore 1986, Taylor 1998a).

Similarly, dislodged macroalgae support fauna in different habitats, from the rocky reef of
origin to distant sandy beaches (e.g. Vanderklift and Wernberg 2008, Crawley et al. 2009,
Polis and Hurdt 1996). Most sandy beaches lack in situ primary production, and so beach
fauna like talitrid amphipods (crustacea) rely on beach-cast macroalgae and seagrass as a food
source (e.g. Kirkman and Kendrick 1997, McLachlan and Brown 2006, Crawley and Hyndes
2007, Ince et al. 2007, Lastra et al. 2008). Consequently, beach-cast macroalgae have a strong
influence on beach macrofaunal community structure by increasing their species richness,
abundance, and biomass (Ince et al. 2007). In turn, these grazers are available prey to
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vertebrates such as shore birds, lizards, rodents, etc. (Colombini and Chelazzi 2003, Dugan et
al. 2003). Therefore, macroalgae are a main vector for carbon transfer in temperate coasts and
between marine and terrestrial ecosystems (Mellbrand et al. 2011, Hyndes et al. 2014).
1.2.2 Ecological impacts of invasive macroalgae

The arrival of an invasive macroalga to a rocky reef may potentially cause changes in the
native macroalgal community, which could then lead to changes in the ecosystem structure
(i.e. different components of an ecosystem) and function. Some invasive macroalgae show a
competitive advantage over natives in their ability to establish following a disturbance (i.e.
native canopy removal) (Valentine and Johnson 2003, 2004, Bulleri et al. 2011). Once
established, invasive macroalgae can occupy space preventing recolonisation of natives
(Levin et al. 2002, Scheibling and Gagnon 2006). Following invasive canopy removal, native
species can sometimes re-colonise the space (Levin et al. 2002, Piazzi and Ceccherelli 2006,
Klein and Verlaque 2010), however, it can take a long time until the natural canopy has
recovered (Piazzi and Ceccherelli 2006, Piazzi et al. 2001). Invasive macroalgae can therefore
modify native assemblages by reducing the diversity and/or abundance of native species (e.g.
Meinesz et al. 1993, Walker and Kendrick 1998, Piazzi et al. 2001, 2012, Levin et al. 2002,
Casas et al. 2004, Balata et al. 2004, Sánchez et al. 2005, Piazzi and Balata 2008, Bulleri et al.
2010). For example, two species of the genus Caulerpa (C. racemosa and C. taxifolia) have
extensively spread throughout the Mediterranean Sea (Verlaque et al. 2000, Boudouresque
and Verlaque 2002, Meinesz et al. 2002) reducing, and in some cases eliminating, native
macroalgae and seagrass assemblages (e.g Ceccherelli and Cinelli 1998, Piazzi et al. 2001,
Balata et al. 2004). In addition, the alterations in the benthic community have been shown to
persist after the removal of the invasive species, thus slowing down the recovery of the native
assemblages (Piazzi and Ceccherelli 2006).

Once established, invasive macroalgae can directly affect native faunal communities that use
macroalgae or seagrass as a habitat and/or food source. Lower values of abundance, diversity
and/or richness of native fauna such as fish, bivalves or gastropods have been recorded in
invasive macroalgal stands relative to the usually preferred native assemblages (e.g. Relini et
al. 1998, Levi and Francour 2004, Wright et al. 2007, York et al. 2006, McKinnon et al. 2009,
Irigoyen et al. 2010a). For instance, in Australia, experiments showed that three species of
native fish strongly preferred native seagrass as a habitat (20-80% more) to the invasive C.
racemosa (Burfeind et al. 2009). Similar negative effects have been observed for smaller
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invertebrates. In the Mediterranean Sea, richness and abundance of amphipods were higher in
native macroalgae than in the invasive C. racemosa (Vázquez-Luis et al. 2012). Most
importantly, invasive macroalgae usually host faunal communities that differ in abundance,
richness and/or diversity of species to those hosted by the native macrophytes (e.g. Gribben
and Wright 2006, Schmidt and Scheibling 2006, Vázquez-Luis et al. 2008, 2009, Drouin et al.
2011, Guerra-García et al. 2012).

Some small invertebrates are also herbivores thus they use the host macrophyte also as food
(mesograzers). In contrast to what it has been observed in terrestrial and freshwater
ecosystems (Parker and Hay 2005), marine grazers, both native mesograzers and larger
grazers (macrograzers), tend to show a preference for native macroalgae or seagrass over
invasive macroalgae (e.g. Sumi and Scheibling 2005, Gollan and Wright 2006, Monteiro et al.
2009, Tomas et al. 2011a, Engelen et al. 2011). In addition, the declines in performance (i.e.
growth, reproduction, mortality) observed in native grazers has been linked to the
consumption of certain invasive macroalgae (e.g. Boudouresque 1996, Wright et al. 2007,
Gribben et al. 2009). In Scandinavia, for example, three native grazers (isopod, amphipod and
snail) grew faster on native macroalgae and avoided feeding on the invasive Gracilaria
vermiculophylla (Nejrup et al. 2012). Finally, very little attention has been given to the
impacts that invasive beach-cast macroalgae (detritus) may cause on sandy beach ecosystems.
However, evidence indicates that invasive macroalgae have the potential to alter benthic
macrofauna communities that rely on detrital sources (Taylor et al. 2010, Bishop and Kelaher
2013). In northern Spain, for example, studies have shown that S. muticum is differently used
by native beach fauna (Rodil et al. 2008) and, although it does not seem to play a great role in
structuring faunal assemblages (Olabarria et al. 2010), S. muticum seems to be a main food for
a common amphipod and isopod (Olabarria et al. 2009a, Rossi et al. 2010).

Invasive macroalgae can also have negative effects on human health through the introduction
of toxic metabolites into the food web (De Haro et al. 1993, Felline et al. 2014). Furthermore,
invasive macroalgae can cause regional economic loss by decreasing the financial
productivity of existing activities (i.e. fisheries, aquaculture, tourism or marine infrastructure)
(Ribera and Boudouresque 1995, Trowbridge 1998, Sinner et al. 2000, Neill et al. 2006) and
by forcing the implementation of costly eradication and control efforts (Wotton et al. 2004,
Glasby et al. 2005). Most studies of invasive macroalgae have so far focused on those species
that are either highly invasive, have invaded extensive areas, have detrimental impacts in the
environment, cause important economic loss or affect human health. As a result, the existing
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knowledge of the impacts of invasive macroalgae is limited to only 6% of species, including
the Chlorophyta Caulerpa taxifolia, Caulerpa racemosa and Codium fragile spp.
tomentosoides and the Heterokontophyta Sargassum muticum and Undaria pinnatifida
(Schaffelke et al. 2006, Schaffelke and Hewitt 2007, Williams and Smith 2007). In addition,
C. fragile spp. tomentosoides, C. taxifolia and U. pinnatifida are, in descending order, the top
three most detrimental invasive macroalgae (Nyberg and Wallentinus 2005), and C. taxifolia
and U. pinnatifida are also included within 100 of the world’s worst invasive species (Lowe et
al. 2000). Despite this, the invasive U. pinnatifida has been relatively far less studied than any
of the other highly invasive macroalgae (Fig. 1.1), which has been highlighted in several
reviews (Schaffelke and Hewitt 2007, Williams and Smith 2007).
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Figure 1.1 Number of papers published on the invasive macroalgae Undaria pinnatifida
(black), Codium fragile spp. tomentosoides, Sargassum muticum, Caulerpa racemosa and
Caulerpa taxifolia (grey columns) until March 2014. Data obtained from a search carried out
in Scopus article database (www-scopus-com.ezproxy.otago.ac.nz) including the terms
‘invasion’ OR ‘invasive’ AND ‘macroalgal genus’ (i.e. Undaria, Sargassum) AND
‘macroalgal species’ (i.e. pinnatifida, muticum) in ‘title, abstract or keywords’.

21

1.3 The invasive macroalga Undaria pinnatifida
The ‘Asian kelp’ Undaria pinnatifida (Harvey) Suringar 1873 (wakame) is a winter annual
kelp (Laminariales) from temperate cold waters of China, Korea and Japan. It has a biphasic
life-cycle with a macroscopic stage (sporophyte) and microscopic stages (spores,
gametophytes and sporelings) (Saito 1975, Koh and Shin 1990) (Fig. 1.2). The sporophyte
consists of a holdfast (root-like structure to anchor to the rock substrate), stipe (stalk or stem
of the macroalga), and a blade with a prominent midrib (Fig. 1.2). The sporophytes are first
visible in early winter, grow fast through early to mid-spring (up to ~ 2 m long), develop a
sporophyll (spore producing structure) on the stipe, at the base of the blade, that releases
spores in early-mid spring; the entire sporophyte begins to senesce in mid-summer (Saito
1975, Koh and Shin 1990). Spores, gametophytes and sporelings are produced during early to
mid-spring, and it has been suggested that either these microscopic stages are able to persist
for up to 2.5 years or that selective gametophyte survival in microhabitats occurs (Hewitt et al
2005). Dispersal occurs naturally through spore release (meters to hundreds of meters), that
can be up to 12.1 x 105 spores cm-2 h-1 (Primo et al. 2010), and through dislodged fragments
or whole sporophytes (hundred of meters to kilometres) (Forrest et al. 2000). Dispersal via U.
pinnatifida sporophytes that are attached to unstable substrata is estimated to be of the order
of at least 10–100 m year-1 (Sliwa et al. 2006).

In invaded habitats, however, the population characteristics of U. pinnatifida can differ from
those of native ones (Hay and Villouta 1993, Stuart 1997, Thornber et al. 2004, Schaffelke et
al. 2005). The establishment of U. pinnatifida in invaded habitats can be favoured by
elimination or dieback of native canopy-forming species (Valentine and Johnson 2003, 2004,
2005, Edgar et al. 2004). Once established, while U. pinnatifida shows a well defined
seasonality in its native range (Akiyama and Kurogi 1982), mature and juvenile sporophytes
can be found at different times of the year in invaded environments (Hay and Villouta 1993,
Stuart 1997, Castric-Fey et al. 1999, Fletcher and Farrell 2000, Thornber et al. 2004, Casas et
al. 2008, Primo et al. 2010). For example, whereas in California there are winter and autumn
cohorts with few sporophytes present from late winter through late summer (Thornber et al.
2004), Tasmanian populations are annual, with large sporophytes only found during summer
(Schaffelke et al. 2005). Casas et al. (2008) found that the presence of juvenile sporophytes in
Argentina was uninterrupted, suggesting constant recruitment. Similarly, juvenile and mature
sporophytes can be found in New Zealand all year around, even in overlapping generations
(Hay and Villouta 1993, Stuart 1997).
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Early sporophyte stages of U. pinnatifida are able to attach and grow on a wide range of
substrata (natural and artificial) and show a great adaptability to a broad range of
environments, particularly disturbed and harbour environments as well as coasts with
consistent and significant wave action (Brown and Lamare 1994, Valentine and Johnson
2003, Russell et al. 2008). The nitrogen uptake and photosynthetic eco-physiological
parameters of U. pinnatifida are more similar to those of ephemeral macroalgae such as Ulva
spp. (not nitrogen or light limited) than to native brown species (Stuart 1997, Dean and Hurd
2007, Richards et al. 2011). In addition, the photosynthetic rate of U. pinnatifida has been
observed to remain stable with increasing sporophyte densities (Richards et al. 2011). Highly
plastic physiology, successful reproductive mechanisms for settlement and spread, humanaided introductions through shipping (e.g. Hay and Luckens 1987, Hay 1990) and farming
(e.g. Floc'h et al. 1991, Peteiro 2008) have contributed to a dramatic increase in the extent of
U. pinnatifida over the last 30 years, reaching cool- and warm-temperate regions of Argentina
(Piriz and Casas 1994), Australia (Sanderson 1990, Campbell and Burridge 1998), Britain
(Fletcher and Manfredi 1995), California, USA (Silva et al. 2002), France (Floc’h et al.
1991), Italy (Curiel et al. 2001), Mexico (Aguilar-Rosas et al. 2004), Belgium and
Netherlands (Wallentinus 1999, (seen in Schaffelke et al. 2005)), New Zealand (Hay and
Luckens 1987) and Spain (Caamaño et al. 1990, Salinas and Fuertes 1996).

1.3.1 Impacts of Undaria pinnatifida

Some studies have indicated that U. pinnatifida can monopolise space and become dominant
in macroalgal stands (Battershill et al. 1998, Curiel et al. 2001, Stuart 2004, Valentine and
Johnsons 2005, Farrell and Fletcher 2006, Russell et al. 2008), decreasing the richness and
diversity of native canopy and understorey macroalgae (Curiel et al. 1998, Casas et al. 2004).
After ten years of invasion in southern Argentina, U. pinnatifida comprised 65% of the total
macroalgal biomass and decreased native macroalgal richness, diversity and evenness by 2-4
times (Casas et al. 2004). In contrast, other studies have shown no evidence of displacement
of native macroalgae (Hay and Sanderson 1999, Forrest and Taylor 2002, Raffo et al. 2009,
Schiel and Thompson 2012).

There is not much evidence on how the presence of U.

pinnatifida could affect native fauna. In Argentina, U. pinnatifida can reduce the abundance
of reef fish, by covering up the reefs they use as transitory habitat (Irigoyen et al. 2010a), but
increase the richness and diversity of benthic macrofauna and subcanopy species by
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increasing habitat complexity of native macroalgal assemblages (Irigoyen et al. 2010b).
Evidence that U. pinnatifida is eaten by native grazers is limited to fish or sea urchins grazing
marks observed in U. pinnatifida cultures (see Floc'h et al. 1991, Thornber et al. 2004) and to
a laboratory experiment carried out in Argentina (Teso et al. 2009). This experiment showed
that two native sea urchins fed directly on U. pinnatifida, and a native gastropod scraped off
biofouling organisms that were adhered to its surface (Teso et al. 2009). Although it remains
unknown if consumers prefer native macroalgae over U. pinnatifida, field observations
suggest that native grazers can sometimes enhance the scope of the invasion by feeding on
native macroalgae thus clearing space for U. pinnatifida to settle (Valentine and Johnson
2003, 2005, Edgar et al. 2004).
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Figure 1.2 Life history of Undaria pinnatifida showing macroscopic stage (sporophytes) and
microscopic stages (spores, gametophytes and sporelings) (modified from Stuart 1997).
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1.4 Invasions in New Zealand: Undaria pinnatifida, the ‘gorse of the sea’
In New Zealand, native terrestrial and freshwater biodiversity have been drastically reduced in
the past two centuries since the arrival of the Europeans, and New Zealand is currently
considered one of the most invaded countries on the globe (Allen and Lee 2006). Similarly,
the New Zealand marine environment has suffered the introduction of about 150 species
through ballast water, hull fouling and the aquarium trade (see Hewitt et al. 2004). After
invertebrates (54%), the largest group of marine invasive species is algae (23%), of which 22
are macroalgae including C. fragile ssp. tomentosoides, Polysiphonia brodiei, C. taxifolia and
U. pinnatifida (GISD, www.issg.org, accessed 23 February 2014). Of all the invasive
macroalgae to have established in New Zealand, U. pinnatifida is considered the most serious
one (Hurd et al. 2004), and its invasion is interpreted as a clear example of the inefficient
control of the marine borders (Hayden et al. 2009). In New Zealand, U. pinnatifida has been
nicknamed the ‘gorse of the sea’ because the damage it can cause is supposed to resemble that
caused by gorse (Ulex europaeus), a major terrestrial plant pest.

Undaria pinnatifida was first recorded in New Zealand in 1987 at Wellington Harbour (Hay
and Luckens 1987). It has been suggested that U. pinnatifida was first introduced through
ballast water transporting zoospores or suspended gametophytes (Hay and Luckens 1987, Hay
1990). Since then, it has spread around the coasts of the North and South islands, Stewart
Island, the Chatham Islands (Stuart 2004, Russell et al. 2008) and has recently reached more
remote locations in the Snares Islands (Cassidy 2009) and Fiordland (Henderson 2010). While
the mechanisms behind the natural spread (e.g. Forrest et al. 2000), population dynamics (Hay
and Villouta 1993, Stuart 1997), physiology (Dean and Hurd 2007), genetic diversity (Uwai et
al. 2006) and patterns of range expansion (Russell et al. 2008) are well documented, the
effects of the invasion in the New Zealand marine ecosystems remain largely unknown.

Studies have shown that U. pinnatifida has potential for altering native macroalgal
communities as it can become very abundant and can form monospecific stands (Stuart 2004,
Russell et al. 2008, Richards 2009). Also, individuals (mature and juvenile) can be found all
year around, even in overlapping generations (Hay and Villouta 1993, Stuart 1997). It has
been recently shown that recruitment of U. pinnatifida in the intertidal zone is facilitated by
coralline turf (Thompson and Schiel 2012), as observed for the invasive C. racemosa in the
Mediterranean Sea (Ceccherelli et al. 2002, Bulleri and Benedetti-Cecchi 2008). In addition, a
recent study has found native fucoids show high resistance to U. pinnatifida invasion of
26

intertidal reefs (Thompson and Schiel 2012). So far, there is no evidence to suggest that U.
pinnatifida has displaced native macroalgae from either the subtidal (e.g. Hay and Villouta
1993, Forrest and Taylor 2002) or the intertidal zone (Schiel and Thompson 2012) in New
Zealand. However, Forrest and Taylor (2002) stated that the lack of evidence of displacement
observed may be due to the absence of pre-invasion data on macroalgal community
composition. Finally, there is little information on the interaction of U. pinnatifida with native
fauna. It is known that the native sea urchin Evechinus chloroticus and the native gastropod
Haliotis iris can feed on U. pinnatifida (Redfearn 1994 in Stuart 2004, Atalah et al. 2013),
although H. iris grows more slowly when fed on the invasive species than when fed on the
native macroalgae Gracilaria chilensis (Redfearn 1994 in Stuart 2004).

Concern has been raised about the potential of U. pinnatifida to cause negative impacts since
it was first recorded in New Zealand. As a result, the macroalga has been classified as an
‘Unwanted Organism’ under the Biosecurity Act 1993. However, no management plans have
been so far developed at a national level and only a few regional and local governments and
stakeholder groups have taken some actions in order to control its spread (Stuart 2004,
Cassidy 2009). Major efforts have been made by Department of Conservation (DOC) to
eradicate U. pinnatifida, including removal experiments, sterilisation of floating structures,
and heated water treatments against the microscopic gametophyte stage (reviewed in Stuart
2004, Wotton et al. 2004, Richards pers. com.). The only method that achieved complete
eradication was heat applied over a sunken vessel at the Chatham Islands in 2001, but with a
cost of about NZ$ 3 million (Wotton et al. 2004). An on-ging sea urchin biocontrol and
physical removal program being carried out in Fiordland National Park, south west New
Zealand, also has shown some success although this may have caused the temporal loss of all
native canopy-forming macroalgae (Atalah et al. 2013). In contrast to these eradication
efforts, Biosecurity New Zealand currently allows U. pinnatifida to be farmed in heavily
infested areas (Wellington Harbour, The Marlborough Sounds and Lyttelton Harbour) and to
be harvested when it is growing on artificial surfaces (e.g. marinas), when it has been cast
onto the beach, or when part of a programme specifically designed to control it (MAF 2010).

1.5 Biological communities of New Zealand and the Otago region
In the southeast of the South Island, New Zealand (Fig. 1.3), U. pinnatifida is spreading
northwards from Otago Harbour and densities have been increasing (Russell et al. 2008,
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Richards 2009) since it was first recorded in 1990 (Hay and Villouta 1993). The coast of
Otago (Fig. 1.3) comprises an extensive accumulation of sand and narrow rocky shoreline that
supports a great diversity of native canopy-forming macroalgae (Shears and Babcock 2007,
Richards 2009, Hepburn et al. 2011, Richards et al. 2011). Subtidal zones (up to 3-4 m deep)
of wave-sheltered and semi-exposed areas are dominated by the perennials canopy-forming
Laminarian Macrocystis pyrifera and the Fucales Carpophyllum flexuosum, Xiphophora
gladiata, Cystophora scalaris, and Margineriella urvilliana (Shears and Babcock 2007,
Richards 2009, Hepburn et al. 2011, Richards et al. 2011). Deeper (below 5m), dominant
species are Ecklonia radiata (Laminariales) and C. flexuosum (Fucales) mixed with
individuals of the Fucalean Landsburgia quercifolia. In more wave-exposed coastlines, the
‘bull kelp’ Durvillaea antarctica and D. willana (Fucales) dominate the sublittoral fringe and
zone, respectively, and Marginariella boryana (Fucales), Lessonia variegata (Laminariales)
and the annual Desmarestiales Desmarestia ligulata can be found in the subtidal zone (Shears
and Babcock 2007, Richards 2009, Hepburn et al. 2011, Richards et al. 2011). Canopyforming macroalgae are found growing on a mixed substrate of crustose and articulated
coralline algae, with associated X. gladiata, C. scalaris (Shears and Babcock 2007, Richards
2009). U. pinnatifida has become very abundant along the east coast of Otago, where it
usually forms monospecific stands that degrade in summer (Russell et al. 2008, Richards
2009, see Chapter 2). In the Otago reefs, U. pinnatifida can be found in either wave-sheltered
or wave-exposed zones (Russell et al. 2008) down to ~ 6 m depth (Pritchard et al. in prep.). U.
pinnatifida populations within Otago Harbour are one of the most extensive within the Otago
region (Russell et al. 2008).

A number of invertebrates are associated with New Zealand macroalgae, which they use as
habitat and/or food. Studies have shown that small invertebrates such as gammarid amphipods
(i.e. Podocerus manawatu, Aora typica or Hyale spp.), isopods (Cassidinopsis admirabilis,
Batedotea elongata), gastropods (i.e. Eatoniella sp. or Cookia sulcata), shrimps (i.e.
Hippolyte bifidirostris), use the native macroalgae as habitat and some also as food, and larger
invertebrates such as echinoderms (Evechinus chloroticus) only feed on macroalgae (Taylor
and Cole 1994, Taylor and Steinberg 2005, Cowles et al. 2009). Most of such information has
only been collected for the subtropical north of New Zealand (34-40ºS) and it has yet not been
collected for the cold temperate South Island (40-47ºS). Furthermore, it remains unknown
whether U. pinnatifida has a similar role to native macroalgae as a habitat or food for the
native New Zealand fauna. In addition, strong swell conditions in the New Zealand marine
environment dislodge and deposit macroalgae on sandy beaches in the intertidal zone with
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which the beach consumer Bellorchestia quoyana (‘sandhoppers’, talitrid amphipod) associate
(Marsden 1991b). Similarly, no information has been collected on the contribution of U.
pinnatifida to sandy beach food webs, nor how important as food it may be for these beach
consumers.
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Figure 1.3 Map showing Otago Harbour, southern New Zealand, and the study sites used in
this work.
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1.6 Aim and Objectives
Although U. pinnatifida is considered a highly invasive species, little is known on the
potential alterations that it can introduce into invaded habitats. The present study aims to
provide a better understanding of the overall ecological role of U. pinnatifida in coastal
ecosystems within the Otago region, southern New Zealand (Fig. 1.3), to better comprehend
what potential alterations may cause in community structure and benthic food webs. U.
pinnatifida has been in this region from more than 25 years, and has become one of the most
abundant macroalgae (up to 30 individuals m-2; Richards 2009, Pritchard et al. in prep.). This
makes the Otago region a relevant temperate coastal ecosystem to carry out the present study.
In addition, this study aims to provide insights that may be helpful to other regions where U.
pinnatifida has invaded both within New Zealand and abroad, although it is acknowledged
that the impacts of U. pinnatifida will vary regionally. In order to fulfil the overall aim of the
study, specific aims and objectives have been defined, and these were further developed into
hypotheses that are tested within each thesis chapter. A summary of each chapter follows:

Chapter 2: Temporal contribution of Undaria pinnatifida to native macroalgal
assemblages.

The main aim of this chapter was to provide a quantitative assessment of the presence of
U. pinnatifida in the benthic macroalgal community of invaded subtidal rocky reefs, and in
the dislodged macroalgal assemblages of nearshore habitats such as the surf zone (termed
surf zone drift macroalgae) and sandy beaches (termed intertidal wrack macroalgae) along the
Otago coast. Since U. pinnatifida is an annual species, the existence of temporal shifts in its
contribution to those habitats was also investigated. Quantification of the presence of U.
pinnatifida relative to the native macroalgae provides a basis for understanding the relative
abundance of U. pinnatifida as a habitat and food source for native invertebrates in invaded
reefs and nearshore habitats. In addition, such quantification provides information on what
contribution U. pinnatifida makes in terms of energy transfer from marine to terrestrial
ecosystems.
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Chapter 3: Importance of Undaria pinnatifida as a food for the beach consumer
Bellorchestia quoyana (talitrid amphipod, crustacea) relative to native macroalgae.

This chapter investigated the significance of U. pinnatifida as a food source for the abundant
beach consumer B. quoyana, relative to native macroalgae (M. pyrifera, D. antarctica and
Ulva spp.) that were found in Chapter 2 to be dominant in the upper intertidal wrack. This
was achieved through the investigation of feeding preferences, and chemical (food quality)
and physical (biomechanical properties) macroalgal traits that may explain such preferences.
Wrack macroalgae increases secondary production of sandy beaches, by providing food and
habitat to many beach consumers, and represents a link in the flux of energy from marine to
terrestrial ecosystems. The potential effects of the presence of U. pinnatifida on food web and
ecosystems structure such as sandy beaches that are far from its point of invasion (i.e. rocky
reef) are thoroughly discussed here.

Chapter 4: Feeding preferences of common native subtidal grazers for Undaria
pinnatifida over native macroalgae.

The feeding preferences of four common subtidal grazers (A. typica, B. elongata, C. sulcata
and H. iris) for the invasive kelp U. pinnatifida over seven native macroalgae that were found
to be a dominant component of subtidal communities (Chapter 2) were investigated in a series
of laboratory assays. Finding out whether U. pinnatiffida is generally consumed by these
grazers informs about what grazing pressure U. pinnatifida is under, and provides insights on
what role it is playing in the subtidal food web. This information was used to discus the
potential implications of U. pinnatifida for the subtidal food web and grazers community in
the Otago region.

Chapter 5: Role of Undaria pinnatifida as a habitat for native mobile epifauna relative to
native macroalgae.

The purpose of this chapter was to determine whether mobile epifaunal communities that
inhabit macroalgae differ between U. pinnatifida and the dominant native species
Marginariella spp., X. gladiata, D. ligulata, C. flexuosum, C. scalaris and S. sinclairii.
Mobile epifauna contribute substantially to secondary productivity and are key links between
trophic levels. Understanding the implications that the presence of U. pinnatifida may have
for these organisms is essential to comprehend the potential alterations in the food web and
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ecosystem structure of subtidal rocky reefs. Further, this chapter investigated whether the
possible differences in epifaunal communities may be explained by different macroalgal
morphologies. Knowledge of whether or not macroalgal morphology drives such differences
would provide us with the ability to predict the potential alterations that U. pinnatifida may
have in the invertebrate communities, and potentially to higher trophic levels and food web in
general, in other invaded habitats by simply looking at macroalgae morphologies.

