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The Role of Coastal Defence Structures in ChannelinProduction in

Coastal Ecosystems

ABSTRACT

This study assessed the interaction of coastahdefstructures (CDSs), namely shore-parallel
‘low crested breakwater structures’ (LCSs), dedepiures and hydrodynamic regime on the
guantity and timings of macroalgae deposition. Ehgployed sampling strategy comprised a
spatially and temporally stratitified approach ome-lapse photography of macroalgae
deposition, verified with field observations. Fieddrveys determined the associated ecological
assemblages of the sediment infauna and rocky sfmfauna associated with the breakwater
scheme, as well as for two nearby beaches withngsyFurther analysis determined decay
rates, decay processes, changes in C and N ssabd@e values of dominant macroalgal species
and the dependence of the faunal assemblages aletiaging macroalgae deposits. Temporal
analysis highlights the main factors driving matgah deposition were differences in spring
and neap tidal range, wave height and sea temperaBreatest deposition occurred during
months of lower wave height and fewer storms, whiamentous red algae and ephemeral
green algal species dominated. Results indicategrdater amounts of macroalgae deposits
around LCSs than around wooden or granite groyBeach elevation best explained the spatial
variation, both vertically and horizontally, in thEenthic assemblages within the breakwater
scheme, with the abundance of detritivorous degesiders being significantly correlated with
abundance of macroalgae deposits. Orientation ofd,Qelative to wave action, was an
important driver of epifaunal assemblages on theS§Dwith the eastward ends of the
breakwaters providing the optimum intermediate mmment with regards to wave action,
exhibiting the greatest abundances of epifaunalé&iaotope analysis showed that the carbon
and nitrogen isotopic values of macroalgae chartygthg the decomposition and were both
species and time dependent. Isotope analysisrdkest that decaying macroalgae deposits were
of greater trophic importance to species within @S ecosystem where there was large
macroalgal deposition, than to species within threyige ecosystem where macroalgal
deposition was lower. Key findings of the studyusiirate the importance of decaying
macroalgae deposits for the local ecosystem viaifination of food chain energy flows.
Though the ecosystem benefits from this allochtisnesource, deposits may be a nuisance
requiring controlled human intervention.
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Chapter 1: Introduction - A Review of Sea Defenceand their
Environmental Impact

1.1 Scope of Thesis and Introductory Remarks

Climate change will lead to rising sea levels ataimsier seas (Marshall et al. 2001); hence
coasts need to be defended more. The rapid urbasiogenent of coastal areas around the
world and subsequent man-made coastal defence sshmiakes research into their effects all
the more urgent, additionally, there is a growirgga to understand their impact on the local
ecosystem in order to implement impact minimisatowl/or mitigation measures (e.g. Airoldi

et al. 2005, Martin et al. 2005, Moschella et &l02, see Burcharth et al. 2007 for a review).

This thesis examines the ecology of sea defencéseosouth coast of England.

This introductory chapter reviews research relevarthis thesis, beginning with detailing the
need for coastal protection during the currentqeeaf rapid climate change and reviewing the
types of coastal defence structures (CDSs) thadt eqd their function. Following this, a
summary of the history of low crested breakwatencstires (LCSs) around the world, in the
U.K. and on the south coast of England are giverysing on the sea defences at Elmer in West
Sussex: the main study site used. Past researtiowrthe low crested breakwater scheme at
Elmer has modified the environment is reviewed;tipalarly focusing on the ecological
impacts. Knowledge gaps in the existing researchcamsequently what is further required for
a better understanding of the ecological impactd©@Es are then identified. This chapter

concludes with the aims, objectives and rationatb® structure of the thesis.

1.2 Why the Need for Coastal Protection?

Coastlines are highly dynamic and complex systesmesenting the intersection between the
marine and terrestrial environments. These tworenments are constantly interacting, leading
to erosion or accretion in response to naturalgeghological and hydrodynamic processes
such as sediment transport, vertical land moveni®mheonova 1992) and changes in the

pattern of waves and storms. These natural progselesel to continuous changes in the
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coastline, depending on the exposure of the coabstltee underlying physical geology (Pethick
& Burd 1993). Human activities such as excavatibthe sand and gravel, offshore and in the
nearshore beach environment, as well as the catistmuof harbour breakwaters, groynes and
other structures, all modify the effects of natwaéstal processes. On a global basis, more than
70 % of the world’s sandy beaches have experieneedrosion over past decades (Bird 1985).
The three possible reasons for this global patheen sea level rise, changes in storm climate,

and human activity (Zhang et al. 2004).

Global surface temperature has increased sincanidiéle of the 18 Century (IPCC 2007) and

is expected to accelerate through th& €éntury due to human emissions of greenhouse gases
primarily through the burning of fossil fuels. Ctelscommunities are more vulnerable to
climate change than inland communities becausedulition to changes in meteorological
parameters, they are also affected by changeseianoc parameters especially increases in sea
level and wave heights (Tsimplis 2004). Even gigabstantial reductions in these emissions,
sea-level rise will be significant through the*2Century and beyond (Church et al. 2001,
Nicholls & Klein 2005).

The most obvious effect of climate change will battincreasing sea levels will reduce the
effective crest height of sea defences. Also, ceang weather patterns may cause more
frequent surges, and therefore greater potentiavfertopping and other damage. Alterations in
patterns of storminess including storm frequenntensity and tracking, cause changes to the
storm-induced waves and surges, which will in tuafter the response of the coastal
environment (Lozano et al. 2004). Although futurs devels are difficult to predict, all
scenarios point to a substantial increase in gleat flooding (Nicholls et al. 1999, Nicholls &
Klein 2005), due to more frequent extreme natuvahés such as storms and tidal surges. This
is likely to have a profound impact on coastal Emesand serious consequences for the
effectiveness of coastal protection and sea defenbemes in the near future (Thomalla &
Vincent 2003).

Some 37 % of the world’s population resides clasedastal areas (Cohen et al. 1997, Kay &
Alder 2005), developing widespread economic a@#isit This figure varies from country to
country, according to Nicholls & Klein (2005), witd % of the UK’s population living within

50 km of the coast. The economic development améruzation of coastlines has led to
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increased land use, natural resource exploitatiah impacts on these coastal environments.
This has been particularly evident in many developations during the last four decades
(Pilkey & Cooper 2004). In highly developed coastedas, erosion and flooding cause socio-
economic losses in terms of damages to propertsasinucture such as roads and railways,
industries, farmland and the local economy. Theeeaso threats to the nature heritage value of
important coastal habitats and ecosystems. Levieldewelopment and economic activity in
coastal regions have intensified in recent years sange of pressures have emerged in the
coastal zone, as people move to the coast for shaewed as an enhanced lifestyle (Yapp
1986, Glasby & Connell 1999). Associated with cakdevelopment and urbanisation are new
and often novel engineered structures in interta subtidal habitats such as marinas, ports,
piers, seawalls and coastal defence structuresslfggl& Connell 1999, Bulleri et al. 2000,
Chapman & Bulleri 2003). For example, in 1994, 23o#4ngland’s eroding coastlines were
already modified by man-made structures (MAFF 1984y this proportion is certain to have
increased over the last decade and will continue tbe future. These hard defences lock the
coastal position and hence, contribute to the abasueeze of intertidal habitats on retreating
shorelines (Nicholls 2000, French 2001). In Brifainhas been reported that the most rapid
relative sea-level rise is along the English Chafioen the Solent eastwards (Tubbs 1995).

The importance of flood defence is reflected inldrge financial investment made to contend
with flood risk, for example, in the Thames Barragethe UK. Following a storm surge in
1953, floods in the UK cost between £240 millior &400 million at 1982 values (Arnell et al.
1984). High population densities around the whadetilNSea are at high risk from coastal storm
surges. For example, the 1953 floods claimed o@6rl®es (Karas et al. 1991) in East Anglia,
a low-lying area separated from the sea by sadlible cliffs. The Dutch have spent centuries
defending themselves from the sea with a massivessef dykes. In spite of this, 1800 people
died when a surge overpowered the dykes and levedlse lower Rhine Valley in 1953.
Currently, coastal flooding threatens nearly 2 iomll properties in floodplains along rivers,
estuaries and coasts in England alone (Anon 200&).cost of protecting urban and coastal
areas from sea level rise has been estimated adlib@ for a 1 m rise in level (IPCC: Delft
Hydraulics 1990 cited by Karas et al. 1991). In Metherlands, $5 billion was spent on the
Delta Project, which took 4 decades to complegecéntrepiece being a pair of ‘doors’, each

about 20m high, that can close off the Rhine ifagancoastal storm looms. In Italy, a set of 79



Chapter 1: Introduction - A Review of Sea Defences and their Environmental Impact 4

hinged inflatable steel gates are being built totgmt Venice from rising waters, costing an
expected $2.6 billion. The project is due to be plated in early 2010 (Henson 2006).

Relative sea-level rise, irrespective of cause,ghasmber of impacts such as increased erosion
and flood risk. In turn, these can have direct imditrect socio-economic impacts depending on
the human exposure to these changes (Nicholls 8nK2805). This clearly means there is a
need for a more flexible, innovative and strategpproaches to coastal management. Such an
approach requires a comprehensive scientific utatetgg of the controlling coastal processes
and, likewise, how such problems can be mediatkn@&ritis 2006).

1.3 Definitions and Types of Coastal Defence Struates

A coastal defence structure (CDS) is an artifistalicture whose primary function is to avert
flooding by preventing erosion of sedimentary beschlhese should not be confused with
either ‘artificial reefs’, whose primary purpose® dabitat management, nature conservation,
fisheries management and enhancement (Jensen BR@@2ijgh increasing biodiversity and
production, or with urban structures such as maripers and pilings, whose primary purpose
is not for coastal defence but amenity use. In taudi artificial reefs are subtidal structures,
whereas, coastal defence structures extend fronsubgdal zone through the intertidal zone
and into purely terrestrial realms (Davis et al020 There has been considerable literature on
the purpose, function, design, ecological implmasi and policy of artificial reefs since the
pioneering of European artificial reefs in Monaoahe late 1960s (see Jensen’s (2002) review

of the artificial reefs of Europe).

The use of CDSs is ubiquitous and extensive, paaiily since the mid 8Century (Charlier et
al. 2005). Nevertheless, despite the long histdryrbanisation and coastal defence of the
coastal environment, there understanding of theaghpf such constructions on the ecology of
intertidal habitats has only been in recent yehus $ee Airoldi et al. 2005, Martin et al. 2005,
Moschella et al. 2005, Pinn et al. 2005, AiroldiB&ck 2007, Bertasi et al. 2007, Birben et al.
2007, Blockley 2007, Burcharth et al. 2007). In fast 20 years, published literature has
increased on engineering design and structure amal this affects the performance,
hydrodynamics and sediment transport surroundinG<@.g. CERC 1984, Barber & Davies
1985, Brampton & Smallman 1985, Pope & Dean 198¥k& 1988, Kaji et al. 1989, Pilarczyk
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& Zeidler 1996, Bull et al. 1998, French & Lives2§00, Black & Andrews 2001, Thomalla &
Vincent 2003, Ranasinghe & Turner 2006, Birbenle2@07). In comparison, the ecological
implications of the layout of these structures .(eSgnith et al. 2001, Davis et al. 2002,
Bacchiocchi & Airoldi 2003, Martin et al. 2005, Mdwella et al. 2005, Burcharth et al. 2007)
has only been of relatively recent interest.

Coastal defence construction features generallyiriéd two categories, either soft or hard
defences. Soft defences are mobile, responsive uresgswhich are intended to work with
nature rather than control it (CERC 1984). Sucucstires may consist of natural or constructed
sand or shingle beaches, and dunes or banks thbmagth nourishment, cliff/dune stabilisation,
bypassing and managed retreat (Rosati 1990). Mgestof hard CDSs exist, from bulkheads
and seawalls, to groynes and breakwaters. Haratgtas are some of the most common
human-made constructions in coastal areas. CDSteaned to be either located onshore or
offshore as well as being attached or detached (CE®84). This thesis focuses on hard CDSs

including groynes and shore parallel low cresteshkwater structures (LCSSs).

1.3.1 Onshore Sructures

Bulkheads, seawalls and revetments are structues®g parallel, or nearly parallel, to the
shoreline to separate a land area from a water sr@ader to provide protection for the upper
beach, which fronts backshore development or el@dibdiments (Dally & Pope 1986). Both
structures are expensive to build and maintainraay be built from many materials including
steel, timber, or concrete pilings, gabions, orblabmound structures (Dally & Pope 1986).
Revetments armour existing slope faces of dunebaakments and soft cliffs, acting to absorb
wave energy (CERC 1984). They are slatted angladvalls parallel to the beach usually
composed of one or more layers of wood, quarrystongrecast concrete. They are liable to

rapid damage (Dally & Pope 1986).

There are no precise distinctions between these thiructure types, and often the same type of
structure in different localities will bear a difemt name (CERC 1984). These structures only
afford protection to the land immediately behin@rth not to the adjacent areas upcoast or
downcoast. Furthermore, their height in the intlaltzone (above the MWS height) means that
very little marine life will reside there, and maréen than not, they fragment existing habitats.
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1.3.2 Shore-connected Sructures

There are several types of shore-connected stes;tuhese being jetties, groynes and
breakwaters. Jetties are structures that extenctiet water to direct and confine river or tidal
flow into a channel and prevent or reduce the shgadf the channel by littoral material (e.g.
Poole Harbour Training Bank, UK). Jetties locatetha entrance to a bay or river also serve to
protect the entrance channel from wave action aasgsecurrents. Unfortunately, jetties cause
erosion of the downdrift beach (Dally & Pope 1986).

Groynes are barrier-type narrow structures of vayyengths and heights, extending from the
backshore into the littoral zone (CERC 1984). Tasy built approximately perpendicular to the

shoreline from various materials, such as timbeelsconcrete or quarrystone. Generally, they
are constructed in a series along the entire leafytieach, referred to as a ‘groyne field’. The
basic purposes of a groyne are to modify the loogshmovement of sand and to either
accumulate sand on the shore or impede sand losHesy trap sand in their lee, similar to

jetties; this is at the expense of the adjacentndinift shore (Rosati 1990). The interaction

between the coastal processes and groynes is aatgaliand poorly understood (CERC 1984,
Bull et al. 1998).

A shore-connected breakwater is a structure th@eptrs a shore area, harbour, anchorage, or
basin from waves (CERC 1984). They provide probvectio harbours from wave action,
creating calm water that provides protection fde saooring, operating and handling of ships,
and harbour facilities; there is the added advantdg shore arm to facilitate construction and
maintenance of the structure (Rosati 1990). Theyganerally of rubble-mound construction,

but can also be made of composite, timber, steelpcrete caisson, sheet-piling cell or crib.