Chapter 6: General Discussion.

In this chapter, the main findings of the thesis are briefly outlined. Then, the implications for
Otago and New Zealand marine and coastal environments in future hypothetical U.
pinnatifida invasion scenarios are discussed, and the wider implications of U. pinnatifida’s
invasion were analysed. In addition, the current strategies to manage U. pinnatifida in New
Zealand are discussed in light of the findings in this thesis and future management
improvements and research lines were suggested. Finally, the future of marine and coastal
ecosystems in regards to macroalgal invasions is discussed.
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Chapter 2: Contribution of Undaria pinnatifida
to native macroalgal assemblages.

2.1 Introduction
Benthic macroalgae make a substantial contribution to the productivity of marine ecosystems
in temperate regions worldwide (e.g. Mann 1973, Edgar and Moore 1986, Taylor 1998a).
They form three dimensional structures that provide habitat and food for invertebrates and
fish (e.g. Duggins et al. 1989, Steneck et al. 2003, Taylor and Steinberg 2005, Christie et al.
2009). The specific traits of the species comprising the macroalgal assemblages (i.e. structure,
chemical composition, productivity, life-cycle, etc.) can vary among macroalgal species (e.g.
Hacker and Steneck 1990, Duffy and Hay 1991, Cruz-Rivera and Hay 2003, Cruz-Rivera and
Friedlander 2013), defining the quality and quantity of habitat and food resources available
for the faunal community. The arrival of an invasive macroalga may therefore alter such
resources as its traits may differ from those of the native macroalgae. In this sense, invasive
macroalgae have been shown to support faunal assemblages that can vary greatly from those
found in native macroalgae (e.g. Relini et al. 1998, Chemello and Milazzo 2002, Levin et al.
2002, Levi and Francour 2004, Wright et al. 2007, Vázquez-Luis et al. 2012, Png-González et
al. 2014, Tuya et al. 2014). In addition, invasive macroalgae can modify natural trophic
relationships (e.g. Casu et al. 2008, Rossi et al. 2010, Deudero et al. 2011, Bishop and
Kelaher 2012), alter marine productivity (e.g. Dumay and Fernandez 2002, Salvaterra et al.
2013) and ultimately decrease fishery productivity (e.g. Francourl et al. 1995, Relini et al.
1998, 2000, Levin et al. 2002). Understanding how an invasive macroalga may directly
modify native macroalgal communities provides the basis to predict indirect alterations to
native faunal communities and potential changes to the ecosystem’s structure and food web.

Our knowledge of how invasive macroalgae may alter native macroalgal communities is
limited to few species and regions. For example, the extensive invasion of Caulerpa
racemosa and C. taxifolia in the Mediterranean Sea has attracted a lot of attention as these
species have shown to significantly reduce the abundance of, or eliminate, native macroalgae
and seagrasses (e.g Ceccherelli and Cinelli 1998, Piazzi et al. 2001, Balata et al. 2004).
Studies have indicated that some invasive macroalgae can show competitive advantages in the
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use of space, for instance, following a disturbance (i.e. native canopy removal) (e.g. Valentine
and Johnson 2003, 2004, Bulleri et al. 2010, Thompson and Schiel 2012, Carnell and Keough
2014), subsequently reducing the diversity and/or abundance of native species (e.g. Meinesz
et al. 1993, Piazzi et al. 2001, 2012, Levin et al. 2002, Casas et al. 2004, Balata et al. 2004,
Sanchez et al. 2005, Piazzi and Balata 2008, Bulleri et al. 2010, Tuya et al. 2013). Once
established, invasive macroalgae can also prevent natives from colonizing newly available
space (Levin et al. 2002, Scheibling and Gagnon 2006) causing profound changes in
community structure that sometimes persist after the removal of the invasive species (Piazzi et
al. 2001, Piazzi and Ceccherelli 2006). In addition, it has been suggested that highly invasive
macroalgae with strong seasonal/annual life-cycle traits may potentially modify faunal
communities and energy transfer in food webs through the temporal alteration of benthic
macroalgal communities and macroalgal wrack, and therefore alter the availability of food
and habitat resources (Sánchez-Moyano et al. 2007; Gestoso et al. 2010; Rossi et al. 2010).
However, despite some of the most highly and widely spread invasive maroalgae being
strongly seasonal (e.g. Undaria pinnatifida; Saito 1975; Koh and Shin 1990; Caulerpa
racemosa, Piazzi et al. 2001; Sargassum muticum, Fernández 1990), the extent to which their
life-cycle traits influence the quality and quantity of native macroalgal resources through time
remains largely unstudied.

The contribution of invasive macroalgae to the drift (dislodged macroalgae drifting in the surf
zone) and wrack (dislodged macroalgae stranded on the shore) assemblages in coastal areas is
even more poorly understood. In fact, only the proportion of the invasive Sargassum muticum
and Undaria pinnatifida in the native wrack assemblages of northern Spain (Barreiro et al.
2011, Gómez et al. 2013) and southern Argentina (Piriz et al. 2003), respectively, have been
documented. Overall, the investigation of dislodged macroalgae (i.e. composition, importance
for fauna) is a relatively new area of study that has received more attention only in the past 20
years (e.g. Marsden 1991a, b, Colombini and Chelazzi 2003, Dugan et al. 2003, Orr et al.
2005, Lastra et al. 2008, MacMillan and Quijón 2012). Studies have revealed that macroalgal
drift and wrack support a wide range of invertebrates (i.e. subtidal grazers, beach consumers,
etc.) through the provision of physical habitat and food to the different habitats they may
reach (i.e. surf zone, sandy beach; e.g. Colombini et al. 2000, Crawley and Hyndes 2007, Ince
et al. 2007, Lastra et al. 2008, Cowles et al. 2009, Orr et al. 2014). In unvegetated nearshore
habitats lacking local primary production (i.e. sandy beaches), macroalgal wrack contributes
greatly to secondary productivity and provides a major vector for carbon transfer (e.g. Hyndes
and Lavery 2005, Crawley et al. 2009, Mellbrand et al. 2011, Hyndes et al. 2014, see Chapter
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3). Several studies have recently indicated that invasive macroalgae also have the potential to
alter the abundance and compossition of native invertebrates associated to macroalgal wrack
as they can provide a different habitat and food relative to native species (Rodil et al. 2008,
Olabarria et al. 2009a, 2010, Rossi et al. 2010). This highlights the importance of quantifying
the presence and associated impacts of invasive macroalgal drift and wrack in habitats that are
far from their point of invasion (i.e. rocky reefs), as they may also modify structure and
function there. However, less is known about the role of invasive macroalgae as a carbon
vector across these systems.

The invasive macroalga U. pinnatifida has dramatically expanded worldwide over the last 30
years, and it is now present in most temperate coasts worldwide (e.g. Hay and Luckens 1987,
Floc'h et al. 1991, Piriz and Casas 1994, Curiel et al. 1998, Silva et al. 2002, Aguilar-Rosas et
al. 2004). Despite this, the role of U. pinnatifida in the functioning of subtidal macroalgal
communities is still poorly understood (Stuart 2004, Curiel et al. 1998, Casas et al. 2004,
Farrell and Fletcher 2006, Russell et al. 2008, Forrest and Taylor 2002, Raffo et al. 2009,
Richards 2009). In addition, only one study has investigated U. pinnatifida’s potential
contribution to the detrital pathway on sandy beaches through the study of wrack assemblages
(Piriz et al. 2003). In the Otago region (Fig. 1.3), U. pinnatifida has been present for about 25
years (Hay and Villouta 1993). Previous studies have suggested that the density of U.
pinnatifida in subtidal reefs has been increasing over the past 10 years reaching maximum
densities > 30 individuals m-2 (Russell et al. 2008, Richards 2009, Pritchard et al. in prep.).
Populations also seem to be spreading and reaching deeper (down to 6 m) and wave-exposed
areas (Stuart 2004, Russell et al. 2008, Richards 2009, Pritchard et al. in prep.) The expansion
of U. pinnatifida along the Otago coast may have altered the quantity and quality of habitat
and food resources on rocky reefs locally, but the extent of such potential alterations remain
unknown. What is more, the regional contribution of U. pinnatifida to the native drift and
wrack assemblages has not yet been investigated. Importantly, U. pinnatifida is an annual
species (Saito 1975, Koh and Shin 1990), in contrast to most native species that are perennial
(Adams 1994), which means that the presence of U. pinnatifida may also compromise the
consistency of habitat and food sources available for the native fauna.
2.1.1 Aims and Hypotheses

The primary aim of this study was to quantify the relative abundance of U. pinnatifida as a
benthic organism on subtidal rocky reefs, and as drift and wrack in the nearshore surf and
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intertidal zones, respectively, along the Otago coast (Fig. 1.3). Further, this study aimed to
establish whether U. pinnatifida’s contribution to macroalgal assemblages exhibits temporal
variability relative to the native species, since U. pinnatifida is a winter annual that recruits
through winter and senesces in summer (Saito 1975, Koh and Shin 1990, Dean and Hurd
2007). In order to fulfil these aims, the relative contribution of U. pinnatifida to subtidal
communities in early summer and autumn was determined from December 2011 to April
2013. In addition, the relative biomass contribution of U. pinnatifida to the surf zone drift and
the sandy beach wrack was quantified on a bi-monthly bias over 1.5 years from September
2011 to June 2013. It was hypothesised that U. pinnatifida will form a dominant component
of the benthic, drift and wrack macroalgal assemblages during spring and summer, but not so
much during autumn and winter months.

2.2 Materials and Methods
2.2.1 Benthic macroalgae

Subtidal macroalgal communities from Harrington Point (wave-sheltered; 45º 47’ S, 170º 43’
E), Aramoana (semi-sheltered; 45º 46’ S, 170º 43’ E) and Mapoutahi (wave-exposed; 45º 44’
S, 170º 37’ E) (Fig. 1.3) were examined using SCUBA. Sampling times had to be limited to
due to weather conditions and wave expousure of the sites chosen. Data collection was carried
out in December 2011 and 2012 and April 2012 and 2013, since December represents a
period when U. pinnatifida is at is highest density and April represents a time when its
abundance is expected to be very low. A 30 m transect line was laid on each of the reefs along
the 2–3 m depth contour below the mean low water. This depth was chosen as it is where U.
pinnatifida is most abundant (Richards 2009), which allowed us to asses its implications in
the worst-case scenario of U. pinnatifida reaching maximum densities. Ten 1 m2 quadrats
(Fig. 2.1 A) were used to determine the number of canopy-forming macroalgae. Twenty
additional 1 m2 quadrats were used to determine the percentage cover of canopy-forming
macroalgal species using a digital camera (Canon G10, 14.7 mega pixels). Similarly, the
percentage cover of understorey species was estimated by taking photographs of twenty 0.02
m2 quadrats attached to the camera with a frame (Fig. 2.1 B). All quadrats were randomly
deployed along the transect using random numbers generated by Microsoft Excel. Different
features (i.e. distinguishable shaped rocks) were identified so the transect was laid in the same
area of the reef each time. Also, the start point and direction of which the sampling was done
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along the transect was always the same and the quadrats were deployed on the left side of the
transect for consistency.
2.2.2 Macroalgal drift and wrack

Macroalgal drift and wrack composition of five sandy beaches at Weller’s Rock (45º 47’ S,
170º 43’ E), Aramoana (170º 43’S, 45º 46’ E), Warrington (45º 42’ S, 170º 36’ E), Matainaka
(45º 36’ S, 170º 40’ E) and Katiki Beach (45º 27´S, 170º 48´E) (Fig. 1.3) were monitored
approximately every 2 months (October-November; February-March; May-June) from spring
2011 to autumn 2013. These sandy beaches were selected as they were known to be close to
reefs invaded by U. pinnatifida (see Russell et al. 2008 and Richards 2009) and to receive
important amounts of dislodged macroalgae, as preliminary observations made in winter 2011
indicated. These preliminary observations also helped to determine adequate swell conditions
(wave height and direction) within the sites that consistently provide drift and wrack to the
shores. Sampling was carried out 2-3 days following either easterly (for Warrington,
Aramoana, Weller’s Rock) or southeasterly (for Katiki Beach, Matainaka, Weller’s Rock)
swells

of

at

least

1.50

m

height.

Marine

weather

was

monitored

daily

(www.marineweather.co.nz; www.swellmap.com; www.metservice.com) in order to detect
suitable conditions before sampling.

Each of the five sandy beaches was divided into upper (high tide mark) and lower (low tide
mark) zone, since preliminary surveys indicated that the large macroalgae Durvillaea
antarctica and Macrocystis pyrifera usually reach the upper zone whereas lower intertidal
zone received more smaller brown macroalgae of the Order Fucaleas, green and red
macroalgae (pers. obs.). At each zone, a 50 m line transect was laid parallel to the sea during
low tide and ten 1 m2 quadrats were randomly placed to the left of the line transect (Fig. 2.2
A, B) using ten random numbers generated by Microsoft Excel. Macroalgal wrack within the
quadrats was then identified, shaken to remove the sand and weighed using a hand scale
(OKUMA, digital grip scale; 25 kg). If in situ weighing was not possible (i.e. not measurable
by hand scale, < 100 g), macroalgae were taken to the laboratory in labelled plastic bags and
weighed there using a balance (MC1 Laboratory LC 620 S; ± 0.001 g). The surf zone drift
was collected using a net (40 x 40 cm, 3 mm mesh size; Fig. 2.2 C, D). This net was passed
ten times through drift patches (n = 10) encountered along a 50 m transect line in the surf
zone, covering 1 m length each time. Macroalgae collected in this manner was processed as
explained above.
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2.2.3 Data analyses

Underwater photographs were analysed using the software CPCe 4.1 (Coral Point Count with
Excel extensions; National Coral Reef Institute). First, a code file was created to identify
different macroalgal species, bare rock, sand or animal taxa recorded in the area. Fifty random
points (10 rows x 5 columns) were overlaid on each of the underwater photographs. Each
random point was then identified with the appropriate code and percentage cover was
estimated. The book “The Seaweeds of New Zealand” (Adams 1994) was used for species
identification. Drift and wrack macroalgae were classified into morphological functional
groups (Balata et al. 2011) when identification was not possible (i.e. macroalgae were
deteriorated or not complete). Data were compiled into two categories, U. pinnatifida and
native macroalgae, to report density, and a third category, free space (i.e. bare rock, sand),
was added for canopy and understorey cover (see Appendix I for specific species
composition).

A series of two-way permutational ANOVA (PERMANOVA) with the fixed factor time (4
for subtidal and 6 for intertidal) and the random factor site (3 for subtidal and 5 for intertidal)
were performed on data from subtidal and upper intertidal. Euclidean distance based models
using unrestricted number of permutations were performed on the data, as this calculates the
estimates of sums of squares that are equivalent to parametric ANOVA and do not have the
assumption of normality (Anderson et al. 2008). Missing values in the upper intertidal data set
(October-November 2012 at Weller’s Rock and Aramoana) were considered as 0 for the
purposes of the tests. Due to the inability to sample on lower intertidal and surf zone at sites
on some occasions, creating several cases of missing data (see Fig. 5 and 6), a series of oneway PERMANOVA with the fixed factor time (2-6) was performed on data from these
habitats. All analyses were run using PERMANOVA+ add-on package for PRIMER
v6 (Anderson et al. 2008). Bonferroni corrections were used (P ≤ 0.01) to reduce Type I error
on one-way PERMANOVA tests. Homogeneity of data was tested using a sphericity test
(Mauchly’s test). Data that did not meet sphericity assumptions (α = 0.05) were Logtransformed and, if needed, the Greenhouse–Geisser adjustment was further used to achieve
homogeneity of variance.
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Figure 2.1 Examples of underwater photographs of A) 1 m2 and B) 0.02 m2 quadrats placed
along a 30 m transect line to determine density and percentage cover of macroalgal species.

Figure 2.2 A) Transect line placed along macroalgae stranded in the upper intertidal zone; B)
transect line and 1 m2 quadrat; C) macroalgal drift collected with net in the surf zone; and D)
net used to collect macroalgae drifting in the surf zone.
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2.3 Results
2.3.1 Benthic macroalgae

U. pinnatifida was usually found at densities that ranged of 10–25 individuals m-2 and at
average values of 14.64 ± 1.69 SE individuals m-2 (43% of total macroalgae). The density of
native macroalgae was normally between 10–35 individuals m-2, 19.59 ± 2.43 SE individuals
m-2 (57% of total macroalgae), although values ≥ 50 individuals m-2 were recorded in
December at Mapoutahi (Fig. 2.3). U. pinnatifida comprised 5-75% of the canopy cover and
1–35% of the understorey cover (25.35 ± 2.16 SE % and 13.5 ± 1.42 SE % in average
respectively), while native macroalgae comprised between 50-75% of the total canopy and
understorey cover (61.19 ± 2.01 SE % and 54 ± 1.63 SE % in average respectively) (Fig. 2.4).
Percentage cover of free space (i.e bare rock, sand) ranged from 1 to 50% and was usually
higher for the measurements of the understorey (> 20%; Fig. 2.4) compared to the canopy
(generally < 10 %; Fig. 2.4). Mean percentage cover of animals (e.g. gastropods, anemones,
sea star, fish) in the canopy were < 0.1%, and ranged between 0.3-10% in the understorey
(data not shown).

Two-way PERMANOVA analyses revealed the absence of a significant time or site effect and
time by site interaction on densities of U. pinnatifida, whereas a significant site effect and
time by site interaction was observed for the density of native macroalgae, but there was not a
time effect (Fig. 2.3, Table 1). Due to the time by site interaction for native macroalgae,
density post-hoc tests were carried out for each site and revealed differences with time that
were inconsistent across sites. The strongest differences were recorded at Mapoutahi, where
densities in April were at least 50% greater than in December (Fig. 2.3c).

Two-way

PERMANOVA analyses on percentage cover data revealed a significant site effect and time
by site interaction for canopy cover of U. pinnatifida, native macroalgae and “free” space
(Table 1). Understorey cover of U. pinnatifida displayed a significant time by site interaction,
but no time or site effect (Table 1), while the understorey cover of native macroalgae and
“free” space showed a significant site effect and time by site interaction, but not a significant
time effect (Table 1). Post-hoc tests by site revealed significant time variations of U.
pinnatifida canopy and understorey cover at each site (Fig. 3). Higher values of % cover (2575%) were usually recorded in December and lower values (< 10%) in April, although this
was not consistent across sites (Fig. 2.4). For native macroalgae, the significant differences in
canopy and understorey cover found between sampling times (post-hoc by time by site
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interaction) were comparatively low (usually < 20% difference), and were not always
detected and not consistent across sites (Fig. 2.4). Canopy and understorey cover of free space
were sometimes greater during April (≥ 50% higher), but the temporal patterns found by posthoc tests were again not consistent across sites (Fig. 2.4).
2.3.2 Macroalgal drift and wrack

The proportion of U. pinnatifida in the wrack and drift was usually < 25%, with mean values
being 9.1 ± 3.1% (n = 28) and 15.7 ± 6% (n = 17) of the wrack in the upper and lower
intertidal zone, respectively, and 20.3 ± 6.4% (n = 17) of the drift in the surf zone (Fig. 2. 5-67). The proportion of native macroalgae to the total wrack and drift biomass was typically
between 80–100% at all sites and zones (Fig. 2. 5-6-7), with mean values being 86.99 ± 3.82
SE %, 74.40 ± 4.92 SE % and 84.31± 4.61 SE % in the upper intertidal, lower intertidal and
surf zone respectively. It mainly comprised M. pyrifera (usually > 50%), particularly in the
upper intertidal zone where together with Durvillaea antarctica, usually comprised > 70% to
the wrack biomass (Appendix 1; Fig. 4-6).

The two-way PERMANOVA carried out on biomass of U. pinnatifida wrack in the upper
intertidal data indicated a significant difference by time, a close to significant time by site
interaction, but no significant differences across sites (Table 1). Post-hoc test revealed
changes with time at all sites but Weller’s Rock (Fig. 2.5). Higher mean values of 0.5 kg m-2
(up to ≥ 50% of total biomass) occurred in October-November and February-March
inconsistently across sites, and minimal values (< 5% of total biomass) or absence of biomass
were consistently recorded in May-June (Fig. 2.5). In comparison, the biomass of native
macroalgae did not differ across times, but did differ across sites and there was a time by site
interaction (Table 1), although no consistent pattern with time was detected (Fig. 2.5).

One-way PERMANOVA tests revealed temporal changes in the biomass of U.
pinnatifida at three of the five sites in the lower intertidal and two of the five sites in the surf
zone (Table 2). In the lower intertidal and surf zone, higher mean values 0.2 – 2 kg m-2 (5075% of total biomass) were usually recorded in December, and minimal (< 5% of total
biomass) or absent biomass was detected in May-June, although this was not consistent across
sites (Fig. 2.6-7). Important differences were recorded at the lower intertidal and surf zone of
Katiki Beach, where the biomass of U. pinnnatifida collected in October-November 2011 was
> 1.3 kg m-2, more than ten times higher than any other time (Fig. 2.7). Biomass of native
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macroalgae differed across times only in the lower intertidal zones of Warrington and
Matainaka and in the surf zones of Weller’s Rock and Kaitiki Beach drift (Table 2), but no
consistent pattern with time across sites was detected (Fig. 2.6-7).
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Figure 2.3 Mean density (n = 10; ± SE) of Undaria pinnatifida (black) and native macroalgae
(grey) recorded at A) Harrington Point, B) Aramoana and C) Mapoutahi in December 2011,
2012 and April 2012, 2013. Bars labelled with the same letter do not differ significantly (2way PERMANOVA (time by site interaction), P < 0.05).
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Figure 2.4 Canopy and understorey cover (n = 12-20; ± SE) of Undaria pinnatifida (black),
native seaweeds (grey) and “free” space (e.g. bare rock, sand, etc) recorded at A) Harrington
Point, B) Aramoana and C) Mapoutahi in December 2011, 2012 and April 2012, 2013. Bars
labelled with the same letter do not differ significantly (2-way PERMANOVA (time by site
interaction), P < 0.05). Canopy and understorey cover (n = 10; ± SE) of Undaria pinnatifida
(black), native seaweeds (grey) recorded at Bars labelled with the same letter do not differ
significantly (Mann-Whitney U test, P < 0.05).
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Fig. 2.5 Mean (n = 10; ± SE) macroalgal wrack biomass of Undaria pinnatifida (black) and
native macroalgae (grey) recorded bi-monthly at the upper intertidal zone of five sandy
beaches (from a to e) from October 2011 until June 2013. Bars labelled with the same letter
do not differ significantly (2-way PERMANOVA (time by site interaction), P < 0.05). Where
data is absent in sampling dates on figures no biomass was found.
46

Fig. 2.6 Mean (n = 10; ± SE) macroalgal wrack biomass of Undaria pinnatifida (black) and
native macroalgae (grey) recorded bi-monthly at the lower intertidal zone of five sandy
beaches (from a to e) from October 2011 until June 2013. Bars labelled with the same letter
do not differ significantly (one-way PERMANOVA (factor time), P < 0.01). Where data is
absent in sampling dates on figures no biomass was found.
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Fig. 2.7 Mean (n = 10; ± SE) macroalgal drift biomass of Undaria pinnatifida (black) and
native macroalgae (grey) recorded bi-monthly at the surf zone of five sandy beaches (from a
to e) from October 2011 until June 2013. Bars labelled with the same letter do not differ
significantly (one-way PERMANOVA (factor time), P < 0.01). Where data is absent in
sampling dates on figures no biomass was found.
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Table 2.1 Summary of two-way PERMANOVA results examining the effects of time (fixed),
site (random), and their interaction on the density of Undaria pinnatifida and native
macroalgae and on the canopy and understorey cover of U. pinnatifida, native macroalgae and
“free” space in subtidal reefs, and on the biomass of U. pinnatifida and native macroalgae in
the upper intertidal wrack. P values in bold indicate significance (P < 0.05).
Source

Density

of

variation

U. pinnatifida

Native macroalgae

df

MS

Pseudo-F

P

MS

Pseudo-F

P

Site

2

176.61

0.54351

0.5963

5525.2

11.694

0.0001

Time

3

1151.4

34.152

0.1033

4168

25.515

0.126

Site x Time

6

337.13

10.375

0.4072

1633.5

34.574

0.0013

108

324.94

Residual
Source

472.48

Canopy Cover

of

variation

U. pinnatifida

Native macroalgae

df

MS

Pseudo-F

P

MS

Pseudo-F

Site

2

13.665

24.766

0.0001

21478

38.094

Time

3

13.174

16.853

0.2542

1978.5

Site x Time

6

7821.1

14.174

0.0001

5297.7

212

551.78

Residual
Source

MS

Pseudo-F

P

0.0001 1394.7

99.803

0.0001

0.37365

0.7594

25.084

0.1208

93.961

0.0001 1869.9

13.381

0.0001

4688

139.74

Understorey Cover

variation

U. pinnatifida

Native macroalgae

df

MS

Pseudo-F

P

MS

Pseudo-F

Site

2

291.7

0.8578

0.4306

4495.1

87.592

Time

3

5871.5

37.747

0.0895

803.88

Site x Time

6

1569.3

46.149

0.0003

1326.9

208

340.05

Source

P

563.82

of

Residual

"Free" space

"Free" space
P

Pseudo-F

P

0.0005 6931.4

22.617

0.0001

0.61004

0.6309 2468.5

18.585

0.2494

25.856

0.0171 1339.9

43.721

0.0008

513.18

MS

306.46

Upper Intertidal Wrack

of

variation

U. pinnatifida
df

MS

Pseudo-F

Site

4

64409

0.55506

Time

5

6.04e+09

Site x Time

18

1.81e+09

Residual

245 1.16e+09

Native macroalgae
P

MS

Pseudo-F

P

0.7209 3.40e+12

13.492

0.0001

33.477

0.0266 1.94e+12

12.088

0.3099

15.585

0.0599 1.62e+12

64.035

0.0001

2.52e+11
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Table 2.2 Summary of one-way PERMANOVA results examining the effect of time (fixed)
on the biomass of Undaria pinnatifida and native macroalgae of the lower intertidal wrack
and surf zone drift of five sandy beach habitats. P values in bold indicate significance (P <
0.01).

Lower Intertidal Wrak
Site

Source of
variation

U. pinnatifida

Native macroalgae

df

MS

Pseudo-F

P

MS

Pseudo-F

P

Time

1

4.74e+09

13.674

0.4436

4.63e+09

0.82327

0.4063

Residual

18

3.47e+09

Time

1

1.03e+09

0.96525

0.4525

Residual

15

9.64e+04

Time

3

1.12e+10

51.295

0.001

Residual

35

3.02e+09

Time

2

5.70e+09

54.656

0.0003

Residual

27

3.31e+04

Time

4

4.33e+10

18.588

0.0905

Residual

40

5.91e+09

Weller's Rock
5.62e+09
10.689

0.4181

1.67e+11

Aramoana
1.73e+11
37.179

0.008

2.21e+12

Warrington
4.32e+11
17.247

0.0003

4.41e+10

Matainaka
8.07e+09
73.363

0.0008

5.51e+05

Katiki Beach
2.96e+09

Surf Zone Drift
Site

Source of
U. pinnatifida

variation

Native macroalgae

df

MS

Pseudo-F

P

MS

Pseudo-F

P

Time

2

34.949

14.727

0.0858

1.40e+09

11.133

0.002

Residual

27

23.732

Time

2

7212.1

1.274

0.0387

Residual

27

5030.3

Time

1

70.613

41.756

0.0593

Residual

18

87.635

Time

2

52.321

20.207

0.147

Residual

26

56.844

Time

4

3.873e+10

19.493

0.0001

Residual

45

4.27e+09

Weller's Rock

Aramoana

1.25e+09
14.337

0.2489

5.70e+09
4.48e+08

80.576

0.0009

5.73e+04

Warrington
1.37e+04
0.92043

0.7442

4656.7

Matainaka
2304.6
90.785

0.0001

5.90e+04

Katiki Beach

50

3026.9

2.4 Discussion
The results showed that U. pinnatifida was one of the most abundant single species in the
fringe of the reefs studied, as it comprised on average 43% of the macroalgal assemblages by
density, but was less common in the drift and wrack assemblages (9-20%), where M. pyrifera
was the dominant species. In contrast to native macroalgae, U. pinnatifida’s contribution to
the macroalgal assemblages varied substantially with time, which seemed to relate to its
winter annual life-cycle (Saito 1975, Koh and Shin 1990, Dean and Hurd 2007). During
summer (December), U. pinnatifida comprised up to 75% and 35% of the canopy and
understorey, respectively, in the reefs and up to > 50% to the drift and wrack in nearshore
habitats. During autumn (April), it comprised between 2-10% of the percentage cover and it
rarely contributed more than 5% of the drift and wrack assemblages. Based on these findings,
it is suggested that since U. pinnatifida represents an abundant but highly inconsistent habitat
and food source, it has the potential to alter the quality and quantity of resources available that
might ultimately alter the native faunal communities (e.g. Sánchez-Moyano et al. 2007, Rossi
et al. 2010).

U. pinnatifida has become a very abundant species within the subtidal reefs in the Otago
region. Previous studies have suggested that U. pinnatifida populations have been increasing
as well as reaching deeper (down to 6 m) and wave-exposed areas over the past 10 years
(Stuart 2004, Russell et al. 2008, Richards 2009, Pritchard et al. in prep.). The results from the
present study seem to support such statements. Maximum densities of up to 70 individuals m-2
of U. pinnatifida have been recorded here in December whereas previous records, made also
during summer, were up to 22 individuals m-2 (Russell et al. 2008) and about 30 individuals
m-2 (Richards 2009, Pritchard et al. in prep.), indicating U. pinnatifida populations may be
increasing in the region. In addition, the present study found that the presence of U.
pinnatifida was similar across the sites, which were in fact exposed to different degrees of
wave action (see Methods). The presence of U. pinnatifida in benthic macroalgal assemblages
across a range of wave exposure suggests that U. pinnatifida’s range may increase in the
future, including a broader range of habitats.

As mentioned before, the selection of the subtidal reefs selected was based on their having
dense populations of U. pinnatifida (Russell et al. 2008, Richards 2009). Contrarily, the
absence of existing data on macroalgal drift and wrack in the area impeded the selection of
sandy beaches with the highest amounts of U. pinnatifida. Therefore, the relatively low
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proportion of U. pinnatifida in the drift and wrack macroalgae (generally < 25%) relative to
the reefs, where U. pinnatifida could make up to > 50%, may well be explained by the
difference on sites. Information on the abundance of U. pinnatifida on the whole depth
gradient where it is found on the reefs (6m), data of the abudance of drift in the areas between
the reefs and sandy beaches, or environmental data (i.e prevailing currents, storms, etc.)
would have been useful to establish possible causes for the relatively lower contribution of U.
pinnatifida to sandy beaches. The low buoyancy and biomass of the invasive macroalgae
relative to the main species found in the drift and wrack (M. pyrifera; Marsden 1991b; see
Appendix I) could also help explaining the differences in abundance of U. pinnatifida
between the habitats. U. pinnatifida lacks any kind of structures that provide positive
buoyancy and also frequently attaches to small rocks that further reduce bouyancy and make
transport more difficult (pers. obs.). The absence of air bladders or structures that provide
positive buoyancy seems to explain why sheet-like species (i.e. U. pinnatifida) can be more
abundant in the lower levels whereas species with buoyant structures (i.e. M. pyrifera,
Durvillaea spp., Carpophyllum spp., Marginariella spp.) tend to be more abundant in the
upper zone (Gómez et al. 2013; see Appendix I). In contrast, M. pyrifera has numerous
pneumatocysts that provide it with positive buoyancy. Therefore, it is more likely that
individuals of this species are resuspended with the tides, reach reefs that are far from their
reefs of origin (Orr et al. 2005) and reach upper zones of the intertidal (Gómez et al. 2013), as
observed here. Also, individuals of M. pyrifera can weight up to ~80 kg (fresh weight; pers.
obs.), which explains the high biomass recorded in the drift and wrack despite the low density
and cover contribution observed in the reefs (see Appendix I). In contrast, U. pinnatifida
individuals rarely weigh more than 10 kg (fresh weight; pers. obs.), which also explains the
lower relative contribution to the drift and wrack biomass despite being a dominant species in
the nearby reefs. With the exception of M. pyrifera, the contribution of U. pinnatifida to the
overall macroalgae drift and wrack was comparable to species such as Durvillaea spp. or Ulva
spp., and generally greater than any other single species (see Appendix I). U. pinnatifida has
also been found to have an important contribution to the macroalgal wrack biomass in
southern Argentina, where it can comprise up to 50% of sandy beaches nearby harbours (Piriz
et al. 2003). Similarly, the invasive macroalga S. muticum has been found to be an important
species of the macroalgal wrack biomass in beaches of northern Spain (14.2 ± 7.1 SE %;
Barreiro et al. 2011 and < 3%, Gómez et al. 2013).

Numerous studies have shown that, in temperate regions, drift and wrack macroalgal
assemblages are mainly comprised of brown species (e.g. Marsden 1991b, Kirkman and
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Kendrick 1997, Jaramillo et al. 2006, Duarte et al. 2008, Lastra et al. 2014) and that their
composition can vary both spatially and temporally (e.g. Stenton-Dozey and Griffiths 1983,
Dugan et al. 2003, Orr et al. 2005, Gonçalves and Marques 2011, MacMillan and Quijón
2012) as they mirror subtidal assemblages. The present study, however, differs because
although U. pinnatifida was a dominant component of the local reefs it was not so common in
the drift and wrack assemblages of nearby habitats. In fact, drift and wrack assemblages were
actually dominated by the larger buoyant species M. pyrifera that originated from distant
reefs. In contrast, the deposition of U. pinnatifida was well coupled with its life-cycle, with
greater deposition in spring-summer than in autumn-winter, suggesting that the transport or
and deposition of individuals occurred relatively quick and may have belonged to nearer reefs
rather than distant ones. Thus, Otago sandy beaches can, to a low extent, reflect the degree of
macroalgae invasion that nearby reefs are subjected to. In fact, Piriz et al. (2003) observed an
increase in the dominance of the biomass of U. pinnatifida in the macroalgal wrack of sandy
beaches near harbours in Argentina where the invasive species had been introduced, and a
decrease in previous dominant native species (Gracilaria gracilis and M. pyrifera) with time.

Similar to this study, others have shown that invasive macroalgae can have a temporal
contribution to benthic (e.g. Meinesz et al. 1993, Ceccherelli and Cinelli 1998, Balata et al.
2004, Klein and Verlaque 2008) and dislodged macroalgal assemblages (Barreiro et al. 2011),
consistent with their life-cycle traits. Temporal variation of U. pinnatifida populations
according to its annual cycle have been observed in benthic assemblages within its native
range (e.g. Saito 1975, Akiyama and Kurogi 1982, Koh and Shin 1990, Watanabe et al. 2014).
However, the seasonality of U. pinnatifida in invaded subtidal reefs, including New Zealand
reefs, has not being reported to be as strong, with mature and juvenile sporophytes being
found at different times of the year (Hay and Villouta 1993, Stuart 1997, Castric-Fey et al.
1999, Fletcher and Farrell 1999, Thornber et al. 2004, Casas et al. 2008, Primo et al. 2010). In
this study, although both mature and juvenile individuals were found at different times of the
year, temporal differences related to U. pinnatifida’s annual life-cycle were also evident in
canopy and understorey cover. This contrasts with the findings of Forrest and Taylor (2002),
who found that U. pinnatifida populations in Lyttelton Harbour, ~ 300 km north of Otago, did
not exhibit temporal changes consistent with seasons, suggesting temporal traits of U.
pinnatifida populations may change across regions. Here, the contribution of U. pinnatifida to
the benthic, drift and wrack assemblages was generally greater after the fast-growing period
of U. pinnatifida’s sporophytes (mid-spring). Also, sandy beaches showed to received
significant amounts of U. pinnatifida all through summer, which is likely to relate to U.
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pinnatifida’s summer senescence. Therefore, it seems likely that the contribution of U.
pinnatifida and native species to the benthic, drift and wrack macroalgal assemblages
observed here relate to their respective life-cycles, the invasive is an annual species (Saito
1975, Koh and Shin 1990, Deand and Hurd 2007) and most of the natives studied here are
perennial (Adams 1994).

U. pinnatifida is now a dominant component of many subtidal reefs around New Zealand, and
appears to be becoming more abundant over time (see above). If the density of U. pinnatifida
continues to increase, then habitat and food resources provided by macroalgae may become
inconsistent over time, even to the point of a temporal absence of resources, less diverse
resources or even less abundant if U. pinnatifida is replacing species that represent a greater
resource (i.e. M. pyrifera). However, to understand whether U. pinnatifida is altering such
food and habitat resources, it is essential that we find out if it is modifying the macroalgal
benthic assemblages. In New Zealand, studies have not yet shown any evidence of
displacement or out-competition of native macroalgae in the subtidal zone (Hay and
Sanderson 1999, Forrest and Taylor 2002, Raffo et al. 2009). It has been suggested that U.
pinnatifida acts as an opportunistic or fugitive species, in New Zealand intertidal and
Tasmanian subtidal reefs, that can ‘fill up’ space gaps and whose spread can be resisted by
native macroalgae (Valentine and Johnson 2003, 2004, Schiel and Thompson 2012,
Thompson and Schiel 2012). However, the results here do not strongly support the fugitive
ability of U. pinnatifida to invade space and, in light of the increasing densities (see Russell et
al. 2008, Richards 2009, Pritchard et al. in prep.), it appears that native macroalgae may not
resist its spread in the subtidal reefs as well as suggested for the intertidal zone. Other authors
have also highlighted that the likelihood of an invasive species, including invasive
macroalgae, to cause impacts increases with its abundance (e.g. Thomsen et al. 2012, Gribben
et al. 2013), and that the effects can vary with location (e.g. Schaffelke and Hewitt 2007,
Carnell and Keough 2014) and sometimes can only be detected by long-term studies (i.e. 25
years; Sánchez et al. 2005, Olabarria et al. 2009b). It is noteworthy that some alterations of
the native community by U. pinnatifida have been previously reported in heavily invaded
areas (e.g. Curiel et al. 1998, Casas et al. 2004, Farrell and Fletcher 2006).

Certain traits of U. pinnatifida such as opportunistic behaviour and great ability to colonize
space, life-cycle, or absence of buoyant structures, which contrast to most native species, may
explain its relative contribution to the macroalgal assemblages. First, its ability to invade
space has facilitated it to become a dominant component of the macroalgal benthic
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assemblages, hence potentially an abundant source of habitat and food for native fauna in the
reefs. Secondly, the lack of buoyancy seems to explain why U. pinnatifida is less abundant in
the drift and wrack assemblages, hence a less important resource in sandy beaches or surf
zones. Most importantly, its annual life-cycle makes it an inconsistent source of habitat and
food for the native faunal community in both the marine and coastal Otago region. This study
highlights the need for future work involving long-term studies to determine if or what
changes U. pinnatifida induces in the benthic macroalgal community. Such studies will also
elucidate if the implications of U. pinnatifida in the nearshore areas may become greater than
what has been predicted here. For this purpose, we also need to increase our knowledge on
the demographics and life history of native species. Remarkably, we know more about U.
pinnatifida’s physiology and life-cycle than we do about most native macroalgae in New
Zealand, apart from M. pyrifera (Hurd et al. 2004). In addition, the potential alterations in
composition and availability of resources for native fauna should be thoroughly investigated.
The specific role of U. pinnatifida as food and habitat for the native faunal community also
requires further exploration (see following Chapters). Given the dominant role that U.
pinnatifida now plays in the macroalgal assemblages studied here, any alterations of
ecosystem structure, food web and flow of carbon through the systems can have broad and
difficult to predict implications.
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Chapter 3: Undaria pinnatifida vs native
macroalgae as food sources for the beach
consumer Bellorchestia quoyana (talitrid
amphipod, crustacea).

3.1 Introduction
Sandy beaches are of great importance as transitional zones for the fluxes of matter and
energy between marine and terrestrial ecosystems worldwide (Polis and Hurd 1996, Spiller et
al. 2010, Mellbrand et al. 2011, Hyndes et al. 2014). Most sandy beaches lack in situ primary
production and so macrofauna rely on allochthonous food sources, usually stranded
macrophytes (macroalgae and seagrasses; collectively known as wrack), from nearby subtidal
habitats (Kirkman and Kendrick 1997, Colombini and Chelazzi 2003, Dugan et al. 2003,
Brown and McLachlan 1990, Crawley and Hyndes 2007, Ince et al. 2007, Lastra et al. 2008).
Beach-cast macroalgae and seagrasses comprise most of the wrack on temperate sandy
beaches with deposition rates ranging from 140 to ≤ 2000 kg m−1 year−1 (reviewed in Hyndes
et al. 2014). These macrophytes have important bottom-up effects in sandy beaches, as they
strongly influence macrofaunal community structure by increasing species richness,
abundance, and biomass (Dugan et al. 2003, Jaramillo et al. 2006, Ince et al. 2007, Duarte et
al. 2009, 2010a, Urban-Malinga and Burska 2009, Olabarria et al. 2010, MacMillan and
Quijón 2012, Wright et al. 2013), thus enhancing secondary production of these habitats (Ince
et al. 2007, Krumhansl and Scheibling 2012). Detritivores that consume beach-cast
macroalgae are in turn preyed upon by arthropod (i.e. beetles, flies, spiders) and vertebrate
predators (i.e. land-based birds, seabirds, lizards, rodents) (e.g. Griffiths et al 1983, Colombini
and Chelazzi 2003, Dugan et al. 2003, Ince et al. 2007, Spiller et al. 2010), and thus energy is
transferred from the marine to the terrestrial environment across ecosystems (Mellbrand et al.
2011, Hyndes et al. 2014). Consequently, wrack and wrack consumers are the main vectors of
carbon transfer in temperate coasts (Hyndes et al. 2012, 2014).
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In contrast to the large body of literature detailing the habits of grazers on live macroalgae or
seagrass, fewer studies have investigated the feeding behaviour of wrack consumers.
Extensive research conducted on marine herbivores has shown that feeding preferences can be
due to food traits including nutritional value (e.g. Duffy and Paul 1992, Hay et al. 1994,
Hemmi and Jormalainen 2002, Cruz-Rivera and Hay 2003), secondary metabolite content
(e.g. Hay et al. 1987, Steinberg 1988, Steinberg et al. 1995, Pavia and Toth 2000, Taylor et al.
2003), physical toughness (e.g. Pennings and Paul 1992, Pennings et al. 1998, Taylor et al.
2002), morphological complexity (e.g. Lewis et al. 1987, Kennish and Williams 1997, DiazPulido et al. 2007, Souza et al. 2008, Cruz-Rivera and Friedlander 2013) or refuge value (e.g.
Duffy and Hay 1991, Stachowicz and Hay 1999, Jormalainen et al. 2001, Lasley-Rasher et al.
2011). Such information has yet to be clarified for wrack consumers like amphipods, isopods,
beetles or dipteran flies. So far, many studies involving feeding assays (Crawley and Hyndes
2007, Lastra et al. 2008, Duarte et al. 2008, 2010b) and stable isotope analyses (Adin and
Riera 2003, Hyndes and Lavery 2005, Crawley et al. 2009, Olabarria et al. 2009b, Hyndes et
al. 2012) have indicated that wrack consumers prefer brown macroalgae over any other
macroalgae or seagrasses. Consumption of brown macroalgae has also been associated with
high growth rates of consumers (Lastra et al. 2008, Duarte et al. 2010b, Poore and Gallagher
2013). In contrast, other studies have found that sometimes wrack consumers prefer green
macroalgal species such as Ulva spp. (Moore et al. 1995, Catenazzi and Donnelly 2007), red
algae, seagrass or even terrestrial plants (Moore et al. 1995, Ince et al. 2007, Lastra et al.
2014). In some cases, wrack consumers have not even shown a strong preference for any
particular food source (Veloso et al. 2012, Pennings et al. 2000) or they have consumed
predominantly wrack-associated microbes rather than wrack itself (Lopez et al. 1977, Porri et
al. 2011).

Semi-terrestrial talitrid amphipods, commonly known as beach hoppers, are ubiquitous
animals and amongst the most common wrack associated fauna in the world (e.g. Marsden
1991a, Adin and Riera 2003, Lastra et al. 2008, Veloso et al. 2008, Serejo 2010, Duarte et al.
2010b). They contribute greatly to secondary production of sandy beaches as they can
comprise up to 90% of the macrofauna biomass (Stenton-Dozey and Griffiths 1983) and can
consume large amounts of beach-cast macroalgae (up to 70% of deposited wrack) (e.g.
Griffith et al. 1983, Catenazzi and Donnelly 2007, Lastra et al. 2008). They have been also
recognised as good ecological indicators of disturbance on sandy beaches (e.g. Dugan et al.
2003, Bessa et al. 2013), by showing quick ecological responses to beach grooming or dune
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modification. Therefore, talitrid amphipods are considered ideal candidates to study trophic
relationships on sandy beach ecosystems (e.g. Adin and Riera 2003, Catenazzi and Donnelly
2007, Lastra et al. 2008, Duarte et al. 2010b, Olabarria et al. 2010, Porri et al. 2011). While
most studies have demonstrated talitrid amphipods have a strong feeding preference for
wrack, in particular for brown macroalgae (e.g. Adin and Riera 2003, Olabarria et al. 2009a,
Lastra et al 2008, Duarte et al. 2010b, Poore and Gallagher 2013) or Ulva spp. (Moore et al.
1995, Catenazzi and Donnelly 2007), others argue that they are opportunistic consumers that
prefer to feed on microbes associated to the wrack (Lopez et al. 1977, Porri et al. 2010). In
this sense, studies have shown that talitrid amphipods base their feeding preferences on
nutritional traits of macroalgae (Rodil et al. 2008, Duarte et al. 2011) and on food availability
(Duarte et al. 2010a). However, the understanding of feeding behaviour of talitrid amphipods
is still limited.

Despite increasing knowledge and understanding about the dynamics of sandy beaches, little
is known about how the introduction of exotic macroalgae might alter invertebrate
communities, ecological processes and carbon flux in sandy beaches. The existing knowledge
of the importance of invasive macroalgae in beach food webs is reduced to a few recent
studies carried out on the invasive Sargassum muticum stranding in sandy beaches of northern
Spain (Rodil et al. 2008, Olabarria et al. 2009b, 2010, Rossi et al. 2010), where this
macroalga is one of the most abundant wrack components (14.2 ± 7.1% of total wrack
biomass; Barreiro et al. 2011). In intertidal mudflats, S. muticum does not seem to play a great
role in structuring faunal communities (Olabarria et al. 2010), although it has been observed
to increase the mobilisation of nitrogen to sediments and macrofauna (Rossi et al. 2011).
Studies using stable isotopes found that S. muticum is the main food source for the talitrid
amphipod Talitrus saltator (Olabarria et al. 2009b, Rossi et al. 2010) and, to a lesser extent,
for the isopod Tylos europaeus (Rossi et al. 2010). Finally, Rodil et al. (2008) found native
fauna do not use patches of S. muticum and native macroalgae uniformly. The total number of
individuals was larger in patches of the native kelp Saccorhiza polyschides than in patches of
S. muticum, although this difference was most evident within 3 days and diminished over time
(Rodil et al. 2008). These findings led Rodil et al. (2008) to hypothesise that the replacement
of native by invasive wrack may alter macrofaunal assemblages on sandy beaches and to
highlight the importance of studying the impacts of invasive macroalgae far from their point
of invasion (i.e. rocky reef).
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Exposed coasts within the Otago region, South Island of New Zealand (Fig. 1.3), have been
estimated to receive stranded macroalgae at rates of < 400 kg m-1 year-1 (Marsden 1991b), and
more recent studies have shown amounts can be but up to 20 tonnes m-1 day-1 of stranded
macroalgae (see Chapter 2). Most of that biomass is comprised by the giant kelp Macrocystis
pyrifera (Laminariales) and the bull kelp Durvillaea antarctica (Fucales), as well as Ulva spp.
(Chlorophyta) in sandy beaches near the mouth of estuaries (Marsden 1991b, Dufour et al.
2012, see Appendix I). In addition, the invasive macroalga Undaria pinnatifida can comprise
> 50% of the total wrack biomass on sandy beaches near invaded reefs (see Chapter 2). The
talitrid amphipod Bellorchestia quoyana is the most abundant consumer associated with
wrack in the Otago region, reaching densities of > 120,000 m-2 (Marsden 1991a), followed by
beetles (Chaerodes spp.), flies and polychaetes (Dufour et al. 2012, pers. obs.). Despite the
ecological importance of beach-cast macroalgae in New Zealand (Marsden 1991a,b, Inglis
1989, Dufuour et al. 2012) and the considerable biomass contribution of U. pinnatifida to the
wrack (see Chapter 2), little is known about the role that U. pinnatifida plays in the beach
food web and, specifically, the implications for the main wrack consumer B. quoyana.

3.1.1 Aims and hypotheses

The main aim of this chapter was to evaluate whether U. pinnatifida is a comparable food
source to native macroalgae for the beach consumer B. quoyana. For this purpose, the feeding
preferences of B. quoyana for the common beach-cast macroalgae U. pinnatifida, M. pyrifera,
D. antarctica, and Ulva spp. (see Appendix I), when fresh, were analysed in a series of choice
and no choice feeding assays in laboratory experiments. The preference for each macroalgae
when its structure had been removed, by grinding and making reconstituted agar-food, were
studied in a choice assay. Both chemical (organic content, C:N, protein content, calorific
content) and biomechanical properties (toughness, elasticity) of each macroalgal species were
also compared to determine the macroalgal traits that might be driving the feeding preferences
observed. It was hypothesised that 1) U. pinnatifida has a similar nutritional value as the
native macroalgae and 2) B. quoyana prefers consuming native macroalgae to U. pinnatifida.

3.2 Methods
3.2.1 Material collection
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The macroalgae U. pinnatifida, M. pyrifera, D. antarctica and Ulva spp. and the amphipod B.
quoyana were collected at low tide from Aramoana (170º 42’ E, 45º 46’ S) (Fig. 1.3) in
October and November 2012. These macroalgae are very common in the upper intertidal
wrack and have been seen to be colonized by the sandhoppers (pers. obs.). Blades of living
mature macroalgae were harvested from the upper subtidal zone at low tide using a diving
knife and transferred to an insulated bin, containing seawater from the sampling site, in the
dark. The macroalgae were then transported to the laboratory at the Department of Botany (20
min away), University of Otago. In the laboratory, the macroalgae were maintained in clean
plastic buckets (25 L) containing filtered (5 μm) and UV-treated seawater that was bubbled
with air and kept under a natural light/dark cycle for ~ 24 h until used. B. quoyana (Fig. 3.1
A) were obtained by collecting sand underneath the macroalgal wrack with a small shovel.
This sand containing the animals was transferred into a large plastic bucket (50 L) for
transport to the laboratory. Once in the laboratory, 3-5 active B. quoyana adults were placed
inside each of the 500 mL glass jars containing ~ 10 cm depth of pre-combusted (450ºC for 3
h) beach sand that had been sprayed with filtered (5 μm), UV-treated seawater, to assure
adequate levels of moisture. The amphipods were fed in excess with a mixture of the same
macroalgae that were subsequently used in the assays and acclimatised under these conditions
for ~ 24 h. Starvation prior to the assay was avoided as it has been shown it can affect the
preferences and lead to incorrect conclusions (Cronin and Hay 1996).

3.2.2 Choice and no choice feeding assays
3.2.2.1 Fresh macroalgae

All assays in which fresh macroalgae were fed to amphipods were conducted under controlled
laboratory conditions of 15 ± 1ºC, 12 h light/12 h dark cycle, 0.37 µmol (LI-COR Light
Meter, LI-250) (Fig. 3.1 B). Although some studies have indicated that these amphipods
prefer older macroalgae (Dufour et al. 2012) a larger number have shown they prefer freshly
cast macroalgae (Inglis 1989, Marsden 1991a, Gomes Veloso 2012), therefore fresh material
was used in the assays. A choice assay in which U. pinnatifida, M. pyrifera, D. antarctica and
Ulva spp. were offered simultaneously (Fig. 3.1 C) was first run to establish the feeding
preference of B. quoyana for each macroalgal species. Second, a no choice assay in which
each treatment comprised a single macroalgae species (Fig. 3.1 D) was carried out to
determine the consumption rates when only one macroalgae species was available. Both
situations do take place in the field where sometimes all macroalgae are similarly available
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and other times the wrack is mostly comprised by a single species (Appendix I, Fig. 4-5-6), so
the use of both assays is justified. Assays consisted of replicated containers comprising both
macroalgae and animals, and paired containers that were set up as autogenic controls (Prince
et al. 2004). Replication varied between choice (n = 15) and no choice assay (n = 10) simply
due to logistics, as having n = 15 for the no choice assay would have resulted in 75 containers
to process in a short period of time (~ 8 h).