1.3.3 Offshore Sructures

Low crested breakwaters structure are stone waeeggrbarriers designed to protect any
shoreline, landform or water area behind them ftbm direct assault of waves and thereby

reduce coastal erosion (Rosati 1990; Fig. 1.1).ikgngroynes, breakwaters can be used to
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reduce erosion at a beach that has no net longstaorgport. However, if longshore transport
exists, an offshore breakwater may act like a geowmd cause downdrift erosion if not
engineered correctly (Loveless & Macleod 1999).sbidfe breakwaters can be at a range of
distances offshore and are orientated approximaigllel to shore and protrude above water
level. They are referred to as “emergent” or bebfsarged” low crested structures (LCSs)
depending on whether they in the subtidal or irdalt(Burcharth et al. 2007). They may be
continuous or consist of a series of structureshénpast however, because of the higher cost of
these offshore structures over onshore structergs geawalls), breakwaters have been mainly
used for harbour protection (e.g. Plymouth BreakwdtK) and navigational purposes (French
2001). In recent years, LCSs have been used foe gitotection, for example, in the UK there
are emergent structures at Elmer, Sussex (Hollar@b&per 1994, Burcharth et al. 2007) and
submerged structures at Sea Palling, Norfolk (THlan&aVincent 2003) and in Italy, emergent
structures at Lido do Dante (Lamberti & Zanuttigh03). There are many different forms:
singular units over 50 meters in length that priotetocalized area such as a bay or harbour;
obliquely positioned structures, offering enhanpeatection from one particular direction; and
multiple segmented system consisting of many corapts) designed to protect an extended
length of coastline (e.g. ElImer and Sea Pallingknaters).
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Figure 1.1 An aerial view of the low crested breakwater schemthe UK at Elmer, West Sussex. (Google
Earth 2007). Map in British Grid.
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Emergent detached breakwaters in multi-structuferses are constructed in very shallow
water of few metres water depth close to the shaelvith the single objective of protecting a
beach against erosion and flooding of low-lyingaaréEnvironment Agency 2005). These can
be costly to construct due to the inconveniencecaristructing and maintaining offshore,
therefore another design to counteract these issube "fish-tailed groyne" (e.g. The Wirral,
Morecambe, UK), which it is connected to the sh&rench & Livesey 2000). The objective of
submerged structures built at some distance froen ghoreline would most often be a

combination of beach protection and creation afitable area for recreational usage.

The purpose of this thesis was to investigate ttwdogical implications of a multi-structured
scheme of LCSs at Elmer in West Sussex. From thiist wn, CDSs are referring to groynes

and LCSs, unless otherwise stated.

1.4 Low Crested Breakwater Function

The preliminary function of LCSs is to diminish th&ve energy reaching the coastline, thus
providing coastal protection (Burcharth et al. 20@enerally, they are deployed as protective
measures in response to erosion on sandy beachiesaranoften combined with beach
renourishment (King et al. 2000). The structurefuce the incoming wave energy across the
structure by triggering wave breaking at and onstinecture, by partially reflecting the waves,
and by dissipation related to the wave-induced g®ritow in the structure (Burcharth et al.
2007). Shoreline changes occur through stabilisatind retention of existing sedimentary
beach material, or natural sediment accumulatidorto new beaches (King et al. 1996); this is

because localised currents are altered, so chatiggngediment transport pathways.

Predictions of the actual morphological changesosegd by LCSs, both local and distant, are
difficult because of the complicated interactionveen waves, water levels, currents and
sediment transport. The tidal current patterns difeerent in the case of emergent and

submerged structures (King et al. 1996). In muftikgtured schemes, the currents around them
will be manifested as concentrated and erodinguipents in the gaps between the structures
(see Plomaritis 2006). Dependent on the sheltegifegt of LCSs, different amounts of littoral

material are deposited and retained in the sheltarea behind the structures. If moderately

sheltered, the sediment will typically appear aBudge in the beach planform, termed as a
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‘salient’, on the other hand if more protected, tbgulting shoreline extends out to the structure

thus forming a so-called ‘tombolo’ (Holland & Coop994).

Though these LCSs are effective at protecting tdasitine, they have like other hard structures
some drawbacks. Salients or tombolos can intenfdth longshore currents and sediment
transport, almost always creating downdrift ero®arcoastlines with one dominating sediment
transport direction along the coast (Rosati 1990jmbolos have a stronger negative effect than
salients. Emergent breakwaters forming schemesnaitter closed cells may result in stagnant
water of poor quality. Furthermore, the visual ircipaf emergent structures can be negative at
locations of high scenic value; however, these m&sehave immediate relevance to local
population by reducing localized risks. Evidentthere needs to be a balance between

economics, aesthetics, objectives and negatives YMaen et al. 2004).

1.5 Historical Development of Breakwaters

151 Worldwide

In latter half of the 19 Century, the development of coastal defences mawedy from
traditional longitudinal concrete seawalls and warodroynes towards an increasing number of
quarry rock structures, such as, groynes or ememyah submerged LCSs. Detached offshore
breakwaters have been used successfully to costrmieline evolution for more than four
decades worldwide. They began to be used as adbouastal protection in the mid-1960s in
Europe (Berenguer & Enriquez 1988, Lamberti e@05, Lamberti & Zanuttigh 2005) and the
United States (Dally & Pope 1986, Pope & Dean 198@sati 1990, Rosati et al. 1992),
subsequently proliferating in Japan (Uda 1988, keajal. 1989) from the 1970s; by way of
example, some 900 units were constructed by 19%6k@1988), and 4,800 units by 1989
(Silvester & Hsu 1994). Until relatively recentie use of submerged or emergent low crested
breakwaters as coastal defence and protectiortsteschas been restricted to micro- and meso-

tidal environments (Brampton & Smallman 1985).
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152 UK

In macro-tidal areas (tidal range > 4 m), suchhesUWK, the use of breakwaters is relatively
uncommon (King et al. 2000). The large tidal raage the severe wave conditions which can
occur around most parts of the UK coast also mlageconstruction of offshore structures costly
and have therefore limited their use (Pilarczyk &idler 1996). There are important differences
between UK usage of LCSs and their previous usambiere. The large tidal range in the UK
and their application to shingle beach protectiem@ the main differences (King et al. 2000).
To date, LCSs have only been used at a few sitdgit/K, although the number of schemes is
expected to rise in the future. Until recently, taegest scheme in the UK consisted of eight
breakwaters constructed at Elmer on the south cofagingland (Holland & Cooper 1994,
Cooper et al. 19964, King et al. 2000, Lamberéile2005).

Along the east Norfolk coastline, from HappisbutghWinterton (encompassing Sea Palling) a
major low crested breakwater scheme has been gantistructed to protect the Norfolk Broads,
a wetland area in East Anglia. When finished in20his scheme will be twice as big as at
Elmer. It will eventually consist of 16 units, ar@u300 m long, with a gap of 300 m between
each reef and situated 200 - 300 m offshore (Halct®91, NRA 1993, Gardner & Runcie
1995, King et al. 2000, Thomalla & Vincent 2003)t present, nine of the breakwaters are
complete, four that are surface-piercing and fivat tare submerged breakwaters at high tide.
These breakwaters are cheaper to construct thanafisgroynes and will interfere less with
longshore drift, so minimizing the risk of beaclarsation downstream of the scheme. It is
thought that the incident wave height will be reeldicoy 50%, and the net cost of LCS
production is estimated at £30 million (King et2000).