The following protocol was followed for both the choice and no choice assays. The
macroalgae offered during the acclimatisation period were removed from the 500 mL glass
jars and a piece(s) of pre-weighed blotted dry macroalgal blade(s) were added to each jar in
excess. Macroalgal pieces offered were of similar dimensions so that the probability of
animals encountering and consuming them was equal and all foods were offered in excess,
therefore preference was not influenced by size. Thus, and because of the different
morphology of macroalgae, pieces of 200-300 (± 0.1) mg fresh weight of M. pyrifera, Ulva
spp. and U. pinnatifida were used, whereas 900 (± 0.1) mg of D. antarctica was used. In order
to maintain a sufficient moisture level of sand within the experimental glass jars during the
assay, each jar was half filled with the pre-treated moisturised sand and the surface was
sprayed with filtered (5 μm), UV-treated seawater. Then the macroalgae were also sprayed
with this pre-treated seawater, placed on top of the sand, and then covered with a 1 cm layer
of moisturised sand (Fig. 3.1 E) that was also sprayed at the start of the assay and then twice a
day during the assay.

Macroalgal consumption was checked every 4-6 h between 0800 h and 2200 h each day.
Replicates were terminated after 48 h or when about 50% of the tissue for at least one
macroalgal species had been eaten, whichever occurred first (18 h - 50 h). Macroalgal pieces
were dipped in pre-treated seawater to remove the sand, and their blotted weight was then
recorded. If it happened that a replicate was fully eaten overnight (between 2200 h and 0800
h; < 20% of total replicates), the time interval used in the data analysis was reduced (by 6 h)
as if that replicate had been terminated during an overnight check. These transformations of
the data did not affect preference patterns.

Upon removal from the assay, treatment containers were transferred to a chest freezer (– 20ºC
for up to 3 h) to euthanize the sandhoppers. Any dead animals at termination time were
recorded but not considered for calculations. Additionally, photographs of the macroalgae
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offered were taken before and after the assays to record potential grazing marks (Fig. 3.1 F).
Macroalgal consumption rate was calculated as:

(Hi Cf / Ci) - Hf
where Hi and Hf were initial and final blotted weights, respectively, of tissue exposed to the
amphipods, and Ci and Cf were pre-assay and post-assay respectively blotted weights of
paired autogenic controls for autogenic changes in weight (Taylor and Brown 2006).
Macroalgal consumption was expressed as mg of fresh weight individual-1 day-1.

3.2.2.2 Reconstituted agar macroalgae

In order to test the feeding preference of amphipods for each macroalgal species without the
effect of macroalgal structure, a choice assay using reconstituted food was run. The
experimental set up and conditions were the same as stated above for the fresh macroalgal
assays (e.g. replication, jars, moisturised sand, etc.) but this time fresh macroalgae were
individually reconstituted into agar foods (Duffy and Hay 1991, Taylor et al. 2002). Fifteen
individual pieces (5 g) of each of the four macroalgal species were freeze-dried (- 45ºC, 36 h,
SCANVAC, CoolSafe) and ground into a fine powder using a shaker (Retsch MM 400,
frequency: 30 s-1, time: 1 min, 3 min. for D. antarctica). Each replicated macroalgal powder
(0.25 g) was poured over a mixture of 4.5 mL distilled water and 0.09 g agar powder that had
cooled down (15 s) after being microwaved to boiling point (20 s, 1250 W). This mixture was
then poured over a 1 mm plastic mesh and flattened using waterproof paper. Once cooled
down (1-2 min), the mesh was cut into a square of 12 x 12 cells (Fig. 3.2 A). Each of the four
agar foods was then placed inside each replicate jar (n = 15) and offered to the amphipods (34 adult amphipods per jar) in a choice assay. The different food types were identified by
clipping off different numbers of corners of the mesh (i.e. one corner for M. pyrifera, two
corners for U. pinnatifida, etc., red circles in Fig. 3.2 B). Consumption was determined as the
proportion of cells cleared of each food type relative to the total number of cells cleared of
food in each replicated jar (Fig. 3.2 B). For this assay, consumption was also checked every 4
– 6 h and recorded after 48 h or when at least one of the food type was half consumed (e.g.
half of cells of one food type were empty), whichever occurred first. Preliminary assays did
not show differences in how the agar foods break down, as previously observed noticed in
Hay et al. 1998, so no controls had to be used for this assay.
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3.2.3 Chemical analyses

Food quality analyses were carried out using fresh material that was collected at the same
time as the material collected for the above fresh choice assay (n = 5 for each analysis). To
obtain total organic content (ash-free), ~ 2–5 g pieces of blotted macroalga were dried at 60ºC
for 3 days (organic + inorganic content) and then combusted at 500ºC for 20 h (ash content),
recording the mass at every step (± 0.1 mg). Organic content was calculated as the difference
between dry weight and weight of ash (inorganic content) and standardised to blotted weight
(Taylor et al. 2002). For total tissue carbon and nitrogen and calorific content macroalgae
were ground into a powder (prepared as described for agar food assay above), weighed (1.55
± 0.03 mg) on a Mettler UMT2 microbalance into lightweight tin capsules and analysed using
an elemental analyser (Carlo–Erba EA 1108) at the Campbell Microanalytical Laboratory,
Department of Chemistry, University of Otago. Calorific content is presented as the Net Heat
Value (NHV), which is calculated by subtracting the percentage of hydrogen from the Gross
Heat Value (GHV).

Protein content of the macroalgal powder that was used in the agar food assay was measured
following Bradford’s (1976) method as described in Duffy and Hay (1991). Samples (6.3–
6.85 mg, n = 5 per species) were further ground in 1.0 mL of 1 mol L-1 NaOH and incubated
in microcentrifuge tubes for ~ 20 h after which they were then centrifuged at 3000 rpm for 10
min (Biofugefresco). Following centrifugation, 25 µL of the supernatant was added to 1.25
mL of the protein-binding reagent (acidified Coomassie Brilliant Blue G-250) and, after 5
min, absorbance at 595 nm was read on a spectrophotometer (Ultrospec 300). A regression
curve using bovine serum standard (BSA, ICp Biologicals ABRE-100g) was used to convert
absorbance values of the samples into protein concentration (expressed as BSA-equivalent).

3.2.4 Biomechanical analyses

The toughness of the macroalgal blades was measured on the material collected for the fresh
choice assay using a penetrometer (Duffy and Hay 1991). The penetrometer consisted of a
sharp needle (1 mm diameter) vertically glued to a cup, pointing down and mounted over the
tissue sample. Pieces of macroalgal blade (n = 10 per species) were placed below the needle
and dry sand was added until the needle went completely through the macroalgal blade. The
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combined weight of cup and sand (± 0.001 g) was used to estimate the force required to
penetrate the macroalgal blade.

The elasticity or breakage stress of the macroalgal blades (Martone and Denny 2008) was also
measured on the material collected for the fresh choice assay (n = 10, 6 x 5 cm). This
parameter was tested by using heavy duty tensile grips (A/HDT, 25 kg) on a Texture Analyser
(TA.HDPlus) (Texture Technologies Corp. and Stable Micro Systems, LTD.; Tension test, 3
mm s-1 speed, 100 mm distance, 5 g trigger force) at the Department of Food Science,
University of Otago. The force (kg) necessary to break the macroalgae of each replicate was
calculated using Exponent 6.1.1.0 software.

3.2.5 Data analyses

Consumption rates of the different macroalgal species offered in the no choice assay, as well
as chemical and biomechanical parameters, were compared using a one-way ANOVA with
‘macroalgal species’ as fixed factor, followed by multiple pair-wise comparisons made by
Tukey’s HSD (Sigma Stat 2.03). When either normality or homogeneity of variances failed,
data were log-transformed. In the case where transformation failed to achieve homogeneous
variances or normality (i.e. toughness), data were analysed with the non-parametric
alternative to one-way ANOVA, the Kruskal-Wallis test followed by the non-parametric
alternative to Tukey’s HSD, the Mann-Whitney test (IBM SPSS Statistics 20).

Since treatments in choice assays (using both fresh macroalgae and agar) are considered to
lack independence (see Peterson and Renaud 1989), a Friedman non-parametric test of ranks
(Conover 1980, Taylor and Brown 2006) and post hoc Wilcoxon signed-rank test were run
(IBM SPSS Statistics 20). To minimize Type I errors in multiple pair-wise comparisons a
more stringent p-value of 0.02 was used. Bonferroni adjustments were avoided as they can
increase Type II error (Cabin and Mitchell 2000).
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Figure 3.1 A) Euthanized individual of B. quoyana (after assay); B) experimental set up for
the feeding assays; inside of jar used for C) choice and D) no choice assays, before the top
layer of sand was added; E) side view of a jar used for the feeding assays after the top layer of
sand was added; and F) grazing marks observed on the fresh macroalgae pieces once assays
were terminated (from left to right: U. pinnatifida, M. pyrifera, D. antarctica and Ulva spp.).

Figure 3.2 Plastic mesh squares (12 x 12 squares) impregnated with the four different
reconstituted agar foods A) before and B) after a choice assay (from left to right: U.
pinnatifida, M. pyrifera, D. antarctica and Ulva spp.). Red circles indicate the corners that
were clipped off to identify each food type.
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3.3 Results
3.3.1 Feeding assays

In the choice assay using fresh macroalgae, B. quoyana displayed a clear preference for some
of the foods offered over others (Friedman, χ2 = 24.2, df = 3, P ≤ 0.001). M. pyrifera and D.
antarctica were consumed the most, although only M. pyrifera was significantly more
consumed (double) than U. pinnatifida (Wilcoxon, P = 0.002). U. pinnatifida was consumed
80% more than the green macroalga Ulva spp. (Wilcoxon, P ≤ 0.001) (Fig. 3.3 A). Similarly,
the amphipods displayed a difference in consumption rates on fresh macroalgae in the no
choice assay (one-way ANOVA, F3,31 = 13.28, P ≤ 0.001, log-transformed data) (Fig. 3.3 B).
They showed a greater consumption rate on brown macroalgae, consuming at least 83% U.
pinnatifida, M. pyrifera and D. antarctica than Ulva spp. (Fig. 3.3 B). When offered
reconstituted agar macroalgae in a choice assay (Fig. 3.3 C), the amphipods also showed a
clear food preference (Friedman, χ2 = 12.95, df = 3, P = 0.005). They consumed about 80% U.
pinnatifida than M. pyrifera (Wilcoxon, P = 0.002) and Ulva spp. (Wilcoxon, P = 0.003), but
there was no statistical difference in consumption between U. pinnatifida and D. antarctica
(Fig. 3.3 C).

3.3.2 Chemical and biomechanical analyses

The organic content, C:N, protein content and calorific content differed among macroalgal
species (one-way ANOVA, F3,16 ≥ 10.59, all P ≤ 0.001). The organic content of U. pinnatifida
was ~ 9 % higher than that of M. pyrifera (Tukey’s HSD, P = 0.022), and ~ 9 % lower than
that of D. antarctica (Tukey’s HSD, P = 0.004) and Ulva spp. (Tukey’s HSD, P = 0.012)
(Fig. 3.4 A). U. pinnatifida and Ulva spp. had the lowest mean C:N, approximately 40% of
that recorded for D. antarctica (Tukey’s HSD, P ≤ 0.001) (Fig. 3.4 B). U. pinnatifida had
80% more protein content than any other species tested (one-way ANOVA, F3,16 = 95.1, P ≤
0.001) (Fig. 3.4 C). The calorific content of U. pinnatifida and D. antarctica were similar, and
significantly higher than the calorific content of M. pyrifera (Tukey’s HSD, P = 0.030 and P
≤ 0.001, respectively) (Fig. 3.4 D). The calorific content of D. antarctica was also higher than
Ulva spp. (Tukey’s HSD, P = 0.004) (Fig. 3.4 D).
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Differences between macroalgal toughness (Kruskal-Wallis, χ2 = 34.8, df = 3, P ≤ 0.001) and
elasticity (one-way ANOVA, F3,34 = 229.39, P ≤ 0.001, log-transformed data) were also
found. U. pinnatifida was as tough as Ulva spp. (Mann-Whitney U, P = 0.32), about 50% less
tough than M. pyrifera (Mann-Whitney U, P ≤ 0.001) and about 90% less tough than D.
antacrtica (Mann-Whitney U, P ≤ 0.001) (Fig. 3.5 A). U. pinnatifida, Ulva spp. and M.
pyrifera were at 88% less elastic than D. antacrtica (one-way ANOVA, F3,34 = 229.39, P ≤
0.001, log-transformed data) (Fig. 3.5 B).
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Figure 3.3 Mean consumption (± SE) of fresh macroalgae during A) choice (n = 15) and B)
no choice (n = 10) assays, and C) mean percentage (± SE) of cells of each reconstituted
macroalga type consumed during a choice agar assay (n = 15) by the talitrid amphipod B.
quoyana. Bars labelled with same letter do not differ significantly (Wilcoxon signed-rank test,
P < 0.02 for A and C; Tukey’s HSD test, P < 0.05 for B).
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Figure 3.4 Mean values (± SE) of A) organic content, B) C:N, C) protein content and D)
calorific content of the macroalgae used in feeding assays. Bars labelled with same letter do
not differ significantly (Tukey’s HSD, P < 0.05).
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Figure 3.5 Mean values (± SE) of A) toughness and B) elasticity of the macroalgae used in
feeding assays. Bars labelled with the same letter do not differ significantly (Mann-Whitney
U test, P < 0.05 for toughness; Tukey’s HSD, P < 0.05 for elasticity).
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3.4 Discussion

The findings of this study indicate that the invasive macroalga U. pinnatifida provided an
additional nutritious food source that was usually consumed by the abundant talitrid
amphipod B. quoyana. In choice assays, U. pinnatifida, M. pyrifera and D. antarctica were
preferred over Ulva spp., and U. pinnatifida showed the lowest mean consumption of the
three brown macroalgae. However, when given no choice U. pinnatifida was consumed as
much as M. pyrifera and D. antarctica, and when macrolgae were reconstituted into agar
foods U. pinnatifida was then strongly preferred. The consistent consumption of U.
pinnatifida indicates that this species is not chemically defended against B. quoyana.
Chemical analyses showed that U. pinnatifida is potentially a good food source for this
amphipod with apparently no biomechanical properties that may prevent high consumption.
However, feeding patterns could not be simply explained by either chemical or biomechanical
traits studied here.

Results of the fresh macroalgae feeding assays are consistent with previous studies that
suggest brown macroalgae are usually the preferred food source by wrack consumer
amphipods (e.g. Adin and Riera 2003, Crawley et al. 2009, Olabarria et al. 2009a, Lastra et al
2008, Poore and Gallager 2013). When given the choice, B. quoyana in this study consumed,
in average, more of D. antarctica, followed by M. pyrifera

and then the invasive U.

pinnatifida. Other talitrid amphipods have shown to prefer D. antarctica and M. pyrifera over
other macroalgae species offered, and also to grow more when fed upon them (Lastra et al.
2008, Duarte et al. 2008, Duarte et al. 2010b). Conversely, when the amphipods were not
given the choice, they consumed U. pinnatifida as much as D. antarctica or M. pyrifera. This
finding indicated that the three brown macroalgae have a similar nutritional value – a finding
also supported by an absence of compensatory feeding (higher consumption of lower
nutritional food sources; e.g. Cruz-Rivera and Hay 2000a,b, 2001, Cruz-Rivera and
Friedlander 2013).

The chemical parameters studied were usually within normal ranges, although the protein
content of M. pyrifera and D. antarctica were lower than probably expected for brown
macroalgae (e.g. Duffy and Hay 1991, Cruz-Rivera and Hay 2001, Lamare and Wing 2001).
Food quality analysis revealed that U. pinnatifida has higher organic, protein and calorific
content than M. pyrifera, and a similar calorific content and higher protein content than D.
antarctica. This supports a recent study that found U. pinnatifida is an excellent source of
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nutrients and well accepted by experimental animals (Taboada et al. 2012). Previous studies
have demonstrated talitrid amphipods can base their feeding preferences on nutrition of food
sources rather than biomechanical properties, such as toughness (Rodil et al. 2008, Duarte et
al. 2011), and that they tend to select the food source they grow best (Lastra et al. 2008,
Duarte et al. 2010b). Interestingly, Duarte et al. (2011) found that the talitrid amphipod
Orchestoidea tuberculata preferentially consumed wrack food with the highest protein
content. This contrasts with the results in the present study, since U. pinnatifida showed the
highest protein content but was not the most consumed. Therefore, it is suggested that 1)
proteins are not so valuable for this talitrid species; 2) other nutritional parameters than those
studied here may have explained the feeding patterns observed (i.e. carbohydrates; Duarte et
al. 2011) or 3) differential nutritional values of the food are not responsible for the feeding
preferences of B. quoyana.

The strong preference for U. pinnatifida observed when macroalgae were reconstituted into
agar suggested that a physical trait such as toughness, rather than nutrional value or secondary
metabolites, was responsible for decreasing the palatability of fresh U. pinnatifida intact
thallus, as observed for marine amphipods (e.g. Pennings and Paul 1992, Pennings et al. 1998,
Taylor et al. 2002) and other talitrid amphipods (e.g. Poore and Gallagher 2013, Duarte et al.
2014). However, results from the biomechanical tests did not support the hypothesis that U.
pinnatifida’s structure conditions the feeding preferences, as the invasive macroalgae was
shown to be less tough than both M. pyrifera and D. antacrtica and less elastic than the latter.
This finding suggested that 1) there is a structural component, other than toughness or
elasticity, that is influencing the feeding preferences of B. quoyana on U. pinnatifida or that
2) the process of reconstituting fresh macroalgae into agar foods affected the chemistry of the
macroalgae by decreasing the nutritional value of M. pyrifera and D. antarctica, and/or
enhancing the nutritional value of U. pinnatifida, such as the protein levels. However, the
procedure used in this study followed the standard one used to test the effect of structural
properties of primary producers in feeding preferences of herbivores (e.g. Duffy and Hay
1991, Cruz-Rivera and Hay 2000b, Taylor et al. 2002), so option 2 is considered unlikely.

In regards to option 2, toughness is the most common structural attribute quantified in
published studies of feeding preferences (e.g. Duffy and Hay 1991, Pennings and Paul 1992,
Taylor et al. 2002, Fairhead et al. 2005, Poore and Gallagher 2013, Duarte et al. 2014), and to
the best of my knowledge, this was the first time that elasticity of macroalgae was studied for
this purpose. Few studies have found that macroalgae with foliose or sheet-like morphologies
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are consumed more than branched morphology (Lewis et al. 1987, Diaz-Pulido et al. 2007,
Souza et al. 2008, Cruz-Rivera and Friedlander 2013). However, differences in such
morphological traits would not apply to the present study, or in nature, as all macroalgae
included in the study have a blade-like morphology and they were similarly shaped and sized
(see Methods). Importantly, a limitation of the present study that future studies should
contemplate is finding out the exact mechanism these animals use to feed as such information
could not be found in the literature.

It has been observed that feeding history can affect the feeding preference of marine
herbivores and wrack consumers with animals showing a preference for novel foods
(Pennings et al. 2000, Lyons and Scheibling 2007). This contrast with the findings here since
B. quoyana showed a preference for fresh M. pyrifera and D. antarctica, the macroalgal
species they were sourced from. Some studies have found that talitrid amphipods’ digestive
capacities are related to feeding preference (Johnston et al. 2005), suggesting evolutionary
processes may have taken place so the animals are able to digest the most consistently
abundant maroalgal species. B. quoyana has a shorter history of association with U.
pinnatifida than with M. pyrifera or D. antarctica, and these natives comprise most of the
wrack macroalgae within the study region (see Appendix I). Hence, it might be that B.
quoyana can eat U. pinnatifida, and will do as much as the others when given no choice, but
has not yet evolved the digestive capacities required to digest U. pinnatifida as efficiently as
M. pyrifera or D. antarctica, so given the choice it consumes more of M. pyrifera or D.
antarctica.

The presence of secondary metabolites such as phlorotannins have been claimed to be
responsible for marine herbivore deterrence of brown macroalgae (e.g. Boettcher and Targett
1993, Steinberg et al. 1995, Pavia and Toth 2000, Forslund et al. 2010). In contrast, other
studies report that phlorotanins do not deter marine herbivores (e.g. Steinberg and Altena
1992, Steinberg et al 1995, Jormalainen et al. 2001, Kubanek et al. 2004), and that other
compounds found in brown macroalgae such as galactolipids (Deal et al. 2003), terpenes
(Steinberg and Altena 1992) or lipid-soluble compounds (Taylor et al. 2003), among others
(e.g. Hay et al. 1987, Steinberg 1988, Hay 1992, Hay 1996, Hay and Steinberg 1992), can
sometimes reduce herbivore pressure. The results presented here indicate that either the three
brown macroalgae, including the incvasive species, were not chemically defended, or that B.
quoyana was insensitive to the chemicals, as they were consistently consumed. Ulva spp., in
contrast, was barely eaten in any of the feeding assays, suggesting this species is chemically
73

defended. In addition, high protein content (6.85 ± 0.48 SE %) and low C:N ratio (15.86 ±
0.84 SE) recorded for U. pinnatifida indicate nitrogen deficiency of the invasive species in
October-November, as previously suggested (C:N ratio between 20-25; Dean and Hurd 2007),
which can be indicative of low levels of secondary metabolites such as phlorotannins (e.g.
Pavia and Toth 2000, Van Alstyne and Pelletreau 2000, Mayakun et al. 2013). Also, low
levels of phlorotannins have been found in the other three macroalgae used the other three
macroalgae tested here (Steinberg 1985, Stern et al. 1996, Duarte et al. 2010b, 2011).
Furthermore, a recent study has shown that the content of secondary metabolites
(phlorotannins) did not inhibit wrack consumption of the talitrid amphipod O. tuberculata
(Duarte et al. 2011). Therefore, the identification and quantification of secondary metabolites
in this study were not pursued.

Our knowledge of the implications of an invasive macroalgae in the beach wrack is limited to
few studies of S. muticum in northern Spain (Rodil et al. 2008, Olabarria et al. 2009b, 2010,
Rossi et al. 2010, Barreiro et al. 2011, Rossi et al. 2011), although only Olabarria et al.
(2009b), Rossi et al. (2010) and Rodil et al. (2008) studied the trophic implications in beach
food webs. Through the study of stable isotope signals, Olabarria et al (2009b) and Rossi et al
(2010), found that the S. muticum wrack is the main food source for both adults and juveniles
of the talitrid amphipod Talitrus saltator and to a lesser extent for the isopod Tylos europaeus
(Rossi et al. 2010). The only attempt made to explain the preferences observed was by Rodil
et al. (2008). They studied the faunal use of patches of S. muticum versus patches of the native
macroalga Saccorhiza polyschides and tried to relate it to their relative levels of organic
matter, proteins, carbohydrates, lipids and Chl a. They found that density of native fauna were
higher in patches of the native kelp S. polyschides than in patches of S. muticum, which
showed higher carbohydrates, lipids and organic matter content but lower Chl a (used as a
proxy of benthic microalgae biomass) than S. polyschides. In this sense, Lastra et al (2006)
also found a positive relationship between the number of faunal species and Chl a on sandy
beaches, suggesting other compounds not considered in the present study could have better
explained the feeding preferences observed.

The invasive U. pinnatifida is an annual macroalga, in contrast to the perennial native
macroalgae M. pyrifera and D. antarctica, and so its contribution to the carbon flux of beach
food webs is not seasonally consistent (see Appendix I). In addition, it remains unkown if the
presence of U. pinnatifida on the reefs may affect the abundance of preferred food sources
such as the native macroalga M. pyrifera with which U. pinnatifida shares spaces in the
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subtidal habitats (see Appendix I). Talitrid amphipods, such as B. quoyana, are the main
consumers of wrack macroalgae and are major contributors to secondary productivity of
sandy beaches worldwide (e.g. Griffith et al. 1983, Catenazzi and Donnelly 2007, Lastra et al.
2008), linking to higher trophic levels of coastal or land-based vertebrates (e.g. Catenazzi and
Donnelly 2007). Therefore, potential impacts of U. pinnatifida on the talitrid amphipod B.
quoyana populations could be transferred through the beach food web and reach either coastal
or terrestrial top trophic levels. The present study suggests that U. pinnatifida is a food source
comparable to the native macroalgae studied in most aspects, and given it is not a dominant
component of the wrack (Chapter 2) it may have little impact on these beach communities.
Previous studies that included further analyses have pointed out that invasive macroalgae
have the potential to affect that invasive macroalgae may affect food webs and processes of
ecosystems such as sandy beaches that are far from their point of invasion (i.e. rocky reefs)
(Olabarria et al. 2009b, Rossi et al. 2010, Rodil et al. 2008), In this sense, future work should
include estimations of abundance animals in different macroalgae in the field or investigate
the potential detrimental effects that U. pinnatifida may cause to wrack consumers’ fitness,
particularly to the sensitive early stages (i.e. juveniles), as it has been observed some invasive
macroalgae can negatively affect the fitness of consumers (e.g. Boudouresque 1996, Wright et
al. 2007, Gribben et al. 2009, Nejrup et al. 2012). The potential impacts that invasive
macroalgae such as U. pinnatifida may have should be assessed in all habitats where they are
present to, accurately, estimate the overall damage they can exert in a region.
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Chapter 4: Feeding preferences of common
native subtidal grazers for Undaria pinnatifida
over native macroalgae.

4.1 Introduction
Primary producers such as macroalgae form the base of coastal food webs (e.g. Mann 1973,
Duggins et al. 1989, Steneck et al. 2003, Taylor and Steinberg 2005, Poore et al. 2012).
However, interactions between invasive macroalgae and native grazers can modify natural
trophic relationships (e.g. Casu et al. 2008, Rossi et al. 2010, Deudero et al. 2011, Bishop and
Kelaher 2012), alter marine productivity (e.g. Dumay and Fernandez 2002, Salvaterra et al.
2013) and ultimately decrease fisheries (e.g. Francourl et al. 1995, Relini et al. 1998, 2000,
Levin et al. 2002). Because of the interactions between invasive macroalgae and native
grazers, invasion dynamics can, in turn, be affected. Native grazers could either avoid feeding
on the invaders, thus facilitating their spread (‘enemy release’ hypothesis, Keane et al. 2002)
or control the abundance of the invader by actively grazing on them (‘biotic resistance’
hypothesis; Elton 1958). Therefore, understanding how native grazers interact with invasive
macroalgae is necessary to comprehend the potential effects of invasive macroalgae on food
web and ecosystem structure in invaded ecosystems.

Macroalgal-associated grazers in temperate rocky reefs comprise small mobile invertebrates
or mesograzers (i.e. amphipods, isopods, polychaetes, gastropods) that use host macroalgae as
a habitat and food source (e.g. Hay et al. 1987, Duffy 1990, Duffy and Hay 1991, Chapter 3
and 5), and large grazers or macrograzers (i.e. gastropods, sea urchins, fish) that use
macroalgae only as a food source (Taylor and Steinberg 2005). Mesograzers are key
components of temperate marine ecosystems, as they make a great contribution to secondary
productivity and the flux of energy by linking primary producers (i.e. macroalgae) to upper
trophic levels (i.e. fish) (Edgar and Moore 1986, Taylor 1998a, Duffy et al. 2001, Cowles et
al. 2009, Newcombe and Taylor 2010). In addition, mesograzers together with macrograzers
can strongly structure seagrass (e.g. Duffy et al. 2001, 2003, Valentine and Duffy 2006) and
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benthic macroalgal communities (Duffy and Hay 2000, Steneck et al. 2003, Davenport and
Anderson 2007, Verges et al. 2009, Taylor and Schiel 2010, Poore et al. 2012, 2014) through
grazing pressure. For instance, the isopod Amphoroidea typa was found to reduce blade
growth of kelp Macrocystis pyrifera in Chile by 80% (Poore et al. 2014). The ability of
marine grazers to structure macroalgal communities relates to the strong feeding preferences
that many have shown for certain macroalgal species (e.g. Duffy and Hay 1991, Cruz-Rivera
and Hay 2000a, b, Taylor and Steinberg 2005, Crawley and Hyndes 2007), for which food
traits (e.g. nutritional value, Duffy and Paul 1992; secondary metabolites, Hay et al. 1987;
physical toughness, Pennings and Paul 1992) or refuge value (e.g. Duffy and Hay 1991) are
mainly responsible (Poore et al. 2012).

The feeding preferences of native grazers for invasive macroalgae relative to native species
have been investigated for the past two decades. In contrast to what has been observed in
terrestrial and freshwater ecosystems (Parker and Hay 2005), numerous studies have shown
that most native marine grazers preferentially consume native macroalgae over invasive ones
(e.g. Trowbridge 1995, Scheibling and Anthony 2001, Sumi and Scheibling 2005, Davis et al.
2005, Gollan and Wright 2006, Monteiro et al. 2009, Cacabelos et al. 2010, Tomas et al.
2011a, Engelen et al. 2011, Nejrup et al. 2012, Hammann et al. 2013). Some have suggested
that such avoidance can be due to chemical defences (e.g. Davis et al. 2005, Hammann et al.
2013) that invasive macroalgae can produce in new habitats (Forslund et al. 2010, Enge et al.
2012, 2013). Furthermore, it has been indicated that some invasive macroalgae can
compromise fitness and performance (i.e. growth, reproduction, mortality) of native grazers
(e.g. Boudouresque 1996, Wright and Gribben 2008, Tejada et al. 2013), which may also
explain grazer avoidance (e.g. Tomas et al. 2011a, Nejrup et al. 2012). For example, Nejrup et
al. (2012) suggested that three native herbivores avoided feeding on the invasive G.
vermiculophylla as they grew faster on native macroalgae. Similarly, Tomas et al. (2011a)
argued the consequent adverse effects on growth experienced by a native Mediterranean sea
urchin (Paracentrotus lividus) forced to consume the invasive C. racemosa under laboratory
conditins may explain why the invasive macroalga was not under strong grazing pressure in
the field.

Native marine grazers may therefore not provide any kind of biological control for invasive
macroalgae as they tend to prefer native species as food (e.g. Parker and Hay 2005, Parker et
al. 2006). The weak consumption or complete avoidance of invasive macroalgae by native
grazers has been suggested to enhance or facilitate invasive spread (e.g. Trowbridge 1995,
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Sumi and Scheibling 2005, Davis et al. 2005, Gollan and Wright 2006, Monteiro et al. 2009,
Cebrian et al. 2010, Tomas et al. 2011b, Nejrup et al. 2012, Hammann et al. 2013, Tamburello
et al. 2014), hence supporting the “enemy release” hypothesis (Keane and Crawley 2002). A
recent example of native consumers promoting the invasion of a macroalga is presented in
Enge et al. (2013). The spread of the invasive Bonnemaisonia hamifera seems to be facilitated
by native generalist herbivores that preferentially consume native macroalgae, but uses the
invasive macroalgae as a refuge to avoid predation (Enge et al. 2013). Likewise, the spread of
the invasive macroalgae U. pinnatifida in Tasmania is suggested to be favoured by native sea
urchins consuming native macroalgae and clearing space for U. pinnatifida to settle
(Valentine and Johnson 2003, Edgar et al. 2004, Valentine and Johnson 2005), although high
densities of these grazers could also reduce its abundance (Valentine and Johnson 2005).

Little is known about the relationship between U. pinnatifida and native grazers in invaded
ecosystems. There are some field observations of U. pinnatifida being consumed by native
sea urchins in Tasmania (Valentine and Johnson 2003, Edgar et al. 2004, Valentine and
Johnson 2005), but apart from that, grazing evidences are limited to grazing marks observed
in cultures, most probably caused by fish (see Floc’h et al. 1991, Thornber et al. 2004, Peteiro
and Freire 2012). Laboratory experiments carried out in Argentina demonstrated that whereas
two native sea urchins (Arbacia dufresnii and Pseudechinus magellanicus) fed on U.
pinnatifida, the native gastropod Tegula patagonica scraped off biofouling adhered to its
surface (Teso et al. 2009). Also, it has been shown that the native wrack consumer
Bellorchestia quoyana (talitrid amphipod) can use U. pinnatifida as food source, and that this
macroalga neither has a low nutrional value nor seems to be chemically defended (Chapter 3).
However, it remains largely unknown how U. pinnatifida interacts with native marine grazers
and whether or not they prefer to feed on native macroalgae in invaded ecosystems, including
New Zealand.

Few studies have identified the grazers associated with native macroalgae and investigated
their feeding behaviours in the North Island of New Zealand (e.g. Taylor and Steinberg 2005,
Taylor and Brown 2006, Newcombe and Taylor 2010). However, the invasive U. pinnatifida
was not included in these studies. In southern New Zealand, the herbivorous fish, Odax pullus
has shown to control macroalgal assemblages, such as Durvillaea antarctica, through grazing
(Taylor and Schiel 2010). On the Otago coast (Fig. 1.3), multiple grazers are associated with
the native macroalgal assemblages, including mesograzers such as gammarid amphipods (e.g.
Aora typica, F. Hyalidae) or isopods (e.g. Batedotea elongata, Amphoroidea longipes) and
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macrograzers like the gastropods Cookia sulcata and Haliotis iris (Richards 2009, see
Chapter 5). Nevertheless, their feeding preferences for native macroalgae or U. pinnatifida
have never been investigated. The only record of U. pinnatifida being consumed in the field
by New Zealand marine grazers is limited to observations of the sea urchin (Evechinus
cholroticus), a generalist grazer, that feeds on it in Fiordland National Park, southern New
Zealand (Atalah et al. 2013). Interestingly, laboratory assays have revealed that, although H.
iris can feed on U. pinnatifida they grow faster when fed on the native macroalga Gracilaria
chilensis (Redfearn 1994, in Stuart 2004).

4. 1.1 Aims and Hypotheses

The main aim of this chapter was to investigate the feeding preferences of common subtidal
grazers for the invasive kelp U. pinnatifida over common native macroalgae found on the
Otago coast region. In order to fulfil this aim, the feeding preferences of the abundant
mesograzers A. typica (amphipod, crustacea) and B. elongata (isopod, crustacea) (see Chapter
5) and the two macrograzers C. sulcata and H. iris (gastropods, mollusca) for the seven
abundant macroalgae U. pinnatiffida, M. pyrifera, D. antacrtica, Carpophyllum flexuosum,
Cystophora scalaris, Marginariella boryana and Ulva spp. (see Appendix I) were
investigated through a series of choice feeding assays carried out under laboratory conditions.
It was hypothesised that the native grazers prefer consuming native macroalgae to U.
pinnatifida.

4.2 Methods
4.2.1 Collection and acclimatisation of organisms

Blades of living mature macroalgae were harvested from the upper subtidal zone of Katiki
Beach (45º 27´S, 170º 48´E) (Fig. 1.3) at low tide using a diving knife, and then transferred to
an insulated bin containing seawater from the sampling site, in the dark. C. sulcata (80.4 g ±
2.9 SE) were also collected from Katiki Beach, while H. iris individuals (100.4 g ± 2.9 SE)
were sourced from a set of animals maintained under aquaria conditions at Portobello Marine
Laboratory, Department of Marine Science, University of Otago, due to their conservation
status. This gastropod were fed with fresh macroalgae (mainly M. pyrifera) for a year prior its
use. The mesograzers A. typica (~ 3.5 mm) and B. elongata (~ 25 mm) were obtained from
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the macroalgae C. flexuosum and C. scalaris, where they are most abundant (Taylor and Cole
1994, Taylor 1998a, see Chapter 5), collected at Katiki Beach and Dowling Bay (45 47´S,
170º 39´E) (Fig. 1.3). Macroalgae were enclosed in plastic bags, detached from the
substratum using a diving knife and taken to the laboratory where animals were separated by
dipping the macroalgae inside plastic buckets filled with seawater (Taylor and Cole 1994).
The macrograzers C. sulcata and H. iris were kept under experimental conditions for
acclimation purposes (3-4 days). Mesograzers, on the contrary, were not acclimatised to
minimize mortality during the experiment and to ensure detectable consumption levels.
During macrograzer acclimatisation period, macroalgae were maintained under a natural
light/dark cycle (9/15 h) and ambient temperature (~ 12ºC), in aquaria conditions (2 L min-1
flow, 10.5ºC, filtered (5 μm) and UV-treated seawater) at Portobello Marine Laboratory.
Macroalgae used for mesograzer assays were collected 1 day prior to the assays and were
maintained inside plastic buckets (30 L) in air pumped, filtered (5 μm) and UV-treated
seawater (11ºC) until used.

4.2.2 Feeding assays

Choice assays, where all macroalgal species are simultaneously offered to the animals (see
Chapter 3), were used over no-choice assays because the main aim was to test the feeding
preferences of a range of grazers for a range of macroalgae (c.f. Taylor and Steinberg 2005),
including U. pinnatifida. Assays consisted of 18 replicated containers including both
macroalgae and grazers, and 18 paired containers that were set up as autogenic controls
(Prince et al. 2004). The blotted weights of blade macroalgal pieces offered were recorded at
the start and at the end of the experiment. Similar-sized pieces of macroalgae (in terms of
surface area) were offered so that the probability of the grazers encountering each of them
was roughly equal and therefore size did not influence feeding preference. Macroalgal
consumption on each of the replicates was checked every 4–6 h and recorded after 48 h or
until at least one of the macroalgae was half consumed, whichever came first.

Mesograzer feeding assays were conducted simultaneously in June 2013 at the Department of
Botany, whereas macrograzer feeding assays were carried out at different times in April 2013
at Portobello Marine Laboratory. Mesograzers were placed inside glass jars (500 mL)
containing about 400 mL of pre-treated seawater (11ºC, UV-treated, pre-filtered (5 μm)).
Paired treatment and control glass jars contained macroalgal pieces of 20-80 mg (± 0.1 mg) (~
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200 mg of D. antarctica, from the same specimens that were free in the water column, lying
at the bottom of the jars. Each replicate treatment jar also had either 18 A. typica or one (> 25
mm length) or two (< 25 mm length) B. elongata. Water flow or seawater exchange was not
necessary to maintain optimal conditions to ensure survival of mesograzers (Fig. 4.1). In
contrast, macrograzers were placed in plastic buckets (10 L) each of them receiving
continuous flowing pre-filtered (5 μm) seawater through a plastic pipe (4 mm diameter).
Inflow (0.3 L min-1) was separate for each bucket, and outflow (0.7 L min-1) occurred
through a 1.5 cm hole made 4 cm below the edge of the bucket, which was covered with a 1
mm plastic mesh to avoid losing macroalgae biomass. Paired treatments and controls
contained paired pieces of 600–900 mg (± 0.01 mg) of all seven macroalgal species (~ 3 g of
D. antarctica, to guarantee similar surface area of the pieces offered (see Methods from
Chapter 3)) and treatments also had either one C. sulcata or one H. iris placed at the centre of
the bucket. Macroalgal pieces were suspended on separate stainless steel fishing hooks
attached to the walls of the bucket and near its base to ensure macroalgae were accessible to
grazers (Fig. 4.2).

The number of mesograzers located underneath each macroalgal species was recorded by
observing them from the underside of each jar (Fig. 4.1 E) to account for shelter/habitat
preference (e.g. Orav-Kotta and Kotta 2004, Crawley and Hyndes 2007). It was decided to
record habitat preference at the end of the assays to minimize disturbance during the assay.
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Figure 4.1 Photographs of a preserved individual of A) A. typica (amphipod, crustacea), and
B) B. elongata (isopod, crustacea); C) set-up of mesograzers choice feeding assay; and D)
inside and E) underside of a glass jar containing pieces of the seven macroalgae offered
during mesograzers choice feeding assay.

Figure 4.2 Photographs of the set up of macrograzers choice feeding experiment, showing A)
independent in-flows; B) bucket containing an individual of C. sulcata and individual pieces
of hooked macroalgae offered during a choice assay showing independent in/out-flow; and C)
bucket containing an individual of H. iris and individual pieces of hooked macroalgae offered
during a choice assay.
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4.2.3 Data analyses

Macroalgae consumption was calculated as:

(Hi Cf/Ci)-Hf
where Hi and Hf were initial and final blotted weights, respectively, of tissue exposed to the
animals, and Ci and Cf were blotted weights of paired controls for pre-assay and post-assay,
respectively (Taylor and Brown 2006). Replicates in which total consumption was zero (one
replicate for B. elongata) or the animals died (one replicate for B. elongata) were discarded as
they did not inform feeding preferences (removal of replicates where total consumption was
zero did not affect statistics). Since treatments in choice assays are considered to lack
independence (see Peterson and Renaud 1989), a Friedman non-parametric test of ranks
(Conover 1980, Taylor and Brown 2006) followed by a post hoc Wilcoxon signed-rank test
(Wilcoxon 1945) were run on both feeding and shelter data (IBM SPSS Statistics 20). To
minimize Type I errors in multiple pair-wise comparisons, a more stringent p-value of 0.02
was used. Bonferroni adjustments were avoided as they can increase Type II error (Cabin and
Mitchell 2000).

4.3 Results
All of the grazers consumed the invasive U. pinnatifida at variable but comparable rates to
most of the native macroalgae, except for the isopod Batedotea elongata, which barely
consumed the invasive macroalga (Fig. 4.3). The amphipod A. typica consumed U.
pinnatifida at similar amounts to native macroalgae, except compared to C. flexuosum
(Wilcoxon, P = 0.014) and M. boryana (Wilcoxon, P = 0.006), which were consumed at
smaller and greater rates, respectively (Fig. 4.3 A). The isopod B. elongata significantly
preferred D. antarctica (Wilcoxon, P = 0.021), and to a lesser extent M. pyrifera (Wilcoxon,
P = 0.010) and Ulva spp. (Wilcoxon, P = 0.012), over U. pinnatifida and consumed at leats
85% more of those natives (Fig. 4.3B). The gastropod C. sulcata consumed at least 69%
more Ulva spp. than any other macroalgae (Friedman, χ2 = 45.26, df = 6, P ≤ 0.001) and at
least 73% more U. pinnatifida than M. pyrifera, C. flexuosum and C. scalaris (Wilcoxon, P =
0.005; P = 0.017 and P = 0.010, respectively) (Fig. 4.3 C). The gastropod H. iris did not
show feeding preferences (Friedman, χ2 = 5.26, df = 6, P = 0.511), although mean
consumption values ranged from 94.5 ± 28.08 SE mg of D. antarctica individual-1 day-1 to
43.32 ± 22.94 SE mg of C. scalaris individual-1 day-1 (Fig. 4.3 D).
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Differences among shelter preferences at the end of the assays were found for the amphipod
A. typica (Friedman, χ2 = 65.26, df = 6, P ≤ 0.001), with most individuals found underneath
Ulva spp. (~ 5 individuals per jar; Fig. 4.4 A). The mean number of A. typica recorded
underneath U. pinnatifida pieces was also half of those recorded underneath M. pyrifera
(Wilcoxon, P ≤ 0.001) or C. flexuosum (Wilcoxon, P = 0.004). Although none of the isopods
B. elongata seemed to prefer any of the macroalgal species as shelter (Friedman, χ2 = 8.39, df
= 6, P = 0.211), U. pinnatifida was the only macroalga never hosting B. elongata (Fig. 4.4 B).
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Figure 4.3 Mean consumption (n = 18, ± SE) of fresh macroalgae by the mesograzers A)
Aora typica and B) Batedotea elongata and the large grazers C) Cookia sulcata and D)
Haliotis iris during a choice feeding assay. Bars labelled with same letter do not differ
significantly (Wilcoxon signed-rank test, P < 0.02).
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Figure 4.4 Mean number (n = 18; ± SE) of the mesograzers A) Aora typica and B) Batedotea
elongata found underneath macroalgal pieces at the end of the choice feeding assays. Bars
labelled with same letter do not differ significantly (Wilcoxon signed-rank test, P < 0.02).
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4.4. Discussion

High variation in macroalgal consumption was observed in this study, similar to many other
food choice studies (e.g. Duffy and Hay 1994, Kennish and Williams 1997, Taylor and Brown
2006, Enge et al. 2013), with no consistent dietary preference or avoidance across the four
grazer species observed. Overall, U. pinnatifida was usually consumed by the native grazers,
although they showed variable preferences for U. pinnatifida over native species. While the
gastropod C. sulcata strongly preferred Ulva spp. and rarely consumed any other macroalgal
species, the other gastropod H. iris and the amphipod A. typica consumed a variety of
macroalgae, including U. pinnatifida. The isopod B. elongata seemed to consume several
macroalgae as well, but avoided U. pinnatifida. Similarly, B. elongata did not use U.
pinnatifida as shelter, and lower numbers of A. typica were recorded underneath the invasive
species compared to some of the natives. The initial hypothesis that native grazers would
prefer consuming native macroalgae over U. pinnatifida was only supported by the isopod B.
elongata. Results suggest that the presence of U. pinnatifida may not have a detrimental affect
on most of the native grazers in the Otago coast studied here but it may alter some natural
trophic interactions, such as the ones among the isopod B. elongata and native macroalgae.

The variable preference of U. pinnatifida as food for the studied key mesograzers indicates
potential for benefiting some grazers while being detrimental to others. Neither A. typica nor
B. elongata showed a strong preference for an individual macroalga over the others. Instead,
they seemed to prefer having a mixed diet, suggesting this may be the most nutritious option
for them (e.g. Pennings et al. 1993, Bernays et al. 1994, Cruz-Rivera and Hay 2000a, b, 2001,
Cruz-Rivera and Friedlander 2013). Previous studies in New Zealand contrast to what was
observed in here, since they found A. typica preferentially consumes green macroalgae
(Taylor and Brown 2006) and B. elongata prefers Carpophyllum spp. (Taylor and Steinberg
2005). However, D. antarctica, M. boryana, M. pyrifera or U. pinnatifida were not offered in
those studies, and other green species preferred by A. typica in Taylor and Brown (2006) (i.e.
Enteromorpha intestinalis) were not offered here. In the present study, A. typica seemed to
include U. pinnatifida in its diet whereas B. elongata barely consumed it. Thus, U. pinnatifida
may be an additional food source for A. typica but it may not be a good food source for B.
elongata. In addition, U. pinnatifida was never chosen as shelter by B. elongata suggesting it
may not be a potential habitat for the isopod either. The potential displacement and reduction
of preferred native macroalgae is therefore likely to alter B. elongata populations. On the
contrary, the presence of U. pinnatifida is likely to benefit the amphipod A. typica, unless a
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diet based singly on the seasonally inconsistent invasive species (i.e. domination of space by
U. pinnatifida) wass less benefitial than a preferred mixed diet. Since mesograzers make a
great contribution to secondary productivity and the flux of energy by linking primary
producers (i.e. macroalgae) to upper trophic levels (i.e. fish) (e.g. Edgar and Moore 1986,
Taylor 1998a, Duffy et al. 2001, Cowles et al. 2009, Newcombe and Taylor 2010), these
shifts might alter the food web of the ecosystem.

Strong preferences for green macroalgae have been previously observed for C. sulcata
(Taylor and Steinberg 2005). In the present study, U. pinnatifida was significantly less
consumed than Ulva spp. but consumed as much as D. antarctica or M. boryana, and
preferred over M. pyrifera, C. flexuosum or C. scalaris. For this gastropod, the presence of U.
pinnatifida may only represent a problem if Ulva spp. is displaced by the invasive
macroalgae. This may be unlikely since Ulva spp. and U. pinnatifida seem to dominate in
different coastal environments (see Appendix I). On the other hand, H. iris showed a lack of
feeding preference suggesting that H. iris either 1) is a generalist herbivore, like most marine
grazers are assumed to be (Hay and Steinberg 1992) or 2) benefits from mixing diets due to its
very low mobility (e.g. Stachowicz and Hay 1992, Duffy and Hay 1994, Cruz-Rivera and Hay
2000a,b, 2001, Cruz-Rivera and Friedlander 2013). The absence of feeding preference
observed here supports the results from previous choice studies showing the gastropod
consumes several macroalgae and does not show a strong preference for a particular one
(Taylor and Steinberg 2005). Also, these results are supported by Cornwall et al. (2009), who
showed later that the gastropod preferentially consumes brown macroalgae, with no
differences in consumption rates among species, and high amounts of Ulva spp. when offered
in pair-wise combinations with reds or other green species. In any case, since U. pinnatifida is
as consumed as any other macroalgae by H. iris, high densities of U. pinnatifida may not
affect H. iris unless, likewise the amphipod, it could affect its fitness (e.g. Boudouresque
1996, Wright and Gribben 2008, Tejada et al. 2013). Some experimental assays have
demonstrated that H. iris is less efficient in converting U. pinnatifida tissue into biomass than
the native Gracilaria chilensis, and therefore grows more slowly when fed on U. pinnatifida
(Redfearn 1994 in Stuart 2004), which might represent a problem to H. iris fisheries, both
culturally and economically very important in New Zealand. Others, however, have shown the
relative growth of various species of Haliotis feeding on U. pinnatifida higher compared to
other macroalgae including Gracilaria spp., Macrocystis spp. or Ulva spp. (see Stuart and
Brown 1994, and references in it).
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The general consumption of U. pinnatifida by most subtidal grazers studied is understandable
as it is a nutritious macroalga (Taboada et al. 2012, see Chapter 3). The observed avoidance
by the isopod B. elongata may be explained by the presence of chemical compounds that
deter this particular grazer and not the others (e.g. Davis et al. 2005). Actually, the
compounds Galactosyl- and sulfoquinovosyldiacylglycerols isolated from U. pinnatifida have
shown to repeal the blue mussel Mytilus edulis (Katsuoka et al. 1990). Another option may be
that B. elongata fails to recognise U. pinnatifida as a food source, quite probably since it does
not use the invasive macroalgae as a refuge or habitat (see Appendix III). It may also be
possible that B. elongata does not consume U. pinnatifida because it would compromise its
fitness as observed for another isopod, Idotea baltica, which avoided consuming the invasive
G. vermiculophylla on what they grew slower than on the native Ulva intestinalis (Nejrup et
al. 2012).

The high variability and limited observed preferences shown in the feeding assays make the
interpretation of feeding preferences difficult, a situation that is considered to diminish
through increasing replication, e.g. n = 20-30 (e.g. Duffy and Hay 1994, Cruz-Rivera and Hay
2001, 2003, Newcombe and Taylor 2010). Logistics constrained the used of a higher number
of replication, and levels of replication used here (n = 18) were similar to other studies (e.g.
Duffy and Hay 2001, Sotka et al. 2002, Taylor and Steinberg 2005, Taylor and Brown 2006,
Cruz-Rivera and Friedlander 2013). Refuge or habitat preferences are also difficult to
interpret since it is difficult to disentangle food from habitat preference. Nevertheless,
differences between food and shelter preferences observed in this study (i.e. Ulva spp. was
strongly preferred as shelter by A. typica but not so much as food) indicate some kind of
shelter preference was captured. In addition, although methods followed were similar to
previous methods used in mesograzers habitat preference assays (e.g. Orav-Kotta and Kotta
2004), the use of pieces instead of whole macroalgal individuals may not effectively represent
the habitat. Similarly, the lack of water movement in the mesograzer experiment may not
reflect the natural conditions to which these organisms are exposed and may influence which
macroalgae they attach to. Therefore, results here have to be treated cautiously, and they have
to be contrasted with the study of the use of living U. pinnatifida and native macroalgae as a
habitat in the field, thoroughly investigated in Chapter 5.

Native grazers have sometimes shown potential to reduce populations of invasive macroalgae
(e.g Harris and Jones 2005, Scheibling et al. 2008, Strong et al. 2009). However, the results
from this study suggest U. pinnatifida is not under strong grazing pressure by the abundant
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native grazers investigated. This may have facilitated its invasion success, as observed for
other invasive macroalgae (e.g. Trowbridge 1995, Sumi and Scheibling 2005, Davis et al.
2005, Gollan and Wright 2006, Monteiro et al. 2009, Cebrian et al. 2010, Tomas et al. 2011b,
Nejrup et al. 2012, Hammann et al. 2013), according to the “enemy release” hypothesis
(Keane and Crawley 2002). The absence of native grazers in the Otago coasts able to control
the spread of U. pinnatifida may help to explain the succesful expansion of this invasive
species along the rocky reefs in the area, where it can comprise up to 50% of the canopy
forming macroalgae (see Chapter 2). In Tasmania, the native sea urchin Heliocidaris
erythrogramma has shown to reduce U. pinnatifida’s abundance on the subtidal reefs
(Valentine and Johnson 2005). Similarly, the New Zealand sea urchin Evechinus chloroticus
has shown to act effectively as a biocontrol in the spread of the invasive macroalgae in
Fiordland National Park, southern New Zealand, through active grazing (Atalah et al. 2013).
However, this grazer is not very common in the Otago region and a forced introduction may
not only result in a decrease of U. pinnatifida but also in an increase of urchin barrens (Atalah
et al. 2013), thus introducing strong alterations within the macroalgal community structure.