There are various other smaller schemes. A singflactied breakwater and rock groyne system
at Monk’s Bay on the Isle of Wight, which protetite toe of a previous landslip and has also
created a new amenity beach (Sir William HalcrowPé&rtners 1996). There is one detached
offshore breakwater protecting an existing sea \aghinst flooding at Rhos-on-Sea, North

Wales (Pilarczyk & Zeidler 1996). Two detached kweaters have been built at King's Parade

on the Wirral, which were constructed following theccess of the Leasowe Bay fish-tailed

groynes (Barber & Davies 1985, Pilarczyk & Zeidl&96) and two oblique breakwaters have

been constructed at Sidmouth in Devon (Andrews 1996
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1.6 Historical Review of the Study Area: Elmer

The coastline from Pagham to Shoreham on the SGotst of England (Figure 1.2b) is

dominated by a well-defined intertidal beach wittpr@dominantly steep and often narrow

gravel backshore and low gradient wide sandy fanesfSouth Downs Group 2003).

ir
s0°N
4600
-~
& ¥ =
35,00
Terminal Groyne
____‘_}’1\1\
Rock Revetment i
c T ;=== 5 Environment Agency
2 3 4 \
ﬁr Arun District Council 0 50 1m0 200
| [ — —

Figure 1.2 General location map of the study area showingrggional setting; (b) coastline section; and (c)
the breakwater scheme. The areas of responsibilite EImer beach by Arun District Council and the
Environment Agency are given. Scale in metres.

This coastline has experienced long-term rapidtebasosion throughout history (Harper 1985,

Holland & Cooper 1994). Evidence of this erosivéuna of the Elmer coastal system has been

acknowledged in literature for nearly two centur@arry 1833). Analysis of the relative
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movements of the positions of mean high and lowewstr the time period from 1875 to 1979,
reveals long-term coastline retreating, intertisrrowing and beach steepening for the
majority of the coastline (Table 1.1, Robert WesP&rtners 1991). However, since the mid to
late 1960s, the overall trend has been one of bweailibrium or net accretion. This has been
largely due to the substantially modified shoreloyethe insertion of “hard” defence structures,
such as seawalls, revetment and groynes, for s@@edl 150 years. On the other hand, the
mean high water mark at Climping Beach, 1 mile ead&lmer Beach has advanced throughout
much of the twentieth century. This is due largelythe obstruction to longshore transport by
the West Pier training wall at Littlehampton, altlghb in this case, there has been regular
removal of sediment excess to compensate for nenhdioft losses resulting (South Downs
Group 2003).

1.6.1 Coastal Protection of Sudy Area

Engineering works started in 1813 (a review of aeseof engineering works is provided in
Table 1.1); by 1879 the coastline was heavily mtet with timber groynes. In 1947, it was
noted that the coastline had retreated about 2@ womparison with 1913 (Robert West &
Partners 1991). In 1963, defence works includedciete seawalls and timber breastwork
constructions, in addition to maintaining the gregnThe groyne field, which had historically
been adopted over the Elmer frontage, comprisedltefnating long and short groynes. The
long groynes (typically 100 m in length) were desid specifically to maintain or increase
beach volumes by trapping shingle (Robert West &rfeéas 1991). In recent decades, these
structures have been supplemented by gravel rezhamg recycling (South Downs Group
2003).

Table 1.1 Summary of the historical development of the Elmmastline (for more details see Robert West &
Partners 1991)

Date Major observations derived from the maps and plans of Elmer Beach

1813 » Groynes are built for the first time; their influgnon the coastline can be
observed in the downdrift area of the groynes.

* The coastline is heavily groyned.

1879 * Asignificant embayment had formed to the eashefgroynes, probably due to
the absence of groynes and the softer alluvial riahte

» The embayment is fronted by a breastwork structure.

+ Embankment in the area behind Elmer Beach.

1933 »  Further straightening of the embayment is evident.

» The timber breastwork appears to be much more aegubppearance

1912
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e The groyne alignment along the coastline is muchenoblique, than the present
1947 day alignment.
»  The coastline has retreated 20 m in comparisontél1913 map.

Since the early 19 Century, urbanisation has been on the increasesegmently the entire

frontage between Selsey and Brighton is almost ¢etely defended. Previous to shoreline
management, beaches were subject to the impaetdreime storm events. There was a 600 m
breach at Widewater Lagoon in 1908 and 20 m ofs®oa in less than 7 hours, at Lancing in
1877 (South Downs Group 2003). Although this typecatastrophic event has been largely
protected by defences since the early decadesedfnéntieth century, several locations have

continued to experience overtopping during surgmes/(Halcrow Maritime et al. 2001).

Despite these protection measures, the frontagélmér has long been affected by wave
overtopping and the consequent flooding of the Ilgwg hinterland and nearby housing. The
increasing flood risk was realised in the winterl889/90, when catastrophic flooding from
severe storms during a spring tide period occuomdwo separate occasions, causing large-
scale damage to the existing defences (groyneseamalls, Martin et al. 2005). Around this
time, the Arun District Council’s (ADC) groyne fetlwas due for extensive renovation.
Following these flooding events, there was reason the implementation of a more
comprehensive and dynamic management strategygnibat the effects of wave overtopping
and continued reduction in littoral drift materiBlased upon the findings of Gifford Associates
Consultancy (1997), groynes and inlet training ftites were found to induce downdrift
shingle deficits, reduce natural sources of shirgylpply, and subsequently diminish many
beaches over the 9@entury. The starvation of this part of the caastfrom littoral material
was considered to be one of the main reasons éocdhtinued coastal problems. Consequently,
an integrated management and protection strategy,tbe entire joint ADC and Environment

Agency (EA) frontage (Fig. 1.2c), was considereeédhe way forward (Plomaritis 2006).

1.6.2 The Present Low Crested Breakwater Scheme

The defence scheme for Elmer was selected aftariety of options were considered and
evaluated from both the engineering and socio-avinperspective. The stated purpose of the
works was to reduce coastal erosion, prevent opping of seawalls by storm driven high tides

and to reduce risk of a breach of the coastal defeon the Elmer frontage (Green 1992). The
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works would also protect adjacent properties anghways from damage from flooding
(Burcharth et al. 2007). The breakwater scheme lwals jointly by ADC and the Southern
Division of the National Rivers Authority (NRA; nowhe Environment Agency), and was
designed by Robert West & Partners, following astdtation with HR Wallingford in the

development of a physical modelling study (HydraiResearch 1994).

An ‘emergency works’ plan was formed to overcome ithmediate problems of the area and
provide coastal protection over the impending winpeeriods. This plan included the
construction of two emergent low crested rock bwestkers at approximately 120 m (close to
low water mark) from the seawall face on the AD@nhtage (to reduce incoming wave energy)
and a rock revetment to the east on the NRA frentag provide storm protection) (King et al.
2000). The two ‘emergency’ breakwaters measurean9@ng, with a gap of 80 m between
them, and were constructed of 6 - 8 tonnes of liomes blocks each. The side slopes of the
breakwaters were 1:1.5 and the crest level was Above Ordnance Datum (AOD). The
construction of this scheme, budgeted at £6.5 onillwas only provisional and because of its
success a permanent more extensive solution wagteadoEmergency work construction
commenced in 1991, and the final scheme reacheg@letion in August 1993, and actually cost
£8.5 million (Burcharth et al. 2007). One year aftemmencement, more than 11,000 o
sand and single were placed in the salient areakedoof the breakwaters, as part of a
replenishment scheme (Plomaritis 2006).