Given the increasing abundance of U. pinnatifida along the Otago coast (see Russell et al.
2008, Richards 2009, and Chapter 2), the composition of available native food sources in the
area may become altered with time. The invasion of space by U. pinnatifida may reduce
biomass of preferred foods by the grazers and this might force them to search around for more
desirable food sources. This could result in them being more exposed to predators, which
could have detrimental effects in their populations. The present study sets the basis for
understanding the potential implications that U. pinnatifida may have in the food web of the
Otago coast. Future work should include studies on 1) the effect of how long-term
consumption of U. pinnatifida on grazers fitness and survival in the extreme situations in
which U. pinnatifida monopolises space, 2) identifying chemical components that may be
deterring B. elongata or other grazers from consuming this invasive species; and, very
importantly, 3) habitat use by native mesograzers of U. pinnatifida relative to native
macroalgae (see Chapter 5). Mesograzer populations may be doubly affected by the presence
of U. pinnatifida as they use macroalgae as habitat as well as food. Thus, repercussions to
them and the food web may be underestimated if only food preferences are considered.
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Chapter 5: Role of Undaria pinnatifida as a
habitat for native mobile epifauna relative to
native macroalgae.

5.1 Introduction
Benthic macroalgae function as ecosystem engineers as they can create, maintain and modify
habitats (sensu Jones et al. 1994, 1997). In temperate regions, they form three-dimensional
structures comprising several layers of canopy (e.g. Dayton 1985, Shears and Babcock 2007,
Santelices and Marquet 1998, Leliaert et al. 2000, Steneck et al. 2003, Schiel and Foster
2006, Smale et al. 2013) that provide habitat to a wide range of faunal communities including
invertebrates and fish (e.g. Gunnill 1982, Russo 1997, Steneck et al. 2003, Taylor and
Steinberg 2005, Christie et al. 2009, Ronowicz et al. 2013). In many cases, invasive
macroalgae have been shown to host faunal communities whose taxon abundance, density,
diversity and/or richness can vary substantially from those found in native species (e.g. Relini
et al. 1998, Chemello and Milazzo 2002, Levin et al. 2002, Levi and Francour 2004, Wright et
al. 2007, Burfeind et al. 2009, Vázquez-Luis et al. 2012, Png-González et al. 2014, Tuya et al.
2014). Thus, understanding the relative role that invasive macroalgae play as a habitat for the
native fauna provides essential information to estimate what potential changes in both
ecosystem structure and function may occur in invaded environments.

Small mobile invertebrates (e.g. crustaceans such as amphipods or isopods, polychaetes,
gastropods; e.g. Taylor and Cole 1994) that use macroalgae as a habitat (commonly known as
mobile epifauna) are a very important macroalgal dwelling group as they contribute greatly to
secondary productivity of temperate reefs (e.g. Edgar and Moore 1986, Taylor 1998a, Duffy
et al. 2001, Cowles et al. 2009). These invertebrates also exhibit a range of trophic levels
including filter feeding (e.g. Caine 1977), grazing on epiphytic algae (e.g. Brawley and Fei
1987, Bamber and Davis 1982), consuming detritus (e.g. Zimmerman et al. 1979, Jansson
1967), or predating on epifauna (Caine 1974, Roland 1978). Importantly, some can consume
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the host plant itself (mesograzers; Duffy 1990, see Chapter 4), thus linking primary producers,
such as macroalgae, to higher trophic levels, such as predatory fish (e.g. Roland 1978, Edgar
and Moore 1986, Newcombe and Taylor 2010) and contributing to the flux of energy through
the food web. Numerous studies have demonstrated that different macroalgal assemblages and
species host different epifaunal communities, and that densities of mobile epifauna tend to be
greater in macroalgae that provide a higher refuge value against predators (i.e.
morphologically complex) (e.g. Coull and Wells 1983, Gee and Warwick 1994, Bolam and
Fernandes 2002, Christie et al. 2007, 2009, Zamzow et al. 2010). In this sense, finelybranched and filamentous macroalgae have been shown to host greater epifaunal densities
than foliose or leathery ones (e.g. Hacker and Steneck 1990, Taylor and Cole 1994, Cowles et
al. 2009).

Likewise, it has been widely suggested that invasive macroalgae tend to host similar epifaunal
communities to native macroalgae that are morphologically similar to them, and different
otherwise (e.g. Viejo 1999, Ayala and Martin 2003, Wernberg et al. 2004, Buschbaum et al.
2006, Schmidt and Scheibling 2006, Drouin et al. 2011, Gestoso et al. 2011, Janiak and
Whitlatch 2012). The highly branched morphologies of the invasive Codium fragile ssp.
tomentosoides or Sargassum muticum have been suggested to be responsible for the higher
epifaunal densities or different epifaunal assemblages these species host relative to
morphologically simple native kelps (Laminariales) (e.g. Schmidt and Scheibling 2006,
Cacabelos et al. 2010). However, it is important to point out that many studies have reported
that invasive species host epifaunal assemblages that can differ greatly from those found in
native macroalgae regardless of morphological traits (i.e. morphological complexity was not
quantified or was not apparently different) (e.g. Chemello and Milazzo 2002, Gestoso et al.
2010, Vázquez-Luis et al. 2008, 2009, 2012, Tanner 2011, Guerra-García et al. 2012, PngGonzález et al. 2014, Fukunaga et al. 2014, Tuya et al. 2014). This indicates that there is a
potential, especially for highly invasive species, to alter the epifaunal communities and
therefore the study of the relative habitat role of invasive macroalgae should be pursued in an
invasion event.

The Asian kelp U. pinnatifida (Laminariales), which has a simple morphology, with a basal
meristem (holdfast), midrib and blade (Fig. 1.2), has successfully invaded many parts of the
world (e.g. Floc’h et al. 1991, Curiel et al. 1998, Valentine and Johnson 2003, Thornber et al.
2004, Casas et al. 2008). In theory, in invaded ecosystems, due to its simple morphology, U.
pinnatifida may be expected to host less dense or overall different epifaunal assemblages than
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morphologically different or more complex native macroalgae. Nevertheless, no studies have
investigated the potential differences in epifaunal communities between U. pinnatifida and
other macroalgae, in neither its native nor the invasive range. In New Zealand, U. pinnatifida
has established successfully (e.g. Russell et al. 2008, Schiel and Thompson 2012) reaching
densities up to 70 individuals m-2 (see Chapter 2), hence potentially altering the quality and
quantity of habitat available for the native epifauna community.

Several studies have

analysed the features of the epifaunal communities inhabiting native macroalgae in the
northern areas of the country (Taylor and Cole 1994, Taylor 1998a, b, Cowles et al. 2009).
They found that mobile epifauna can contribute almost 80% to the total secondary
productivity of a rocky reef (Taylor 1998a) and that its composition and density varies across
macroalgal assemblages (i.e. turf, Fucales, Laminariales, etc.; Cowles et al. 2009). Finelybranched species have been found to host the highest epifaunal densities whereas the kelps,
morphologically similar to U. pinnatifida, hold the lowest densities (Taylor and Cole 1994).
In light of this information, differences between the epifaunal communities of
morphologically complex native species and U. pinnatifida may be predicted, and alterations
of epifaunal community may be expected, particularly if U. pinnatifida is displacing some of
those natives.

5.1.1 Aims and Hypotheses

The aim of this study was to determine whether the epifaunal community inhabiting benthic
macroalgae in the Otago region differs between the invasive kelp U. pinnatifida and the
common native macroalgae, and whether macroalgal morphologies are responsible for the
possible differences found. To fulfil this aim, the density and diversity of the epifaunal
community were determined and compared for common native macroalgal species and the
invasive U. pinnatifida. Finally, the relationship between morphological characteristics of
macroalgae and epifaunal communities was explored. It was hypothesised that the epifaunal
community of U. pinnatifida individuals would be significantly different from those found in
more complex native macroalgae, but similar to those native macroalgae with comparable
morphologies.
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5.2 Methods
5.2.1 Material collection

Five adult individuals (~ 1m length) of the common native macroalgae (see Appendix I)
Marginariella urvilliana, Xiphophora gladiata, Carpophyllum flexuosum, Cystophora
scalaris, Sargassum sinclairii (Fucales) were collected from Aramoana (170º 43’S, 45º 46’ E)
in March and December 2012; all of these but S. sinclairii were also collected from
Harrington Point (45º 47’ S, 170º 43’ E) in December 2011; and only individuas of
Desmarestia ligulata (Desmarestiales) and Marginariella boryana (Fucales) were collected
from Mapoutahi (170º 37’ E, 45º 44’ S) in December 2012 (Fig. 1.3). Individuals of the
invasive kelp U. pinnatifida (Laminariales) were collected at all sites and times. The ‘giant
kelp’ Macrocystis pyrifera and the ‘bulk kelp’ Durvillaea antarctica were not used because
their great sizes limited the consistency of the sampling methods used here. Sampling across
multiple sites and times was conducted to best represent the community variability within
each macroalgal host, consider sampling times that involve different U. pinnatifida
abundances (see Chapter 2), and to include all native species that can be found in invaded
habitats (i.e. M. boryana and D. ligulata are only found in more exposed sites (Mapoutahi); S.
sinclairii was only found at Aramoana; and X. gladiata could not be collected at Mapoutahi;
see Appendix III). Macroalgae were haphazardly selected underwater as they were
encountered when SCUBA diving. Individual macroalga and associated fauna were gently
enclosed in large plastic bags (120 x 65 cm; 100 µm thickness) and then detached from the
substratum below the holdfast using a diving knife, based on the methods of Taylor and Cole
(1994). The bags had a 100 µm mesh on one of the corners to allow water to come out of the
bag but retain the animals (Fig. 5.1). The entrance of the bag was then sealed with a cord and
the bags were transported inside insulated bins, in the dark, to the laboratory in the
Department of Botany Department, University of Otago (~ 1 h away).

5.2.2 Macroalgal morphology

The spatial component (size of spaces between fronds) of each macroalga was analysed
following methods of Hacker and Steneck (1990). This paper has been highly cited (158
citations in Scopus), as it demonstrates that macroalgal complexity affects epifaunal density,
and its methods to measure macroalgal complexity have been followed by others (e.g.
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Chemello and Milazzo 2002, Wernberg et al. 2004, Rocha et al. 2006, Fukunga et al. 2014,
Sato et al. 2014). Seven different sized individuals of each of the macroalgal species collected
for this study were randomly selected from different sites and times. The interstitial volume
(IV; volume in mL taken up by the spaces between the canopy of the macroalga) was
quantified by subtracting the thallus volume (TV; volume in mL displaced by the macroalga),
from the canopy volume (CV; volume in mL defined by the length, width, and height in cm
that the macroalga occupies when submerged (Fig. 5.2). For measurements of thallus volume,
a 5 L graduated flask filled with seawater was used. Macroalgae were cut into sections if they
were too large to fit inside the flask and volumes were summed up to obtain a total thallus
volume. For measurements of canopy volume, macroalgae were placed inside a 90 L clear
plastic bucket (70 x 50 x 40 cm) containing freshwater with a 0.5 kg weight attached to its
holdfast so the macroalgae were straightened up. Then, the length, width, and height of the
submerged macroalgae were measured through the container using a meter tape. The
macroalgae that were larger than the container were cut in 2-3 sections and interstitial volume
was obtained by adding up the length and considering the maximum height and width values
measured.

The measurement of volume in the leathery/leafy/flattened macroalgae (i.e. U. pinnatifida, X.
gladiata, Marginariella spp. and D. ligulata) was modified to avoid the canopy volume being
essentially the same as the thallus volume due to two-dimensional morphology of those
species. Their canopy volume was then defined as the length multiplied by the width
multiplied by the space around the frond where epifauna are attached (Hacker and Steneck
1990). This space value was obtained by adding the thickness of the frond (≤ 0.25 mm for U.
pinnatifida and D. ligulata; ≤ 2 mm for Marginariella spp. and ≤ 5 mm for X. gladiata) to the
dorsal-ventral thickness of the epifauna collected, which rarely exceeded 5 mm. For each
macroalgal species, this would be the maximum volume that an amphipod can occupy while
attached to their fronds.

Once the volumes were obtained, a complexity ratio, expressed as the interstitial volume
divided by the thallus volume (IV/TV), was calculated for each macroalgal species in order to
determine and compare their relative morphological complexity. Using the complexity ratio,
the macrolgal species were then categorised by a ‘complexity factor’ as either structurally
simple (S) or complex (C).
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5.2.3 Epifaunal communities

At the laboratory, each macroalga was washed vigorously in a plastic bucket containing 5 L
of freshwater. Both the bucket and the bag were then washed twice onto a 1 mm and 100 µm
sieve to obtain size-fractionated epifaunal samples. Animals retained on these sieves were
then passed onto individual 70 mL plastic jars containing ~ 40 mL of Shandon Glyo-Fixx
preservative for later quantification and identification to the lowest taxonomic level possible
(see Appendix II for list of references used to identify epifauna). The epifauna density was
recorded as the number of individuals per 100g of macroalgal wet weight and the Shannon–
Wiener diversity index (H’) of each sample was determined as follows:

where S was the number of taxon found and Pi was the proportion of the total epifauna
individuals found on a sample that belong to the ith taxon (Krebs 1989).

5.2.4 Data analyses

Non-parametric permutational multivariate analysis of variance (PERMANOVA) using the
basis of Bray-Curtis similarity matrices for density data that were square-root transformed and
had a dummy variable of 1 added to down-weight the most abundant taxa was used to test
hypotheses about differences between epifaunal assemblages. A preliminary orthogonal twoway crossed analysis, with factors being ‘macroalgal species’ (fixed) and ‘site/time’ (site =
random; time = fixed) was carried out to determine whether there were difference among sites
and times in the data set. Samples collected from Harrington Point in December 2011 and
from Aramoana in March 2012 (except S. sinclairii since it was only found at Aramoana)
were used for that purpose. This preliminary analysis revealed significant differences in
densities across the two factors (MANOVA, Pseudo-F4, 46 = 5.40, P ≤ 0.001, root-transformed
data). Therefore, analyses had to be carried out individually for each site and time
combination.

Differences between densities, diversities and the complexity ratio were analysed using a oneway ANOVA, with ‘macroalgal species’ as fixed factor, followed by multiple comparisons
made by a Tukey’s HSD (Sigma Stat 2.03). When normality and equal variance tests failed,
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data were log-transformed and analyses were then repeated. The linear regression, regression
coefficient and its significance of the relation between interstitial and thallus volume were
calculated using a Pearson correlation test (Sigma Stat 2.03). Since there were no significant
differences between the complexity ratio of the two Marginariella species (t-test, t = -1.06, df
= 12, P = 0.31), a mean ratio was used for the Marginariella genus.

Differences between epifaunal assemblages across macroalgal species were visualised by
non-metric multidimensional scaling (nMDS) using the basis of Bray-Curtis dissimilarity
matrices for density data that were square-root transformed and had a dummy variable of 1
added to down-weight the most abundant taxa (Raffo et al. 2014). Similarity Percentages
(SIMPER) of 60 and 80% were included in the MDS plots to visualize potential groupings.
Similarly, the complexity ratio was added as a factor to each sample to obtain a MDS bubble
plot in which to visualise if similarities between samples may be explained by such factor.
The samples were also ordinated in MDS by a macroalgal complexity factor as either simple
(S) or complex (C), and the vectors or taxa most likely to drive the differences between the
two groups of macroalgae were identified through a Pearson correlation test (correlation
coefficient ≥ 0.6).

The investigation of site/time sifferences was not initially the focus of this study and
differences among macroalgal species were identified to have a greater contribution to the
differences found than the site/time factor (estimates of variance were ~400-600 for
macroalgal species and ~200 for the site/time factor). In addition, individual multivariate
analyses, with a fixed factor being ‘macroalgal species’, carried out at each site and time (sum
of squares type III; number of permutations = 9999) revealed consistent differences among
macroalgal species with independence of site or time (see Results). However, the data set
allowed us to test for site differences between epifaunal density, diversity (one-way ANOVA)
and communities (MDS, PERMANOVA) from U. pinnatifida individuals collected in
December 2012 from Aramoana and Mapoutahi, and time differences of epifaunal density,
diversity and communities from all macroalgal species collected at Aramoana in March and
December 2012.

All PERMANOVA analyses were conducted on epifauna density values of taxa grouped into
families (43 families), plus 12 taxa that could not be identified down to family level including
2 phylum (Nematodes, Nemertinos), 4 orders (Harpacticoida, Calanoida, Tanaidacea,
Infraorder Brachyuran), 3 classes (Ostracoda, Pycnogoida, Maxillopoda), and 3 unidentified
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groups (amphipods, gastropods, polychaetes) mostly comprising individuals smaller than
1mm (see Appendix III). Pre-analyses indicated that members from all groups (families,
orders, class and unidentified) contributed to explain the differences observed and that
eliminating either of them from the analysis resulted in loss of resolution. Therefore, analyses
were carried out on the whole data set. All multivariate analyses run in this study were
conducted using Primer v.6 and Permanova (Primer-E Ltd., Plymouth, UK).
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Figure 5.1 Diver enclosing an individual of Marginariella boryana inside a plastic bag for
collecting mobile epifauna at Mapoutahi (Photo by Chris Hepburn).

Figure 5.2 Diagram showing the relationship between canopy volume, thallus volume and
interstitial volume for branched species (modified from Hacker and Steneck 1990).
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5.3 Results
5.3.2 Macroalgal morphology

The invasive U. pinnatifida, along with the natives Marginariella spp., X. gladiata and D.
ligulata, had interstitial volumes that were consistently lower than those from C. flexuosum,
C. scalaris and S. sinclairii (Fig. 5.3 A). The linear relationships between the interstitial and
thallus volume of the macroalgal species were positive but not always significant (Table 5.1;
Fig. 5.3 A). The complexity ratios of U. pinnatifida, Marginariella spp., X. gladiata and D.
ligulata, were at least ten times significantly smaller than the species C. flexuosum, C.
scalaris and S. sinclairii (one-way ANOVA, F6, 42 = 101.77, P ≤ 0.001, log-transformed data)
(Fig. 5.3 B).

5.3.1 Epifaunal density and diversity

Sixty-nine epifaunal taxa were identified (see Appendix III). Common taxa (i.e. Aora typica,
Hyale spp.) recorded on all native species were also found on U. pinnatifida (see Appendix
III). One individual of Hippolyte multicolorata (shrimp) and one polychaeta from the
Spionidae family were solely found in U. pinnatifida (see Appendix III). At Harrington Point,
macroalgae were mostly colonised by harpacticoid copepods (90%), whose densities in U.
pinnatifida and the natives M. urvilliana and X. gladiata were at least half those recorded in
C. flexuosum and C. scalaris (one-way ANOVA, F4,

21

= 9.67, P ≤ 0.001, log-transformed

data) (Fig. 5.4 A). Similarly, mean densities of amphipods in U. pinnatifida, M. urvilliana and
X. gladiata were more than a tenth smaller than in C. flexuosum and C. scalaris (one-way
ANOVA, F4,

21

= 54.50, P ≤ 0.001, log-transformed data) (Fig. 5.4 A), and they hosted

epifaunal communities that had at least half of the diversity of C. flexuosum and C. scalaris
(one-way ANOVA, F4,
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= 19.42, P ≤ 0.001, log-transformed data) (Fig. 5.5 A). At

Aramoana, both the mean total epifauna and amphipod densities were at least half smaller,
and harpacticoid copepods were at least a third smaller, in U. pinnatifida, M. urvilliana and X.
gladiata than in C. flexuosum, C. scalaris and S. sinclairii at all times (one-way ANOVA, F5,
25

= 4.86-65.94, P ≤ 0.003, log-transformed data) (Fig. 5.4 B, C). In March 2012 at

Aramoana, the epifaunal diversity of U. pinnatifida was similar to that of all the natives,
although C. scalaris and S. sinclairii showed higher mean values (one-way ANOVA, F5, 24 =
4.25, P = 0.007, log-transformed data) (Fig. 5.5 B; black bars). In December 2012 at
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Aramoana, the diversity recorded in U. pinnatifida was almost half that recorded in S.
sinclairii (one-way ANOVA, F5, 24 = 6.40, P ≤ 0.001, log-transformed data) (Fig. 5.5 C; grey
bars). At Mapoutahi, mean densities of all three categories recorded in U. pinnatifida and M.
boryana were at least a third of those recorded for D. ligulata (one-way ANOVA, F2,

12

≥

9.43, P ≤ 0.003) (Fig. 5.4 D), and no differences were found in epifaunal diversity across
macroalgal species (one-way ANOVA, F2, 12 = 2.69, P = 0.11) (Fig. 5.5 D).

5.3.3 Epifaunal communities and macroalgal morphologies

Differences among macroalgal species were consistently found at all sites and times
(MANOVA, Pseudo-F2-5, 12-25 = 4.67-11.02, P ≤ 0.001, root-transformed data), and the fauna
differed between algal species in the vast majority of pair-wise comparisons. Differences did
not occur between Marginariella spp. and X. gladiata at Harrington Point (MANOVA pairwise test, t = 1.52, P = 0.08, root-transformed data) and in December 2012 at Aramoana
(MANOVA pair-wise test, t = 1.37, P = 0.13, root-transformed data); between U. pinnatifida
and X. gladiata and between C. flexuosum and C. scalaris in December 2012 at Aramoana
(MANOVA pair-wise test, root-transformed data, t = 1.52, P = 0.09 and t = 1.61, P = 0.052,
respectively); and between U. pinnatifida and M. boryana at Mapoutahi (MANOVA pairwise test, t = 1.50, P = 0.084, root-transformed data). The ordination analysis (MDS) revealed
that the samples from U. pinnatifida tended to be more similar to those from the natives
Marginariella spp. and X. gladiata (around 60% similarity) than to either C. flexuosum, C.
scalaris and S. sinclairii, which were also more similar to each other than to any other
macroalgal species (Fig. 5.7-9 A). The MDS bubble plots based on the complexity ratios
showed that the similarities between the groups corresponds to similarities in the morphology
ratio (Fig. 5.7-9 A-B).

The taxa (vectors) identified to drive such differences between the groups showed to
increased towards the more complex macroalgal species (Fig. 5.10 A-D; blue vectors). The
taxa that were consistently (at least present in 3 of the four site/times) most likely to explain
those differences were the Order Harpacticoida, the amphipod families Aoridae and Eusiridae,
the gastropod family Eatoniellidae and the unidentified amphipods, gastropods and
polychaetes (Fig. 5.10 A-D; blue vectors). All of them were usually higher in the species C.
flexuosum, C. scalaris and S. sinclairii. However, amphipods, mostly the families Aoridae,
Eusiridae and the unidentified amphipods, the harpacticoid copepods (Fig. 5.4 A-D) and the
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unidentified gastropods (Fig. 5.11 A-D) seemed to be the main vectors driving the differences
between the complex and simple macroalgae, as differences between the morphologically
distinctive groups were greater for these taxa.

5.3.4 Site and time differences

No statistically significant differences were found among epifaunal densities or diversities
(paired t-test; t = 1.685 and -0.891, df = 4, P > 0.167) of U. pinnatifida individuals collected
from Aramoana and Mapoutahi in December 2012 (Fig. 5.12). Likewise, time differences
were only detected (paired t-test; t = -5.072, df = 4, P = 0.007) for epifaunal diversity of S.
sinclairii individuals (Fig. 5.13). However, PERMANOVA analyses revealed differences
among epifaunal communities of U. pinnatifida individuals collected at different sites in
December 2012 (MANOVA, t1, 9 = 3.55, P = 0.008, root-transformed data), and among the
epifaunal communities of each macroalgal species collected from Aramoana at the two
different times of the year (P < 0.005) except X. gladiata (MANOVAs, t1, 9 = 1.38, P = 0.12,
root-transformed data). MDS plots show site differences for U. pinnatifida (Fig. 5.14 A) and
that samples collected from Aramoana at two different times of the year tend to group by
morphological complexity (Fig. 5.14 B).
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Figure 5.3 A) Relationship between the interstitial volume and thallus volume; and B) mean
complexity ratio (interstitial volume/thallus volume) of different macroalgae. Bars labelled
with same letter do not differ significantly (Tukey’s HSD, P < 0.05).
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Table 5.1 Equation, regression coefficient (R2) and P value for the linear regressions
calculated for each macroalgal species (Fig. 5.3 A). Asterisks indicate the equation was found
to be statistically significant.
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Figure 5.4 Mean (n = 5, ± SE) values of densities of total epifauna (clear bars), harpacticoid
copepods (light grey bars) and amphipods (dark grey bars) of different macroalgae collected
from A) Harrington Point in December 2011, Aramoana in B) March and C) December 2012,
and D) Mapoutahi in December 2012. Bars labelled with same letter do not differ
significantly (Tukey’s HSD, P < 0.05). The category ‘amphipods’ represents the order
Amphipoda and includes the suborders Gammaridae, Caprellidae, unidentified and < 1 mm
amphipods (see Appendix III).
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Figure 5.5 Mean (n = 5, ± SE) values of epifaunal diversity of different macroalgae collected
from A) Harrington Point in December 2011, Aramoana in B) March and C) December 2012,
and D) Mapoutahi in December 2012. Bars labelled with same letter do not differ
significantly (Tukey’s HSD, P < 0.05).
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Harrington Point (December 2011)
A)

B)

Figure 5.6 A) MDS on the epifaunal densities from U. pinnatifida (U), C. flexuosum (CA), C.
scalaris (Cy), Marginariella genus (M) and X. gladiata (X) collected from Harrington Point
in December 2011; and B) MDS bubble plot showing the complexity ratio values assigned to
each epifaunal sample.
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Aramoana (March 2012)
A)

B)

Figure 5.7 A) MDS on epifaunal densities from U. pinnatifida (U), C. flexuosum (CA), C.
scalaris (Cy), Marginariella genus (M), X. gladiata (X) and S. sinclairii (S) collected from
Aramoana in March 2012; and B) MDS bubble plot showing the complexity ratio values
assigned to each epifaunal sample.
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Aramoana (December 2012)
A)

B)

Figure 5.8 A) MDS on epifaunal densities from U. pinnatifida (U), C. flexuosum (CA), C.
scalaris (Cy), Marginariella genus (M), X. gladiata (X) and S. sinclairii (S) collected from
Aramoana in December 2012; and B) MDS bubble plot showing the complexity ratio values
assigned to each epifaunal sample.
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Mapoutahi (December 2012)
A)

B)

Figure 5.9 A) MDS on epifaunal densities from U. pinnatifida (U), Marginariella genus (M),
and D. ligulata (De) collected from Mapoutahi in December 2012; and B) MDS bubble plot
showing the complexity ratio values assigned to each epifaunal sample.
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A) Harrington Point (December 2011)

C) Aramoana (December 2012)

B) Aramoana (March 2012)

D) Mapoutahi (December 2012)

Figure 5.10 MDS showing the similarities between the samples categorised by macroalgal complexity into simple (S) or complex (C) and the identity
and direction of the vectors (epifaunal taxa) that are most likely driving the differences between the two groups of macroalgae collected from A)
Harrington Point in December 2011, Aramoana in B) March and C) December 2012, and D) Mapoutahi in December 2012.

Figure 5.11 Mean (n = 5, ± SE) densities of the vectors (taxa) family Eusiridae and the group
of unidentified gastropods and polychaetes of different macroalgae collected from A)
Harrington Point in December 2011, Aramoana in B) March and C) December 2012, and D)
Mapoutahi in December 2012. Bars labelled with same letter do not differ significantly
(Tukey’s HSD, P < 0.05).

Figure 5.12 Mean (n = 5, ± SE) values of densities (clear bars) and diversity (black bars) of
total epifauna of U. pinnatifida individuals collected from Aramoana and Mapoutahi in
December 2012. Statistically significant differences (Tukey’s HSD, P < 0.05) between sites
were not found.
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Figure 5.13 Mean (n = 5, ± SE) values of A) densities (white bars) and B) diversity (black
bars) of total epifauna of different macroalgae collected from Aramoana in March and
December 2012. Statistically significant differences (Tukey’s HSD, P < 0.05) between
sampling times for each macroalgal species are indicated with an asterisks (*).
.
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A)

B)

Figure 5.14 MDS on epifaunal densities showing A) the similarities of samples collected
from U. pinnatifida individuals collected fom Aramoana (TM; blue triangles) and Mapoutahi
(MA; blue squares) in December 2012 and B) the similarities of samples from individuals of
U. pinnatifida (U), M. urvillana (M), X. gladiata (X), C. flexuosum (CA), C. scalaris (Cy) and
S. sinclarii (S) collected from Aramoana in March (blue triangles) and December 2012 (pink
dots).
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5.4 Discussion
The results of this study indicate that the invasive macroalga U. pinnatifida plays a similar
role as a habitat for epifauna to the natives Marginariella spp., X. gladiata, but different to the
natives C. flexuosum, C. scalaris, S. sinclairii and D. ligulata. Such differences seemed to be
explained by variation in epifaunal density rather than the species present, suggesting that the
identity of the taxa was comparable among the macroalgal species but the densities of those
taxa varied significantly. The results also suggest that morphological complexity of the
macroalgal species strongly influences such differences, since the morphologically simpler
species U. pinnatifida, Marginariella spp. and X. gladiata generally hosted lower total
epifaunal densities than the morphologically complex C. flexuosum, C. scalaris and S.
sinclairii. Harpacticoid copepods, Aoridae and Eusiridae (amphipod families), Eatoniella
(gastropod family) and the unidentified (mostly <1 mm) amphipods, gastropods and
polychaetes were consistently important for distinguishing the epifaunal community of the
two morphologically distinctive groups. In addition, the study indicates the existence of site
and time differences in the epifaunal composition of most macroalgal species that need to be
further investigated.

The results support the initial hypothesis, and many other studies that suggest morphological
complexity is an important factor in establishing differences in epifaunal communities among
macroalgal species, regardless if they are or not invasive (e.g. Coull and Wells 1983, Hacker
and Steneck 1990, Taylor and Cole 1994, Gee and Warwick 1994, Viejo 1999, Bolam and
Fernandes 2002, Ayala and Martin 2003, Wernberg et al. 2004, Buschbaum et al. 2006,
Schmidt and Scheibling 2006, 2007, Christie et al. 2007, 2009, Zamzow et al. 2010, Gestoso
et al. 2011, Janiak and Whitlatch 2012). Kelps (Laminariales) have been found to host
different epifaunal communities, and usually less dense total epifauna or specific taxa, than
both native (Taylor and Cole 1994) and invasive macroalgae (i.e. Codium fragile ssp.
tomentosoides; Schmidt and Scheibling 2006) that are structurally more complex. Therefore,
it may be expected that the potential alterations that invasive macroalgae may introduce in the
epifaunal community could be predicted by looking at the morphological complexity of the
native macroalgal. If they are morphologically similar or more complex to most of the
natives, the invasive macroalgae would increase overall complexity of the invaded habitats,
hence have a positive impact on the epifaunal community, and the opposite would occur
otherwise (e.g. Viejo 1999, Ayala and Martin 2003, Wernberg et al. 2004, Buschbaum et al.
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2006, Schmidt and Scheibling 2006, Drouin et al. 2011, Gestoso et al. 2011, Janiak and
Whitlatch 2012). U. pinnatifida has the simplest of all the morphologies of the known highly
invasive macroalgae (i.e. Caulerpa taxifolia, C. racemosa, Codium fragile spp. tomentosoides
and S. muticum). For that reason, while most invasive macroalgae would possibly alter
epifaunal communities ‘positively’ (i.e. increasing epifaunal density or diversity), U.
pinnatifida is likely to have a ‘negative’ influence (i.e. reducing density or diversity).
However, it is noteworthy that some hard bottoms in Argentina dominated by Codium spp.,
Dictyota spp. and Ulva spp. have shown higher richness and diversity of benthic macrofauna
and subcanopy species in the presence of U. pinnatifida than when the invasive had been
removed, suggesting U. pinnatifida increased habitat complexity there by offering different
shelter and foraging opportunities (Irigoyen et al. 2010b). On the other hand, U. pinnatifida
has been shown to markedly reduce the abundance of reef fish, also in Argentina, by
occupying the reefs they use as transitory habitat (Irigoyen et al. 2010a).

There has been little investigation of the epifaunal communities inhabiting U. pinnatifida
either in its native or invasive range. In addition, those studies that have examined epifaunal
communities on U. pinnatifida have focused on the potential damage those organisms can
cause to cultured U. pinnatifida. For example, a few species of copepods have been noticed to
be abundant and infest U. pinnatifida in Japan and Korea (e.g. Ho and Hong 1988, Tsukidate
1991, Park et al. 1990, Rho et al. 1993). A gammarid amphipod from South Korea (Ceinina
japonica) invades the midrib of U. pinnatifida and bores a tunnel, which may cause the
longitudinal separation of the entire frond through the midrib (Kang 1982). Similarly,
harpacticoid copepods and the hydroid Obelia geniculata are the most common organisms
inhabiting U. pinnatifida cultures in Spain (Peteiro and Freire 2013). The only study found
that thoroughly describes the faunal community associated with U. pinnatifida was carried out
in Argentina (Irigoyen et al. 2010b). They found that, like the present study, a range of native
fauna including crustacean, mollusca or annelida can associate with the invasive macroalgae.
In addition, they demonstrated that U. pinnatifida increased the richness and diversity of
benthic macrofauna (crustaceans, sea urchins and poluchaetes) and subcanopy species by
increasing habitat complexity of native macroalgal assemblages (Irigoyen et al. 2010b). This
highlights the importance to further investigate the whole habitat complexity, more than just
species complexity, and the need to incorporate relatie abundance of macroalgal species and
long-term alterations in macroalgal assemblages.
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Previous studies in northern New Zealand found that macroalgae from the genus
Carpophyllum spp. and Cystophora spp. had a high complexity (measured as thallus width)
and hosted high epifaunal densities, similar to the present study (500 – 1,500 individuals 100
g blotted macroalgae-1; Taylor and Cole 1994). Although they did not examined U.
pinnatifida, they showed that the native kelps E. radiata and L. variegata host similar
densities to U. pinnatifida here (usually < 100 individuals 100 g blotted macroalgae-1; Taylor
and Cole 1994). Like in the present study, such differences in density were found to be driven
by amphipods and to a lesser extent by gastropods, which tend to be less abundant in
morphologically simpler species E. radiata and L. variegata (Taylor and Cole 1994). The
amphipod taxa Ischiroceridae, Podocerus spp. and Aora maculata were the most abundant
across macrolgal species, and usually lower in the kelps (Taylor and Cole 1994). In contrast,
A. typica and Eusiridae were the most abundant amphipod taxa in this study and were found
in lower densities in simpler macroalgae such as U. pinnatifida, although Ishiroceridae and
Podocerus spp were also less abundant simpler macroalgae (see Appendix III). Comparisons
for harpacticoid copepods and polychaetes, shown here to contribute substantially to the
differences between morphologically distinct macroalgae, cannot be made as Taylor and Cole
(1994) did not account for these taxa. Interestingly, the isopod A. longipes seemed to
characterise E. radiata in the northern regions of the country (Taylor and Cole 1994), whereas
in the present study it was very occasionally found in U. pinnatifida, C. scalaris and X.
gladiata, and it was most common in C. flexuosum and Marginariella spp. Overall, in New
Zealand, the epifaunal communities of the invasive U. pinnatifida may be expected to be
similar to native species such as Marginariella spp., X. gladiata and the native kelps E.
radiata and L. variegata. However, while in the Otago region U. pinnatifida host less dense
epifaunal communities than S. sinclairri, in northern regions the native showed to host
densities similar to native kelps (Taylor and Cole 1994), which suggests the patterns observed
may vary across regions.

Mobile epifauna were less abundant in U. pinnatifida and the natives Marginariella spp. and
X. gladiata than in the more complex macroalgae probably because they are morphologically
simpler and provide less refuge from predation, as suggested by many (e.g. Coull and Wells
1983, Taylor and Cole 1994, Gee and Warwick 1994, Bolam and Fernandes 2002, Christie et
al. 2007, 2009, Zamzow et al. 2010). Even abundant mesograzers like A. typica, which prefers
U. pinnatifida as food to C. flexuosum or C. scalaris (see Chapter 4), were not abundant on U.
pinnatifida. Although some mobile species have been shown to separate the habitat from the
food resources using some macroalgae as food and others as a habitat (Buschmann, 1990), it
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is most likely that mesograzers like A. typica inhabit macroalgae such as C. flexuosum, C.
scalaris and S. sinclairii that might not be the best food but are trade-offs to avoid predation
(e.g. Duffy and Hay 1994, Jormalainen et al. 2001, Lasley-Rasher et al. 2011). In addition, the
refuge value that macroalgal species offer can increase with the presence of epiphytic algae,
which are also important food for a range of epifaunal organisms (e.g. Hall and Bell 1988,
Duffy 1990, Martin-Smith 1993, Pavia et al. 1999). This may also contribute to the higher
densities observed in more complex macroalgae here, as they appeared to have more
epiphytes (pers. obs.). In addition, it has been suggested that habitat stability may affect
habitat selection of some crustaceans (Duffy and Hay 1991, Wernberg et al. 2004, Gestoso et
al. 2010). In this sense, the low epifaunal density observed in the invasive U. pinnatifida
relative to the native C. flexuosum, C. scalaris and S. sinclairii might be increased by the fact
that the annual U. pinnatifida offers a less stable habitat than the perennial natives do.

Like previous studies (e.g. Taylor 1998, Schmidt and Schiebling 2006, Gestoso et al. 2011,
Janiak and Whitlatch 2012), differences in epifaunal assemblages inhabiting macroalgal
species with sites and/or sampling times or seaons have been detected. Given the presence of
an invasive macroalgae such as U. pinnatifida, further studies would need to be carried out in
order to determine if those differences are related to the presence of the invasive species in the
area or are simply related to environmental aspects or seasonality of epifaunal species.
However, the MDS plot including all macroalgal species collected from Aramoana in March
and December 2012 is suggesting grouping of the samples by morpholical complexity of the
macroalgal species, and so the complexity rather than time might be a more important factor
driving the differences in epifaunal assemblages. Finally, the lack of differences in densities
observed here contrasts with previous observations made by Taylor (1998) in northern New
Zealand on native fucaleans, who detected higher densities in summer than in winter. The
lack of a greater number of seasons, or the proximity of months were samples were taken
might be possible explanations.

In the Otago region, U. pinnatifida has established in a wide range of coastal environments
(i.e. along wave exposure gradients; Russell et al. 2008, Richards 2009, Pritchard et al. in
prep., see Chapter 2) and tends to dominate space over native macroalgae that host
significantly different and denser epifaunal communities (i.e. C. flexuosum, C. scalaris, S.
sinclairii and D. ligulata; see Appendix I). The importance of epifaunal communities for reef
productivity in northern New Zealand has been estimated to be almost 80% of the total
secondary productivity of a rocky reef (Taylor 1998a). In addition, the native kelp E. radiata,
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a comparable habitat for epifauna to the invasive U. pinnatifida, has been found to contribute
less than complex species such as Carpophyllum spp. to such productivity (Cowles et al.
2009). Therefore, if U. pinnatifida was displacing macroalgae that play a greater role in
supporting epifaunal communities and make a greater contribution to secondary production in
the Otago region, then the secondary productivity of those reefs could be compromised and
both ecosystem structure and function may be altered.
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Chapter 6: General Discussion
6.1 What is the ecosystem function of U. pinnatifida in coastal Otago?

The present thesis aimed to provide a better understanding of the overall ecological role that
U. pinnatifida plays in the marine and coastal ecosystem of the Otago region, in southern
New Zealand. For that purpose, a combination of field assessments and experimental analyses
were used to give some insights on how U. pinnatifida might alter ecosystem structure and
food webs in different habitats (i.e. subtidal reef, sandy beach) and when present in different
forms (i.e. benthic vs. drift/wrack macroalgae). The findings here revealed that the role of U.
pinnatifida as a habitat and food for the native fauna varies across habitats and among
invertebrate species but is was generally similar to some of the native macroalgae it was
compared to (Table 6.1). Further, this work has demonstrated knowledge of traits specific to
faunal species (i.e. trophic position, habitat use, etc.) and macroalgae (i.e. chemistry,
biomechanics, morphology, etc.) need to be considered when predicting the effects of
invasive species.

6.1.1 How abundant is U. pinnatifida relative to the native macroalgal assemblages?

The temporal abundance of U. pinnatifida relative to native macroalgae in the benthic
assemblages of invaded subtidal rocky reefs and in the dislodged assemblages (drift and
wrack) of nearshore habitats (surf and intertidal zone) along the Otago region were explored
in Chapter 2. In the subtidal fringe down to 3m, U. pinnatifida was found to be the most
abundant macroalgal species, comprising about 50% of the macroalgal assemblages by
density. Temporal differences were recorded, with U. pinnatifida making up to 75% and 35%
of the canopy and understorey cover, respectively, in December but only between 2-10% in
April. These differences were consistent over a period of two years. To a lesser extent, U.
pinnatifida was also abundant in the drift and wrack assemblages of nearshore habitats, with
values of > 50% occasionally recorded during spring and summer, and values of < 5%
occurring during autumn and winter. The highly invasive qualities of U. pinnatifida and its
annual life-cycle have favoured it becoming an abundant but inconsistent potential habitat and
food source, in contrast to most native species (Table 6.1).
121

6.1.2 What role is U. pinnatifida playing as a food source for native consumers?

Given that U. pinnatifida is an abundant potential food source, its relative role as food source
for native grazers was investigated through a series of laboratory experiments testing the
relative consumption of U. pinnatifida by one beach consumer (Bellorchestia quoyana
(amphipod); Chapter 3) and four subtidal grazers (Aora typica (amphipod), Batedotea
elongata (isopod), Cookia sulcata and Haliotis iris (gastropods); Chapter 4). The relative
quality of U. pinnatifida as a food source was also tested, including chemical properties (C:N,
organic content, protein content, calorific content) and biomechanical traits (toughness and
elasticity) (Chapter 3). B. quoyana consumed lower amounts of U. pinnatifida when given a
choice, consumed comparable amounts of U. pinnatifida when given no choice, and strongly
preferred U. pinnatifida when macrolgae were reconstituted into agar foods. Chemical
analyses showed U. pinnatifida is potentially a good food source with apparently no measured
biomechanical properties that may prevent high consumption. This led to the conclusion that
feeding patterns could not be simply explained by the macroalgal traits studied here. The
subtidal gastropod C. sulcata strongly preferred Ulva spp. but also consumed U. pinnatifida,
while H. iris (gastropod) and A. typica (amphipod) consumed a variety of macroalgae that
included U. pinnatifida. In contrast, B. elongata (isopod) consumed several macroalgae, but
avoided U. pinnatifida. Overall, U. pinnatifida appeared to be a relatively nutritious food and
was usually consumed by the native invertebrates, although they showed variable preferences
for U. pinnatifida over native species (Table 6.1). These findings indicate that while it seems
to be a food source comparable to native macroalgae for most native grazers, it has the
potential to, especially when in high abundance, alter some natural consumer-macroalga
trophic interactions in the Otago coast.

6.1.3 What role is U. pinnatifida playing as a habitat for native mobile epifauna?

The relative importance of U. pinnatifida as habitat was then explored through the
quantitative and qualitative assessment of epifaunal communities in the field (Chapter 5). U.
pinnatifida was found to host similar epifaunal assemblages to the natives Marginariella spp.
and Xiphophora gladiata, but much fewer epifauna to the native Carpophyllum flexuosum,
Cystophora scalaris, Sargassum sinclairii and Desmarestia ligulata. These differences were
explained by variation in epifaunal density, mostly by harpacticoid copepods and amphipods,
and were strongly influenced by morphological complexity of the macroalgal species. The
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morphologically simpler species U. pinnatifida, Marginariella spp. and X. gladiata generally
hosted lower total epifaunal densities than the morphologically complex C. flexuosum, C.
scalaris and S. sinclairii (Table 6.1). Therefore, U. pinnatifida plays a role as habitat that is
comparable to some native species, and its potential to alter the native epifaunal communities
relies on its ability to displace complex native macroalgal species that play a major role as
habitat for native epifauna.
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Table 6.1 Ranks from 1 (low value) to 5 (high value) assigned to each macroalgal species on the aspects investigated in the present study.

* Macroalgal species are U. pinnatifida (U), Macrocystis pyrifera (Mp), Durvillaea antarctica (Du), Ulva spp. (Ul), Marginariella boryana (Mb), Marginariella
urvilliana (Mu), Xiphophora gladiata (X), Desmarestia ligulata (D), Carpophyllum flexuosum (Ca), Cystophora scalaris (Cy) and Sargassum sinclairii (S).
** Letters for native macroalgae indicate S = similar; H = high; L = low; and V = variable value relative to U. pinnatifida, for the overall native species.

124

6.2 Implications for the marine and coastal ecosystems
In light of the findings outlined in section 6.1, the implications that the dominance of U.
pinnatifida may have on ecosystems structure and food webs are likely to be broad although
difficult to predict. Such implications would vary depending on the role that U. pinnatifida
plays in the benthic macroalgal community (i.e. displacing natives or adding to the
community), as the quality and quantity of available resources may be altered in different
ways. In New Zealand, no studies have yet shown any evidence of displacement or outcompetition of native macroalgae in the subtidal zone (Hay and Sanderson 1999, Forrest and
Taylor 2002, Raffo et al. 2009). In the intertidal zone, U. pinnatifida has been suggested to act
as a fugitive or opportunistic species with an advantage over natives to fill up gaps (Schiel
and Thompson 2012) and whose spread can be resisted by native macroalgae (Thompson and
Schiel 2012), as observed in subtidal reefs in Tasmania (Valentine and Johnson 2003, 2004).
In contrast, U. pinnatifida has shown to decrease native macroalgal richness, diversity and
evenness in Argentina (Casas et al. 2004), reduce native understorey cover and diversity in
the Venize Lagoon (Curiel et al. 1998), and out-competed native macrolgae in a marina in the
U.K (Farrell and Fletcher 2006). In the Otago subtidal reefs, densities of U. pinnatifida appear
to have been increasing for the past 10 years and populations are expected to be greater in the
future and to include a broader range of habitats (Russell et al. 2008, Richards 2009, Pritchard
et al. in prep., Chapter 2). This indicates native subtidal macroalgae may not be able to resist
U. pinnatifida invasion as they appear to do in the intertidal zone (Thompson and Schiel
2012), suggesting that the interactions between U. pinnatifida and native species may be more
complex in subtidal reefs. The highly invasive character of U. pinnatifida and the apparent
absence of resistance to invasion of native macroalgae (Chapter 2) together with the weak
grazing pressure that native subtidal consumers seem to exert over it (Chapter 4) have most
likely contributed to U. pinnatifida becoming a dominant component of invaded reefs along
the Otago coast and, to a lesser extent, of the nearshore habitats (Chapter 2).

6.2.1 U. pinnatifida as a fugitive species: an additional resource

The role of U. pinnatifida in out-competing native macroalgae still needs further investigation
to determine if fugitive or can out-compete. However, invasive macroalgae are known to
show opportunistic or fugitive behaviour (e.g. C. racemosa, Scheibling and Gagnon 2006,
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Bulleri et al. 2010; C. taxifolia, Glasby 2013) may still be able to drive substantial alterations
on native assemblages (e.g. Levin et al. 2002, Klein and Verlaque 2008, Piazzi and Balata
2008, Bulleri et al. 2010, Hu and Juan 2013). If U. pinnatifida was acting as a fugitive species
in the subtidal reefs of the Otago region, then primary productivity, as well as habitat and
food resources may be increased up to > 50% during spring-summer months in the reefs,
intertidal and surf zone (Chapter 2). Since U. pinnatifida does play a moderate habitat role for
small invertebrates that inhabit macroalgae (Chapter 5), the increase of habitat resources may
result in a moderate increase of these invertebrate communities relative to an uninvaded
habitat (Fig. 6.1 A, B). Similarly, grazers that consume U. pinnatifida (Chapter 3 and 4)
would probably benefit from the presence of an extra nutritious food while those grazers that
do not usually consume U. pinnatifida (Chapter 4) will not be affected as they could still
consume the preferred native macroalgae (Fig. 6.1 A, B). The disappearance of U. pinnatifida
during autumn-winter would likely turn ecosystem structure back to the state of uninvaded
habitats. Arguably, ‘positive’ impacts such as the increase of resources and invertebrate
abundance can still be considered negative as they may also alter the native faunal community
(e.g. Deudero et al. 2011, Rodil et al. 2008, Rossi et al. 2010, Byers et al. 2010, Vázquez-Luis
et al. 2010, Enge et al. 2013). Although implications for secondary productivity, ecosystem
structure, and food web would be difficult to predict, it becomes apparent that they are likely
to be temporally altered in some manner. Since the abundance and spread of U. pinnatifida is
expected to continue increasing (Chapter 2), the number of habitats showing temporal shifts
in ecosystem structure and food webs along the Otago region may also be expected to
increase.

6.2.2 U. pinnatifida displacing native species: a replacement resource

If U. pinnatifida was displacing native macroalgae, the ecosystem structure and food web of
invaded habitats are likely to differ greatly from uninvaded habitats and from habitats where it
displays a fugitive behaviour (Fig. 6.1 A, B, C). A total domination of space by U. pinnatifida
is likely to increase primary productivity of invaded habitats in spring-summer months, as U.
pinnatifida has shown to be significantly more productive than most native macroalgae in the
region (Dean and Hurd 2007, Richards et al. 2011, Pritchard et al. in prep.). In contrast, the
implications for secondary productivity and native fauna can be expected to be negative. U.
pinnatifida has only a moderate refuge value for small invertebrates (Chapter 5) hence their
populations may be reduced through a greater exposure to predators (Duffy and Hay 1994,
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Gribben and Wright 2006, Lasley-Rasher et al. 2011), whose populations may in turn be
favoured. In addition, populations of consumers are prone to be reduced as, although U.
pinnatifida is a nutritious food (Chapter 3), consumers do not seem to feed exclusively on it,
but rather use U. pinnatifida as an additional food or do not consume it at all (Chapter 3 and
4). In contrast, U. pinnatifida populations would be considerably reduced or absent during
autumn-winter months, meaning both primary and secondary productivity would be
dramatically decreased (Fig. 6.1 C). In the long-term, only the faunal communities that can
adapt to this temporal variation and exclusiveness of resources or those that do not rely
directly or indirectly on macroalgae (i.e. phytoplankton feeders) may remain. The future
scenario in this case is extremely concerning, especially in the predictions of U. pinnatifida
increasing densities, as the secondary productivity could potentially be reduced and the
ecosystem structure and function be substantially altered.

6.2.3 Wider implications

Overall, it appears that, relative to uninvaded habitats, ecosystem structure and food webs of
invaded rocky reefs and sandy beaches are expected to be altered regardless of whether or not
U. pinnatifida is acting as a fugitive species or displacing native macroalgae. Although the
extent of such alterations is yet to be determined, it is noteworthy to highlight that they may
also affect uninvaded habitats. The marine and coastal environment offers a continuum
medium where carbon flux is transferred through habitats (Hyndes et al. 2014) but also across
ecosystems, as sandy beaches connect marine to terrestrial environments through the
provision of food for terrestrial predators (e.g. Griffiths et al 1983, Dugan et al. 2003, Spiller
et al. 2010). Thus, we need to keep in mind that the impacts of U. pinnatifida can be broad in
terms of the habitats, ecosystems and trophic levels it may affect.

Although the impacts of invasive species can vary across regions depending on the particular
characteristics of the recipient habitats (i.e. composition of native assemblages and traits; e.g.
Schaffelke and Hewitt 2007, Carnell and Keough 2014), most of the implications arising from
this thesis refer to general aspects of U. pinnatifida as invasive macroalgae that may well be
useful to other invaded regions in New Zealand or abroad. The strong ability to dominate
space, its annual life-cycle, high nutritional value or the ability for grazers to consume it has
been previously suggested (Floc’h et al. 1991, Thornber et al. 2004, Peteiro and Freire 2012,
Teso et al. 2009, Taboada et al. 2012, Atalah et al. 2013) and are reinforced here (Chapter 2,3
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and 4). Other aspects such as U. pinnatifida not being a suitable habitat or food source for
some invertebrates are new information provided by the present thesis (Chapter 4 and 5).
These features are likely to be consistent across invaded regions, thus the information within
this thesis should be used as a guide by scientists and managers involved in U. pinnatifida
invasion.
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Figure 6.1 Simplistic schematic of future hypothetical composition and abundance of native macroalgal and faunal assemblages in sandy beaches and
subtidal rocky reefs for spring-summer and autumn-winter in A) uninvaded habitats, B) habitats where U. pinnatifida is an additional resource; and C)
habitats where U. pinnatifida is replacing native macroalgae.

129

6.3 Recommendations for management: prevention and holistic approach
In New Zealand, concern raised when U. pinnatifida arrived more than 25 years ago to the
point that Biosecurity New Zealand classified it as an ‘Unwanted Organism’. In some pristine
environments, costly, time consuming and labour intensive actions have been undertaken to
eradicate U. pinnatifida from a discrete area. Such actions include sterilisation of floating
structures, heated water treatments against the gametophyte stage, sea urchin biocontrol and
physical removal (reviewed in Stuart 2004, Wotton et al. 2004, Richards pers. com.). The
only method that achieved complete eradication was heat applied over a sunken vessel at the
Chatham Islands in 2001, although it was at great cost in time and money (i.e. 3 years and
NZ$ ~ 3 millions; Wotton et al. 2004). An on-ging sea urchin biocontrol and physical removal
program being carried out in Fiordland National Park, south west New Zealand, also seems to
be successful although this may have caused the temporal loss of all native canopy-forming
macroalgae (Atalah et al. 2013) and it is also having a great cost in time and money (NZ$ >
800, 000 and > 3 years; Richards pers. com.). In contrast, a program has been developed by
Biosecurity New Zealand to allow farming U. pinnatifida in some heavily infested areas
(Wellington Harbour, The Marlborough Sounds and Lyttelton Harbour) and to be harvested
when it is growing on artificial surfaces (e.g. marinas), when it has been cast ashore onto the
beach or when part of a programme specifically designed to control it (MAF 2010).