1.6.2.1 Final low crested breakwater engineerirgjge

In the final scheme, the initial emergency breakwascheme (presently identified as
breakwaters 3 and 4) was extended and a furtheodk ‘islands” added, as well as a terminal
rock groyne at the down drift end (eastern end; Eigc) (King et al. 2000). The breakwater
scheme extends along 1.75 km of coastline. The fird35 km from the west are under the
responsibility of Arun District Council (structurés4) and 500 m under the responsibility of the
Environment Agency (structures 5-8) (Fig. 1.2c, &iet al. 2000). The design of the scheme
was complex, with varying breakwaters lengths aaol \gidths between the structures; towards
the east, the gaps were larger and the length efbteakwaters shorter (Table 1.2). This
reduction in protection was intentional, in orderproduce a smoother transition between the

scheme and the open beach downdrift (King et aDR00the terminal (attached) rock groyne
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on beach volumes. The terminal rock groyne to st ef the system (downdrift end) acts as
the beach level regulator. On the landward sidallobf the structures tombolos have been
formed, meaning the beach in the lee of the strastis higher in comparison with the seaward
side. Subsequently, bays have been created betaebrof the structures (Sterlini 1997).

Table 1.2Breakwater dimensions and design parameters ofrHtmecrested breakwater scheme

Crest Elevation Breakwater Gap length Distance

Breakwater (m) AOD? Length (m) (m) Offshore (m)

1 45 90 85
80

2 45 90 9
60

3 45 140 75
60

4 4.5 140 "
44

5 4.5 140 88
100

6 45 80 54
140

2 3 80 68
80

8 3 80 38

Data taken from hydrodynamic studies previouslyiedrout at EImer (Plomaritis 2006)for locations, see
Figure 1.27 Above Ordnance Datum (AOD).

The breakwaters were round-headed with a slope2dd &t the head (Fig. 1.3), crest height was
approximately 6 m, with a slope of 1:1.5 on thedlaard side and 1:2 on the seaward side and
the top was 4 m wide; they were positioned 130 emfthe shoreline (Martin et al. 2005). A
600 mm layer of graded bedstone was placed onxgesed bedrock, to provide the foundation
of the breakwaters main rock armouring (Cooperletl@96a). The main breakwater body
(ca. 95 %) was constructed with 33 000 tonnes afMdgian syenite (an igneous rock) in the
form of blocks of 6 - 10 tonnes (ca. 1 - 3)mach, in addition, some French quartzite was also
used as a bedstone. Surrounding the base wereesnmlllders (ca. 0.5 n scattered

haphazardly (unlike the core).

There were difficulties in choosing the shore heilglcation of the breakwaters because of it
being in a macrotidal area, and it was essentiflatce scheme efficiency enabling protection
during the whole of the tidal cycle. Compared te ftbriginal “ideal” design criteria, the

embayments were wider and the tombolos narrower thainally anticipated, thereby giving
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Elmer Beach a markedly sinuous beach planform {EBawns Group 2003). The breakwater
structures are exposed completely at low tide ahadling high water they do not become
completely submerged. Since the completion of teakwaters in 1993, no flooding events
have been recorded in the area, causing a sigmificerease in the property values and a

decrease in home insurance premiums (Burcharth 20@7).
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Figure 1.3 The positioning and size of the breakwaters atefElim relation to different water levels (Figure
taken from Plomaritis 2006). MHWS = mean high watprings, MHWN = mean high water neaps, B
median grain size, AOD = Above Ordnance Datum.

1.7 Impacts of the Elmer Breakwater Scheme

171 Impacts on the Local Hydrodynamics

The construction of LCSs and other CDSs, resuttoimsiderable changes to the environmental
parameters of the area, and consequently to thiegycaPrior to the breakwater scheme at
Elmer there had been some research into the hydamigs and physical features of the beach
and the surrounding coastline (Pingree 1980, Hakp8b, Jelliman et al. 1991, Robert West &
Partners 1991). Following the completion of theafischeme in 1993, there has been an
increase in both the quality and quantity of resieand this has enhanced the knowledge and
understanding of the coastal sediment transpodgsosystem on this frontage (Burcharth et al.
2007). Extensive beach surveys (e.g. beach praiiléd aerial surveys), and physical and
numerical modelling studies have been undertaken Idpal authorities and research
organisations (e.g. Green 1992, Holland & Cooped419Cooper et al. 1996a, Gifford
Associated Consultants 1997, King et al. 2000, Riitis 2006). The main focus of the studies

was the investigation of hydrodynamic processesjingnt transport pathways and
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morphological changes introduced by the scheme.example, a study by Moody (1997)
demonstrated the change in elevation on eitherdfitlee breakwater structures; this was due to
the development of tombolos (i.e. sand accumulatimehind the breakwaters. King et al.
(1996) carried out beach platform monitoring over 82 months following scheme completion,
they revealed that stability was achieved afterdraptial adjustments. Aluminium pebbles and
fluorescent coated indigenous gravel sized pastietere used to identify sediment transport
pathways and rates of movement. These fluoresediil@ tracer studies revealed that sediment
in the immediate lee of the breakwaters remainednabile during storm conditions,
highlighting the degree of protection afforded e tstructures; likewise, their ability to

maintain the beach.

A later study by King et al. (2000), showed that thaximum rate of sediment transport in the
lee of the breakwater was 57/tide (for shingle) during a storm. This rate artsport was
lower than that recorded on unprotected beachesruhd same conditions, thus demonstrating
the efficiency of the breakwaters in reducing waveergy reaching the beach. These tracer
studies clearly identified a potential for sedinsetd drift through the scheme. Under calm
conditions, movement from the west into the sche&me negligible but movement out of the
scheme at the eastern end did occur (Cooper €t98ba, King et al. 1996). Loveless and
Macleod (1999) examined the hydrodynamic and matphamic effects of building these
submerged rubble mound breakwaters, but only plgrtiaderstood the impacts on beach form
from characteristic “set-up” currents generatednfioehind breakwaters. Plomaritis (2005) has
since studied the scheme in considerable detahlighting the sediment transport pathways
resulting from the complex tidal currents that ewighin this coastal defence system.

1.7.2 Impacts on the Surrounding Ecology

The EU Funded project “Environmental design of lonested coastal defence structures”
(DELOS EVK3-CT-2000-00041) studied the beach atdfland its structures, along with other
macro- and microtidal shores in Europe in quite esaetail from 2001-2004 (Airoldi et al.
2005, Lamberti et al. 2005, Martin et al. 2005, Bteala et al. 2005, Bertasi et al. 2007). There
has been no other known published work on the &ffigiis low crested breakwater scheme has

on the ecology of the surrounding area, nor oncahgr LCS scheme in the UK.
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The construction of the LCSs at Elmer has producestries of changes to the surrounding
environment (Burcharth et al. 2007). Environmemtapacts include aesthetic effects on the
landscape, recreational value, ecological effeatsaft- and rocky bottoms, fish assemblages
and other mobile fauna and birds (Burcharth e2@D7). These impacts, as a result of the
structures, were documented by the DELOS prograrf20@1-2003) (Burcharth et al. 2007).