The national U. pinnatifida management approach thus appears to be inconsistent across
regions and, surprisingly, important management decisions are being made despite limited
knowledge on the ecological role of U. pinnatifida in the New Zealand marine environment.
In fact, knowledge of U. pinnatifida in New Zealand is reduced to the mechanisms behind its
natural spread (Forrest et al. 2000), its physiology (Dean and Hurd 2007, Richards et al. 2011,
Pritchard et al. in prep.), its range of expansion (Russell et al. 2008), and its colonisation
patterns (Hay and Sanderson 1999, Forrest and Taylor 2002, Raffo et al. 2009, Schiel and
Thompson 2012). U. pinnatifida is in fact one of the least studied highly invasive macroalga
around the world (Fig. 1.1), despite being listed as one of the world’s 100 worst invasive
species (Lowe et al. 2000). Interestingly, U. pinnatifida is also an edible and commercially
valuable macroalga (Michanek 1975), already being cultivated in some of the invaded regions
(e.g. Castric-Fey et al. 1999, MAF 2010, Peteiro and Freire 2012) even though aquaculture

130

has been proved as an important path for U. pinnatifida’s invasion and spread (Floc’h et al.
1991).

Given the scale of invasion of many regions across New Zealand (Russell et al. 2008,
Richards 2009, Pritchard et al. in prep., Chapter 2), complete eradication of U. pinnatifida is
unrealistic. The findings from this thesis suggest that, until research is more conclusive,
management strategies should focus to prevent U. pinnatifida from invading new regions,
especially areas of international significance (i.e. Fiordland National Park) and marine
reserves (i.e. subantarctic islands, Ulva Island or Akarora). This may be questionably
successful since the natural spread and dispersal of U. pinnatifida involves highly successful
and varied mechanisms, including pelagic phases, which are difficult to control (Forrest et al.
2000, Hewitt et al 2005, Sliwa et al. 2006, Primo et al. 2010). However, some measures
should be taken to, at least, minimize the human-aided introduction of U. pinnatifida. For
example, although new introductions have shown to be favoured through domestic shipping
activities (Hay 1990), there is still not a program that ensures the entrance of U. pinnatifidafree vessels to uninvaded regions such as Fiordland National Park. The present work has also
indicated that we have to approach the management of marine and coastal ecosystems from a
holistic perspective, taking into account that habitats and ecosystems are connected (Hyndes
et al. 2014, Chapter 2) and that U. pinnatifida can affect many native communities other than
macroalgae in many different ways (Chapter 3, 4 and 5). Our ability to improve future
management depends on how much we increase our understanding of the role that U.
pinnatifida plays in the ecosystems through research (CBD 2000, 2001).

6.4 Future research

This thesis is setting the scene and highlighting there are complex intra and inter-specific
interactions that need to be further investigated to, accurately, determine how U. pinnatifida
may alter ecosystem structure and food webs. Firstly, we need to determine if or how U.
pinnatifida is changing the native macroalgal assemblages to establish if and how U.
pinnatifida is modifying the food and habitat resources (Fig. 6.1). Certainly, our
understanding of this matter would greatly benefit from long-term studies that monitor the
potential changes in the macroalgal assemblages of invaded reefs (Thomsen et al. 2014). In
fact, impacts from invasive macroalgae are sometimes only evident in the long-term scale
(e.g. Meinesz et al. 1993, Stæhr1 et al. 2000, Sánchez et al. 2005). For example, in northern
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Spain, Olabarria et al. (2009b) found a limited impact of S. muticum in the native intertidal
macroalgae community during a 2 year study, however, a previous longer-term study (i.e. 25
years) revealed that the assemblages had indeed suffered substantial changes since the arrival
of S. muticum (Sánchez et al. 2005). Also, a better understanding of the life history and
demography of the native macroalgae, including microscopic stages, reproduction, dispersal
and settlement (Schiel and Foster 2006), would provide the knowledge required to understand
the interactions between U. pinnatifida and native macroalgae. Finally, a thorough
investigation of the relative efficiencies of the native macroalgae and U. pinnatifida to use
environmental resources (i.e. light, nutrients, etc.) would also be highly beneficial (Dean and
Hurd 2007, Richards et al. 2011, Pritchard et al. in prep.). In this sense, U. pinnatifida has
shown a great ability to settle in a wide range of substrates including native macroalgae (Fig.
6.2), which may have implications on their performance that remain unknown.

The effects that U. pinnatifida have on native fauna should also be further explored, focusing
on species with wide ecosystem functions, keystone species and/or species with high
conservation status. It is important that we not only investigate the role of U. pinnatifida as
food but also that we find out if this invasive macroalga may affect the fitness of the native
consumers (e.g. Boudouresque 1996, Wright and Gribben 2008, Tejada et al. 2013). Also, a
thorough investigation of the relative chemical composition of U. pinnatifida may reveal
important food quality aspects (Katsuoka et al. 1990, Taboada et al. 2012). Such knowledge
will also be very useful in understanding the potential long-term implications for the
populations of native consumers as well as for the ecosystem structure and function.
Likewise, the implications of the presence of U. pinnatifida on epifaunal communities
requires further investigation, since these invertebrates can inform on alterations to secondary
productivity and upper trophic levels (Edgar and Moore 1986, Taylor 1998, Duffy et al. 2001,
Cowles et al. 2009, Newcombe and Taylor 2010). This will also benefit from a better
knowledge of the existing trophic interactions that occur within the ecosystem. Similarly, we
need to explore the interactions between U. pinnatifida and the understorey species, and the
importance of the invasive macroalgae as food and habitat for sessile fauna associated to the
benthos. In the intertidal zone, we have some knowledge on how U. pinnatifida interacts with
the native macroalgae (Thompson and Schiel 2012, Schiel and Thompson 2012) but it is
unclear what implications the presence of the invasive species may have for the intertidal
invertebrates.

132

Many other research areas need to be explored. For instance, the fate of U. pinnatifida in the
food web is unknown, and nor do we know how it is contributing to the detrital pathway or
what role it is playing in the nutrient (i.e. carbon, nitrogen, phosphorus) cycles. On the whole,
the study of U. pinnatifida and other invasive macroalgae should pay more attention to
community-level interactions and food web impacts in invaded ecosystems (Parker et al.
1999, Williams and Smith 2007, Ehrenfeld 2010), and, as highlighted in this thesis, approach
such studies from a more holistic perspective to fully understand the effects of macroalgae
invasions. Currently, only 6% of invasive macroalgae have been studied somehow
(Schaffelke et al. 2006, Schaffelke and Hewitt 2007, Williams and Smith 2007), but hopefully
works like the present thesis will encourage the further study of U. pinnatifida as well as
others.
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Figure 6.2 Photographs of young U. pinnatifida sporophytes growing on an individual of the
native species A) Carpophyllum flexuosum (Harrington Point, December 2011; Photo by C.
Hepburn) and B) Hormosira banksii (Otago Harbour, February 2012).
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6.5 Towards the global homogenization of marine ecosystems?

The invasive macroalga U. pinnatifida is nowadays present in many temperate coasts
worldwide (e.g. Hay and Luckens 1987, Floc'h et al. 1991, Piriz and Casas 1994, Curiel et al.
1998, Silva et al. 2002, Aguilar-Rosas et al. 2004), like most of the highly invasive
macroalgae (Caulerpa taxifolia, Caulerpa racemosa, Codium fragile spp. tomentosoides and
Sargassum muticum; Fig. 6.3). However, the worldwide distribution of highly invasive
macroalgae is being probably underestimated since most of the macroalgal invasions have
been recorded in the developed world (Fig. 6.3). This suggests that the degree of invasion in
developing countries may remain unknown. Invasive macroalgae comprise between 10–40%
of the total marine introduced species (Schaffelke et al. 2006), which are responsible for a
considerable loss in biodiversity and resource values of marine ecosystems worldwide (e.g.
Carlton 1996, Bax et al. 2003, Byrnes et al. 2007, Williams and Smith 2007, Molnar et al.
2008). In general, invasive macroalgae tend to have negative impacts in receiving ecosystems
(reviewed in Schaffelke et al. 2006, Hewitt et al. 2007, Schaffelke and Hewitt 2007, Williams
and Smith 2007, Molnar et al. 2008). Such impacts can include elimination or reduction of the
diversity and/or abundance of native macroalgae (e.g Meinesz et al. 1993, Ceccherelli and
Cinelli 1998, Levin et al. 2002, Balata et al. 2004, Sánchez et al. 2005, Bulleri et al. 2010
Piazzi et al. 2012) or alterations of native fauna (e.g. Relini et al. 1998, Levi and Valrose
2004, Wright et al. 2007, McKinnon et al. 2009, Irigoyen et al. 2010b, Drouin et al. 2011,
Guerra-García et al. 2012). Given the great ability for highly invasive macroalgae, such as U.
pinnatifida, to dominate space and spread, we may ask ourselves how likely it is that our
temperate marine and coastal ecosystems are being homogenised worldwide by few highly
invasive macroalgae.

Biotic homogenization is a process driven by environmental conditions favouring the
geographical extent of invasive species (‘winners’), that have generalist and opportunistic
qualities, and the reduction of natives (‘losers’), thus increasing similarities between species,
genetics and functions of different communities over time (McKinney and Lockwood 1999,
Olden and Rooney 2006). Invasive macroalgae have shown such opportunistic behaviours
through certain macroalgal traits that explain their natural success (e.g. Ribera and
Boudouresque 1995, Sakai et al. 2001, Boudouresque and Verlaque 2002, Valentine and
Johnson 2003, 2004, Nyeberg and Wallentinus 2005, Dean and Hurd 2007, Russell et al.
2008, Enge et al. 2012). However, humans are favouring and increasing their introduction and
spread worldwide through activities such as aquaculture and, most importantly, through
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global shipping trade (see Fig. 6.3; reviewed in Schaffelke et al. 2006, Hewitt et al. 2007,
Schaffelke and Hewitt 2007, Williams and Smith 2007, Molnar et al. 2008). In addition,
native macroalgae are in decline all over the world due to anthropogenic disturbances (e.g.
Benedetti-Cecchi et al. 2001, Graham 2004, Steneck et al. 2003), which can favour the
introduction and spread of invasive macroalgae in several ways. First, many invasive
macroalgae show an advantage over natives to settle in newly available space (e.g. Valentine
and Johnson 2004, Scheibling and Gagnon 2006, Bulleri et al. 2010, Glasby 2013). Second,
native macroalgae are being gradually replaced by mats of turf-forming macroalgae along
urban and sub-urban coasts worldwide (e.g. Airoldi and Beck 2007, Benedetti-Cecchi et al.
2001, Perkol-Finkel and Airoldi 2010), which harbour microscopic stages of invasive
macroalgae whereby facilitating their spread ( Ceccherelli et al. 2002, Bulleri and BenedettiCecchi 2008, Thompson and Schiel 2012). What is more, global climate change is known to
be favouring some species introduction and appears to be increasing the rate and extent of
certain species invasions worldwide (e.g. Dukes and Mooney 1999, Walther et al. 2009,
Bradley et al. 2012, Bellard et al. 2013, Ware et al. 2014). Climate change is likely to also
alter transport and introduction mechanisms, favour the establishment of new invasive
species, alter impact of existing invasive species, alter distribution of existing invasive
species, and alter effectiveness of control strategies (Hellmmann et al. 2008, Rahel and Olden
2008). The potential elimination of colder water through climate change is most likely to
benefit the spread of highly invasive macroalgae as they are native to warm waters (AsiaPacific and Caribbean; Fig. 6.3), and the sea surface temperature is predicted to increase
between 1-2ºC in most of the oceans and seas around the world (Fig. 6.3). The particular case
of U. pinnatifida is an interesting one as it is a winter annual species and so climate change
might favour its spread towards colder regions rather than spreading globally.

Macroalgae have, as ecosystem engineers, the ability to create, maintain and modify habitats
(sensu Jones et al. 1994, 1997) and they support a wide range of faunal organisms through
provision of habitat and food (e.g. Duggins et al. 1989, Taylor and Steinberg 2005, Christie et
al. 2009) contributing substantially to ecosystems structure, secondary production and flow of
carbon of temperate reefs and coasts around the world (e.g. Mann 1973, Edgar and Moore
1986, Taylor 1998, Brown and McLachlan 2006, Ince et al. 2007, Polis and Hurd 1996,
Hyndes et al. 2013). Such ecosystem functions are defined by traits specific to each
macroalgal species (i.e. structure, chemical composition, productivity, life-cycle, etc.) (e.g.
Hacker and Steneck 1990, Duffy and Hay 1991, Cruz-Rivera and Hay 2003, Cruz-Rivera and
Friedlander 2013), suggested to be responsible for the alterations of ecosystem structure and
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food webs that invasive macroalgae may cause (e.g. Relini et al. 1998, Levi and Francour
2004, Casu et al. 2008, Rodil et al. 2008, Rossi et al. 2010, Irigoyen et al. 2010b, Deudero et
al. 2011, Tuya et al. 2014). Future prospects for our marine and coastal environments
worldwide are therefore not very promising. The potential for global space monopolisation by
few highly invasive macroalgae with specific traits would most likely contribute to the
homogenization of the marine and coastal ecosystems structure and food webs worldwide.
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Figure 6.3 World map showing the combined distribution of highly invasive macroalgae (Undaria pinnatifida, Caulerpa taxifolia, Caulerpa
racemosa, Codium fragile spp. tomentosoides and Sargassum muticum) in their alien and native range (obtained from Global Invasive Species
Database (GISD), IUCN; www.iss.org; last accessed 25th June 2014); a simplification of main current shipping routes (obtained from Seebens et al.
2013); and the regions for which an increase of 1-2ºC of sea surface temperature has been predicted for 2050 (obtained from Floerl et al. 2013).
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Appendices
Appendix I
This section shows the data from Chapter 2 expressed as the proportion of macroalgal species
or miscellaneous that contribute to the total density (Fig. 1) and percentage cover (Fig. 2 and
3) within the subtidal zone of Harrington Point, Aramoana and Mapoutahi; and to the wrack
and drift collected from the intertidal (Fig. 4 and 5) and surf zone (Fig. 6), respectively, of
Weller’s Rock, Aramoana, Warrington, Matainaka and Katiki Beach. Macroalgal species
were identified following Adams (1994). When identification to species level was not
possible (i.e. decoloured, incomplete or decomposed drift; bad quality photos, shade, etc.),
macroalgae were classified into morphological functional groups following Balata et al.
(2011). Some of the species that did not consistently have a great contribution to the total
were grouped together (e.g. red miscellaneous) for clarity and to facilitate visual
interpretation.
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Figure 1 Mean proportion (n = 10) of Undaria pinnatifida (black) and native macroalgae (Macrocystis
pyrifera, Durvillaea ssp., Carpophyllum ssp., Cystophora ssp., Marginariella ssp., Sargassum
sinclairii, Desmarestia ligulata and Xiphophora gladiata) per m2 recorded at A) Harrington Point, B)
Aramoana; and C) Mapoutahi in December 2011, 2012 and April 2012, 2013. Letters ‘L’ refer to
Laminariales, ‘F’ to Fucales and ‘DE’ to Desmarestiales.
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Figure 2 Mean percentage (n = 20) of macroalgal species contribution to canopy cover at A)
Harrington Point, B) Aramoana and C) Mapoutahi in December 2011, 2012 and April 2012, 2013.
Letters ‘L’ refer to Laminariales, ‘F’ to Fucales and ‘DE’ to Desmarestiales. Brown miscellaneous
includes Xiphophora gladiata, Lessonia variegata, Halopteris ssp., Colpomeia durvillaei,
Microzonaria velutina, Zonaria turneriana and unknown Heterokontophyta. Green miscellaneous
includes Ulva ssp., Codium ssp., Cladophora ssp., Bryopsis, Precursaria percursa and unknown
Chlorophyta. Red miscellaneous includes Plocamiun costatum, Pachymenia crasa, Strebocladia
glomerulata, Gigartina spp., Porphyra ssp., Rhodymenia spp., articulate and encrusting coralline spp.,
filamentous, blade-like and unknown Rodophyta. Total ‘free’ space includes rock, sand and sediment.
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Figure 3 Mean percentage (n = 20) of macroalgal species contribution to understorey cover at A)
Harrington Point, B) Aramoana and C) Mapoutahi in December 2011, 2012 and April 2012, 2013.
Letters ‘L’ refer to Laminariales, ‘F’ to Fucales and ‘DE’ to Desmarestiales. Brown miscellaneous
includes Xiphophora gladiata, Lessonia variegata, Halopteris ssp., Colpomeia durvillaei,
Microzonaria velutina, Zonaria turneriana and unknown Heterokontophyta. Green miscellaneous
includes Ulva ssp., Codium ssp., Cladophora ssp., Bryopsis, Precursaria percursa and unknown
Chlorophyta. Red miscellaneous includes Plocamiun costatum, Pachymenia crasa, Strebocladia
glomerulata, Gigartina spp., Porphyra ssp., Rhodymenia spp., articulate and encrusting coralline spp.,
filamentous, blade-like and unknown Rodophyta. Total ‘free’ space includes rock, sand and sediment.
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Figure 4 Mean percentage (n = 10) of macroalgal species proportion (lower plot) to the mean
macroalgal wrack biomass (upper plot; n = 10 ± SE) collected from the upper intertidal zone of five
sites (from A to E) bi-monthly from October 2011 until June 2013. Letters ‘L’ refer to Laminariales
and ‘F’ to Fucales. Brown miscellaneous includes Carpophyllum ssp., Cystophora ssp., Marginariella
spp., Sargassum sinclairii, Xiphophora gladiata, Hormosira banksii, Lessonia variegata, Ecklonia
radiata, Desmarestia ligulata, Landsburgia quercifolia, Splachnidium rugosum, Scythammus
australis, Halopteris ssp., Dictyotceae spp., tubular, filamentous and unknown Heterokontophyta.
Green miscellaneous includes Ulva ssp., Caulerpa brownii, Codium ssp., filamentous and unknown
Chlorophyta. Red miscellaneous includes blade-like, filamentous, corallina, smaller with cortication,
larger with cortication and unknown Rodophyta. Others includes seagrass ssp. and wood. Where data
is absent in sampling dates on figures no biomass was found.
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Figure 5 Mean percentage (n = 10) of macroalgal species proportion (lower plot) to the mean
macroalgal wrack biomass (upper plot; n = 10 ± SE) collected from the lower intertidal zone of five
sites (from A to E) bi-monthly from October 2011 until June 2013. Letters ‘L’ refer to Laminariales
and ‘F’ to Fucales. Brown miscellaneous includes Carpophyllum ssp., Cystophora ssp., Marginariella
spp., Sargassum sinclairii, Xiphophora gladiata, Hormosira banksii, Lessonia variegata, Ecklonia
radiata, Desmarestia ligulata, Landsburgia quercifolia, Splachnidium rugosum, Scythammus
australis, Halopteris ssp., Dictyotceae spp., tubular, filamentous and unknown Heterokontophyta.
Green miscellaneous includes Ulva ssp., Caulerpa brownii, Codium ssp., filamentous and unknown
Chlorophyta. Red miscellaneous includes blade-like, filamentous, corallina, smaller with cortication,
larger with cortication and unknown Rodophyta. Others includes seagrass ssp. and wood. Where data
is absent in sampling dates on figures no biomass was found.
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Figure 6 Mean percentage (n = 10) of macroalgal species proportion (lower plot) to the mean
macroalgal drift biomass (upper plot; n = 10 ± SE) collected from the surf zone of five sites (from A to
E) bi-monthly from October 2011 until June 2013. Letters ‘L’ refer to Laminariales and ‘F’ to Fucales.
Brown miscellaneous includes Carpophyllum ssp., Cystophora ssp., Marginariella spp., Sargassum
sinclairii, Xiphophora gladiata, Hormosira banksii, Lessonia variegata, Ecklonia radiata,
Desmarestia ligulata, Landsburgia quercifolia, Splachnidium rugosum, Scythammus australis,
Halopteris ssp., Dictyotceae spp., tubular, filamentous and unknown Heterokontophyta. Green
miscellaneous includes Ulva ssp., Caulerpa brownii, Codium ssp., filamentous and unknown
Chlorophyta. Red miscellaneous includes blade-like, filamentous, corallina, smaller with cortication,
larger with cortication and unknown Rodophyta. Others includes seagrass ssp. and wood. Where data
is absent in sampling dates on figures no biomass was found.
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Appendix II
This section provides the reference list used to identify the epifaunal taxa from Chapter 5:

Barnard, J.L. 1972. The marine fauna of New Zealand: algae-living littoral Gammaridea
(Crustacea Amphipoda). New Zealand Oceanographic Institute Memoir 62: 1-216.
Fell, H.B. 1949. New Zealand littoral ophiuroids. Tuatara 3:121-129.
Harrison, K., and J.P. Ellis. 1991. The genera of the Sphaeromatidae (Crustacea: Isopoda): a
key and distribution list. Invertebrate Taxonomy 5:915-952.
Hurley, D.E. 1955. Studies on the New Zealand amphipodan fauna. No. 12. The marine
family Stegocephalidae and Amphilochidae. Transactions of the Royal Society of New
Zealand 83:195-221.
Hurley, D.E. 1957. Some Amphipoda, Isopoda and Tanaidacea from Cook Strait. Zoology
Publications from Victoria University College 21:1-20.
Hurley, D E. 1958. Studies on the New Zealand amphipodan fauna. No. 14. The genera Hyale
and Allorchesta (Family Talitridae). Transactions of the Royal Society of New Zealand
84:903-933.
Hurley, D.E. 1961. A checklist and key to the crustacea isopoda in New Zealand and the
Subantarctic Islands. Transactions of the Royal Society of New Zealand (Zoology)
1:259-292.
Hurley, D.E., and K.P. Jansen. 1977. The marine fauna of New Zealand: Family
Sphaeromatidae (Crustacea Isopoda: Flabellifera). New Zealand Oceanographic Institute
Memoir 63:1-95.
Knox, G.A. 1951. A guide to the families and genera of New Zealand polychaetes. Tuatara
4:63-85.
Lowry, J.K. 1974. Key and checklist to the Gammaridea amphipods of Kaikoura. Mauri Ora
2:95-130.
Lowry, J.K. 1981. The amphipod genus Cerapus in New Zealand and subantarctic waters
(Corophioidea, Ischyroceridae). Journal of Natural History 15:183-211.
McCain, J.C. 1969. New Zealand Caprellidae (Crustacea: Amphipoda). New Zealand Journal
of Marine and Freshwater Research 3:286-295.
McLay, C.L. 1988. Brachyura and crab-like Anomura of New Zealand. Leigh Laboratory
Bulletin, 22.
177

Myers, A.A., and P.G. Moore. 1983. The New Zealand and Southeast Australian species of
Aora Krøyer (Amphipoda, Gammaridea). Records of the Australian Museum 35:167180.
Paulin, C., A. Stewart, C. Roberts, and P. McMillan. 1989. New Zealand fish: a complete
guide. National Museum of New Zealand Miscellaneous Series 19:1-279.
Poore, G.C.B. 1981. Marine isopoda of the Snares Islands, New Zealand. Gnathiidea,
Valvifera, Arthuridea, and Flabellifera. New Zealand Journal of Zoology 8:331-348.
Poore, G.C.B., and H.M. Lew Ton. 1993. Idoteidae of Australia and New Zealand (Crustacea:
Isopoda: Valvifera). Invertebrate Taxonomy 7:197-278.
Powell, A.W.B. 1979. New Zealand Mollusca: marine, land and freshwater shells. Collins,
Auckland.
Richardson, L.R., and J.C. Yaldwyn. 1958. A guide to the natant decapod Crustacea (shrimps
and prawns) of New Zealand. Tuatara 7:17-41.
Light, S.F., and R.I. Smith. 2007. The Light and Smith Manual: intertidal invertebrates from
Central California to Oregon. Completely Revised and Expanded. Edited by James T.
Carlton, 4th edition.
Wilson, G.D., D. Thistle, and R.R. Hessler. 1976. The Plakarthridae (Isopoda: Flabellifera):
déjà vu. Zoological Journal of the Linnean Society 58:331-343.
Yaldwyn, J.C. 1971. Preliminary descriptions of a new genus and twelve species of natant
decapod crustacean from New Zealand. Records of the Dominion Museum 7:85-94.
Yaldwyn, J.C., and W.R. Webber. 2011. Annotated checklist of New Zealand Decapoda
(Arthropoda: Crustacea). Tuhinga 22:171-272.
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Appendix III
This section provides mean density values for the epifaunal taxa found in the macroalgal
species collected from Harrington Point in December 2011 (Table 1), from Aramoana in
March (Table 2) and December 2012 (Table 3), and from Mapoutahi in December 2012
(Table 4).

* Macroalgal species are: Undaria pinnatifida (U), Marginariella spp. (M), Xiphophora
gladiata (X), Desmarestia ligulata (De), Carpophyllum flexuosum (Ca), Cystophora scalaris
(Cy) and Sargassum sinclairii (S).

** Letters indicate: CO = Copepods; CA = Caprellid amphipods; GA = Gammarid
amphipods; I = Isopods; G = Gastropods; B = Bivalves; P = Polochaetes; F = Fish; S =
Shrimps.

*** The following Orders/Superfamilies/Families include:

Order Harpacticoida = Harpacticoid copepods

Family Caprellidae = Caprellina longicolis and C. equilibra

Family Aoridae = Aora typica

Family Hyalidae = Hyale rubra

Family Stegocephalidae = Tetradeion crassum

Family Photidae = Gammaropsis spp.

Family Melitidae = Elasmopus wahine and Parapherusa crassipes

Family Ampithoidae = Peramphitoe orangi

Family Amphilochidae = Neocyproidea otakensis
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Family Idoteidae = Batedotea elongata

Family Limnoriidae = Limnoria spp.

Family Plakarthriidae = Plakarthrium typicum

Family Sphaeromatidae = Scutuliodea maculata, Amphoroidea falcifer and A. longipes

Family Paranthuridae = Colanthura spp.

Family Jaeropsidae = Jaeropsis coralicola and Jaeropsis spp.

Family Trochidae = Cantharidus opalus, Michrelenchus spp., M. dilatatus, M. tenebrosus.

Family Scissurellidae = Incisura lytteltonensis

Family Eatoniellidae = Eatoniella limbata and Eatoniella spp.

Family Muricidae = Ximene spp.

Superfamily Seguenzioidea = Lissotesta spp.

Family Gobiesocidae = Haplocyclix littoreus and Gastrocyasthus gracilis

Family Hippolytidae = Hippolyte multicolorata
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