Qualitative observations were made about the effediirds and the effect of the accumulation
of seaweed detritus on the beach. QuantitativeareBewas carried out on the effects on the
surrounding sediment infauna, the provision of yole&ibitats and the effects on fish and mobile
fauna, excluding birds. This section briefly states findings of the DELOS research, followed

by the areas that require further study.

The LCSs at Elmer have changed the local commsnitieée number of ways (Burcharth et al.
2007). In place of the structures there is the idliate loss of the natural sedimentary habitats
and associated assemblages of animals and plaitissthe introduction of new rocky shore
species; thereby changing the diversity of spe&aghermore, the reduction of wave energy to
the area changes the local hydrodynamics, whictutin affects the remaining surrounding
sedimentary habitats (Burcharth et al. 2007). & baen suggested that the creation of new
habitats through urbanisation not only increasdstétadiversity, but also causes an increase in
species diversity (Rebel 1994). CDSs are oftenieXglor implicitly considered a local benefit
to coastal sandy area for their potential to ineedacal species diversity by allowing settlement
of new species that usually live on rocky reefsr¢hii et al. 2005, Airoldi & Beck 2007,
Burcharth et al. 2007). In recent years, CDSs hbeen regarded as important resource
enhancement tools for the productivity of commédrapecies and mitigate habitat losses
(Bohnsack & Sutherland 1985, Pickering et al. 1998)

1.7.2.1 Effect of decaying macroalgae depositdherbeach

The stretch of coast where the Elmer defence sclieioeated is periodically affected by large
amounts of macroalgae that are detached from tsbae reefs and washed onto the shore
after stormy weather (Burcharth et al. 2007). Tghenomenon was observed by researchers to
be particularly evident around the LCSs (Hawkingvi&schella unpub. obs.) Burcharth et al.
(2007) suggested that the algae were probably gusisbore by waves and inshore winds, and
eventually got trapped by the LCSs. Periods of caleather conditions that may lead to
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stagnant water and degradation of bathing watelitguenay be enhanced by these deposits.
The deposition and accumulation of seaweed mayecagseational and ecological problems as
strong unpleasant smells develop as a consequent®e cseaweed decaying; this can be
detrimental for beach users and several complé@at® been made by the local community
(author’s pers. comms). Decaying macroalgae depoait also have ecological consequences:
the sediment covered by the detrital material magome anoxic as a consequence of changes
in the redox potential. This is likely to have ampact on the infaunal assemblages, especially
for the more sensitive species. At high tide howegeme of the algae float and seem to
provide an attractive habitat for juvenile fish,ush potentially enhancing the local fish
populations. As seaweed deposition on beaches may lenvironmental and amenity problem,

there is a clear need for integrated applied rekear

1.7.2.2 Effect on sediment fauna

The deployment of artificial rocky substrata al@sandy shores to prevent coastal erosion can
cause changes in the composition, abundance apdidrestructure of benthic assemblages
inhabiting the marine sediment. This can be dumadification of wave regime and sediment
depositional processes (Bacchiocchi & Airoldi 2008artin et al. 2005). Two studies were
carried out in the summer of 2001 and 2002 lookahthe effect of the LCSs at Elmer on the
surrounding sediment-dwelling biota (Burcharth et2807). The first study was restricted to
the effects of LCSs on infauna and sediment charmgtits, whilst the second investigated the
extent of these effects along the shore and tleetedf tidal level. The sampling regime chosen
was to look at the difference between the landward seaward sides of the structures, in
addition, compare this to two control sites, east west of the structures. A brief overview of
the DELOS research is given below (Burcharth e2@07). More in depth discussion of their
findings and other studies will be given in Chafi€also see Burcharth et al. 2007).

Results from the DELOS research project (Burchatthl. 2007) showed consistency between
the two years, with no significant differences detd. There was, however, a high degree of
spatial variability for both the sediment descriptand biotic features, making it difficult to

explain any patterns in the community as the chemgge too small. Nevertheless, it was noted
that the sediment descriptors, chlorophyll and miganatter, showed some differences between

the landward and seaward sides of the structuressel observations were attributed to the
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location of the structures and their context; aenoderately exposed beach and their porosity.
The LCSs had apparent effects on the compositidranndance of the infaunal communities;
patterns were seen between the landward and theaskasides, and the control sites.
Crustaceans dominated the infaunal communitiedl #elocations. On the landward side of
the structure, the average abundance of amphipadspproximately ten times higher than that
of polychaetes, such as the lugwofnenicola marina (Linnaeus, 1758). The effect of LCSs on
the soft-bottom community appeared to be evideht on the landward side, as the seaward
side and the other control areas along the coast way similar in diversity and abundance of
organisms and sediment characteristics. Furtherntfueeeffect appeared localised within 100 m
or so around the structures, as no effect was wetest increasing distances. The DELOS
studies showed that the environmental setting wdseraely important in determining the
magnitude of impacts on the soft-bottom habitat emehmunities. On relatively reflective and
exposed beaches such as Elmer, LCSs seem to maivem@but significant impact on sediments

and infaunal communities.

1.7.2.3 Provision of rocky habitats

Elmer is located on a stretch of coastline thakdaextensive natural rocky shores, with only
patchy boulder fields and small rocky outcrops. Ajon effect of the LCSs at Elmer was the
creation of artificial habitats for species livimgturally on rocky shores. New substratum is
rapidly colonised by fauna and flora common to harbstrata (Anderson & Underwood 1994),
thereby potentially supplementing natural habitatsupporting natural assemblages, in terms
of species composition and relative abundancesridtively the structures may support only a
subset of natural assemblages, providing habitatatitional species not found on nearby
rocky shores, or providing habitat in which somecdsgs are consistently missing and additional
species found (Chapman & Bulleri 2003). In addititmeey can have large scale effects, by
acting as stepping stones that facilitate the dégpeof rocky shore species across habitats that

would naturally be unconnected (Burcharth et ab730

The abundance and composition of assemblages dadbeof the large blocks and in the rock
pools amongst the small boulders and blocks ab#ise of the structures were examined by the
DELOS project (see Burcharth et al. 2007). In ligiitprevious studies on CDSs, DELOS
researchers found that typically, the epibioticeadsiages consisted of similar species, but that
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they were less diverse than natural rocky shorenwomities (Moschella et al. 2005). The
epibiota found colonising the boulder faces of tiheakwaters was relatively poor in terms of
diversity (21 species). The most common organisbsewed were fucoids, ephemeral algae,
limpets, littorinid snails and barnacles. Distiddterences between landward and seaward sides
of the LCSs were observed on all structures. Onstevard side of the LCSs limpets and
barnacles were dominant, whilst on the landwarce si@rmanent patches of fucoid and
ephemeral algae were present. The absence of afgdlee seaward side was thought to be
because of the combined result of physical fact@®tsong exposure to waves, higher

dislodgement forces) and biological interactionigl{ar grazing pressure) (Jonsson et al. 2006).

Rock pools were also present at the base of thetates on the seaward side. These had
extremely high diversity (72 species), with numer@pecies typically found on the lower
intertidal and subtidal zone. One of the reasoatedtfor the notably lower diversity on the
structures than in the rock pools, was probablyldilecomplexity of the blocks and their freely
draining nature, lacking the micro-habitat diverdihat would be found on a natural rocky
shore. Experiments that were carried out on thectires showed that more complex surfaces
with holes and pits had increased species diverpayticularly for species that were more
sensitive to desiccation and insulation stressesiraag at low tide. Several south-western
species that reach their limits in the English Gtegnwvere noted to have colonised further east
than previously recorded (Crisp & Southward 19%8)using the breakwater at Elmer. These
included the purple topsheGibbula umbilicalis (de Costa 1778) anMlelaraphe neritoides
(Montagu 1803)Hawkins, Frost & Moschella, unpub. obs.).

1.7.2.4 Effect on fish and mobile fauna, includbigis

Surveys of fish and mobile fauna were carried oauglrdhe three years of the DELOS project
(2001-2003). The LCSs appeared to have had soreet®fbn fish and mobile fauna. In a
similar way to the results obtained for the softtbims, effects were more evident on the
landward side of the structures. The compositiofishf and mobile fauna consisted of species
typical of both rocky and soft-bottoms. It was sesgfgd that LCSs, especially when built in
coastal areas dominated by soft bottoms, can hasteong influence on the structure of fish
communities, attracting species typical of rockyorghtherefore increasing local diversity

(Burcharth et al. 2007). Several of these specierewf commercial importance such as sea
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bassDicentrarchus labrax (Linnaeus 1758), mulle€helon labrosus (Risso 1827)and Liza
ramada (Risso 1826), sol&olea solea (Linnaeus 1758), plaicBleuronectes platessa Linnaeus
1758 and other flat fish. More importantly LCSs mpnovide a nursery ground for fish,
particularly for commercially and recreationallyportant species, the sea b&sdabrax and
several flat fish (e.gS solea, P. platessa). So, potentially LCSs could have an enhancement
effect on local fisheries. The landward side of $ireicture appears to have provided a better
habitat for juvenile fish, as well as the depositend accumulation of drift algae, which also

provided a suitable habitat for juveniles and sa\vgpecies (Burcharth et al. 2007).

Crustaceans, such as shrimps and crabs were panifcabundant in the structures and

represented further potential food resources fein ind birds. There was evidence that the
breakwaters attract birds that are generally foandrocky shores, such as cormorants and
oystercatchers; these use the structures as restasgand for feeding resources (e.g. limpets).
In contrast, the LCSs could negatively affect otbeecies of birds by modifying the species

composition of infaunal assemblages on which tihasks feed.

1.8 Further Research Requirements

As can been seen from Section 1.7, there has loeea extensive work done on how the LCSs
at Elmer effect the ecology of the structures amdosinding areas. There are, however, still

significant areas that lack understanding and rekea

181 Decaying Macroalgae Deposits

The phenomenon of decaying macroalgae depositgrarEvas only assessed qualitatively in
the DELOS project. For this reason, the frequerfcgogurrence, abundance, distribution and
composition of the seaweed in and around the stregtneeds to be assessed quantitatively (see
Chapter 3). Secondly, in order to decide if thesectures enhance the problem or not,
comparisons are needed with different types of rdefestructures on adjacent stretches of the
coastline. Another issue that is important to coasiis how these decaying deposits affect the
underlying benthic communities and the communitiest have colonised the LCSs, with

investigations into how important this organic n@se to the food web is (see Chapters 4 & 7).
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1.8.3.1 Seaweed detritus — detrimental or bendéficia

The supply of oxygen to infauna is one of the magbortant chemical influences on the
biology of sediments (Little 2000). Deposited seasvecan stress infaunal populations by
inducing hypoxic conditions at the sediment algétiface (Norkko and Bonsdorff, 1996) and
by inflicting a physical cover over the sedimerdardloxically, this can also offer refuge from
predation by epibenthic predators (Norkko, 1998hevé there are intermediate amounts of
algal deposits, there can be an increase in haietarogeneity with patches occurring, where
the uncovered areas are exposed to predation arabtered areas offer refuge. The quantity of
macroalgal cover will affect how the sediment stwwe and composition of infaunal
communities are affected. It can therefore be hygsised that decaying algae could cause two
effects of opposite extremes; either that it mayplayn diversity in the soft sediment
assemblages due to increased carbon and nitrogéments and available shelter, or that it
creates a highly anoxic environment that becomes lahabitable and therefore reduces

diversity.

1.8.3.2 Seaweed detritus as a food source?

Macroalgae can enter the coastal food web throufggreht pathways. It is probable that a low
percentage of macroalgae is consumed while thegse are still living (Fenton & Ritz 1988,
Mann 1988), and that macroalgae is mostly relatedktritic food chains (Pomeroy 1980, Adin
& Riera 2003), however these detrital trophic patisvstill remain incompletely understood. In
coastal ecosystems a significant fraction of thecnmegal biomass is generally deposited
ashore after being dislodged by currents and wé®emch & Griffiths 1988, Riera & Hubas
2003). After decomposition by microbes and abiagmentation, the decaying algae becomes
an important energy source for invertebrates (Boatde et al. 1995). Nutrients bound in the
organic material are returned to the sediment (@a& Cardon 2004) and consequentially into
the interstitial trophic chains of these environisefinglis 1989). Seaweed detritus represents
the most important food for many marine species sag polychaetes (e.g. Magnum & Cox
1971), limpets (e.g. Bustamante et al. 1995) andh#mods (e.g. Inglis 1989). One example of
decaying macroalgae consumption is reported fraanaly beach off the west coast of the Cape
Peninsula, South Africa; Griffiths et al. (1983)poeted that 53 % of the annual seaweed
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deposition was consumed by talitrid amphipods. H@reRodriguez (2003) stated that despite
the fact that decaying macrophytes seem to plaly andmportant role in the trophic food web,
the consequences of consumption of this resourcpdipulations and/or communities has been
little explored. The significance of the role of enaphyte-derived detritus as a source of
organic carbon and nitrogen for subtidal consunf®tgart et al. 1982, Mann 1988, Fielding &
Davis 1989, Bonsdorff 1992, Wilson 2002) and roakertidal consumers (Backlund 1945,
Soulsby et al. 1982, Bustamante & Branch 1996)dees well documented. There have also
been studies on the decomposition of macrophyémdline debris on sandy beaches (Koop et
al. 1982). At present, however, the importance atraphyte detritus in and around CDSs has

not been documented and remains allusive.

1.8.2 Sandy Beach Assemblages

The DELOS project (Burcharth et al. 2007) carried @ preliminary sampling programme of
the soft sediment communities surrounding the LO®Bere are still, however, questions to be
addressed (see Chapter 4), for example, only tmbatos were sampled on the landward and
seaward sides of the structures. The bays betweesttuctures were not investigated, and as
reported by Plomaritis (2006), these areas undeogtplicated tidal circulation patterns which
differ throughout the breakwater scheme, due tgingrstructure and gap lengths. Therefore, it
would be expected that the community compositiod abundances would be influenced by
this hydrodynamic regime; this may also influenbe distribution and quantity of decaying
macroalgae deposits, which in turn may influence blenthic community. It would also be
expected that these ecological patterns would \‘amporally; the DELOS project only
addressed the summer seasons on two occasionamd Mo significant differences in the
sediment communities on the tombolos. In realitis necessary to gain an insight into how the

soft sediment communities vary in other seasons.

1.8.3 LCSRocky Shore Assemblages

The study of the faunal assemblages on the LCSextassive. However, because the coastline
in this region has no natural rocky shores no corspa has been made with other hard CDSs
nearby (< 10 miles); this was carried out and dised in Chapter 5. Furthermore, the seasonal
changes in the epifaunal communities of CDSs weeidiexd, as it had not previously.
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1.9 Study Aims and Objectives

19.1 Sudy Aims

The overall aim was to study the role of CDSs irdifyang community structure and ecological
processes in coastal ecosystems. In particulafpdos on the importance of the decaying
macroalgae deposits around low crested breakwatertisres. The research aimed to describe
the interactions between the decaying macroalggmsits and the hydrodynamic regime
around sea defence structures, both spatially entpdrally. The study then explored the
consequences for the community composition andadnoe of the sediment infauna and rocky
shore epifauna both spatially and temporally. Thewkwshowed the importance of subtidal
seaweed cycling within intertidal communities, thgh decay experiments and foodweb studies
using stable isotope analysis. The low crestedkaraters at EImer, West Sussex were used as a

test system.

The specific objectives were to:

1. Describe the environmental setting (e.g. wave diemaydrodynamic and sediment
environments) of the research area and the redsotise study locations used (Chapter
2).

2. Assess the species composition, frequency of oecoer and distribution of the
decaying macroalgae deposits around the LCSs atrHlitme main study site) and two
other nearby CDSs (comparative sites), and eshatties driving environmental factors.
(Chapter 3);

3. Assess the ecological effects LCSs and decayingoakyae deposits may have on the
surrounding benthic assemblages both temporally spatially. The composition,
abundance and diversity of sediment infaunal comtesnsurrounding the LCSs at
Elmer were quantified on varying temporal scales, well as for two nearby
comparative sites with groyne structures. Hydrodyca regime and decaying
macroalgae data were used to attempt to explaircdh@nunity structure and spatial
distribution of the sediment infaunal communiti€hépter 4);

4. Describe the spatial and temporal changes in ampfaassemblages (composition,

abundance and diversity of the motile and sess#erablages) of the Elmer LCSs and
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nearby groynes in relation to CDS design (e.g.ed#ffit sides of the structures and
vertical shore levels) and environmental paraméd@nspter 5);

5. Examine the processes of decay in a selection afoalyae species, both aerobically
(in the field) and anaerobically (in the laborajorgnd the change i8**C and &N
isotope values of a variety decaying macroalgaecispeduring decay over time
(Chapter 6); and

6. Examine whether decaying macroalgae deposits dizedtby sediment infauna, rocky
shore epifauna and mobile fauna within the Elme&la®d Felpham groyne ecosystems
by means of stable isotope analyses, and to deterthe level of importance of these

deposits (Chapter 7).

Concluding remarks, a synthesis of the results freach chapter and the background
information obtained throughout the present ingadion, and recommendations for further

research are presented in Chapter 8.
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Chapter 2: Environmental Setting of Research Area

2.1 Introduction

Elmer is a low-lying residential seaside villagedted on the South Coast of England, between
Bognor Regis and Littlehampton, on the West Sussastline (Fig. 2.1b). This approximately
12 km straight section of coastline faces south. 8ds shoreline bulges slightly beyond the
average coastal alignment, forming a small headi@wrten 1992). The coastline between
Pagham and Brighton is heavily-protected, with agldistory of defence schemes. This
particular stretch of coastline has been associaféinl an increasing amount of residential
development. This has created the need for effecfivod control works through coastal
protection schemes, inevitably resulting in localali scale environmental changes (Green
1992, Holland & Cooper 1994, Cooper et al. 199%ag area is now protected by a segmented
emergent low crested breakwater scheme. The diifesein the design parameters of the LCSs
(i.e. length, gap size and distance from the sho@edle 1.2), together with environmental
parameters (i.e. water depth, tidal flow directiangle of structure sides and wave direction

relative to the coastline) has generated distirmtgsses over different parts of the scheme.

In this chapter the reasoning for choosing thiglptarea, with details of the three different
study sites used are explained. An overview of ¢hgironmental characteristics and data
analysis of available hydrodynamic information (6hel Coastal Observatory & Plomaritis
2006) is presented for the period of study in thiea, in terms of: the wind and wave
characteristics, tides and currents, sedimentotogy sediment transport and sea temperatures.
Finally, the ecology of the area is briefly desedb

2.2 Choice of Study Sites

The main study site was the low crested breakvsteeme at EImer (WGS84: 87'23.72 N
0°36'40.63 W — 547'34.78 N 035'21.81 W) (Fig. 2.1c), which is approximately & ko the

east of Bognor Regis, on the West Sussex coastline.
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(b) West Sussex Coastline (Felpham to Climping)
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l 400m
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(d) Felpham Beach |

By, i

(e) Climping Beach

Figure 2.1 Location of the study location in relation to ¢ap United Kingdom and (b) the south coast of
England for (c) Elmer Breakwater Scheme, (d) Feiplizeach, and (e) Climping Beach. Photos taken from
Google Earth: Image ©2007 DigitalGlobe. Red arral@aote the average predominant wave direction. &Vhit
boxes (b & c) show study area within the beachloviehumber in (a) are the names for each of thes bayd

the black numbers the breakwater/tombolo numbestd3trelative to north.
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Two further sites were chosen; the first was onRékham frontage (WGS84: ®7°01.95 N,
0°39'32.14 W - 5047°02.70 N, 039'27.30 W) (Fig. 2.1d), approximately 3 km westEmer,
which consisted of a series of seven rock groyregs(m long) in the order of 100 m apart and
built in 1998. The second at Climping Beach (WGS8&47'51.50 N 034'18.85 W —
50°47'52.23 N 034'14.40 W) (Fig. 2.1e), approximately 1 km eastEdfner, consisted of a
series of sporadic small wooden groynes with laegpanses of sand (50 m to > 200 m)
between each one. High wave energy and a largé rzchge (6m, Plomaritis 2006) were

common features at all three study sites in tres.ar

Elmer was chosen as the focal study site as it twasonly LCS scheme of its kind and
magnitude along the south coast and one of ondyairi the UK. From a logistical perspective,
the location of the scheme in the intertidal zoliewaed easy access to the structures for the
study as they were completely uncovered at low. fides relative proximity of Elmer to the
University of Southampton also allowed frequenldfieisits to the breakwaters. Felpham was
chosen as a comparative site, as being so clgz@xmity (within 2 km); it was subject to the
similar large scale environmental conditions, sashwave climate, geology, sedimentology,
bathymetry and tidal regime. Like Elmer, the graynweere made of Norwegian granite; this
allowed comparisons to be made because of sinyilaristructure material. The CDSs differed
from those at Elmer, in that the groynes lay alnmmetpendicular to the land, with a south-
easterly aspect and were younger in age (by 4 yi®. beach consisted of sandy sediment
below the mid tidal level and was superseded witingle, whilst above this there was a
concrete and tarmac walkway. The second comparaiiee was at Climping, which also
experienced similar large scale environmental daoms to Elmer and Felpham, but with
wooden groynes instead of granite. On the soutlstcoBEngland there are no undefended
beaches (that could have been used at contro) sitetose proximity to EImer beach (within a
30 km radius) that are exposed to similar enviramadeconditions (e.g. wave exposure, tidal

currents, hydrodynamics, etc).

2.3 Beach Morphology

Lidar data (metres Ordnance Datum Newlyn (ODN 1)) for EImer Beach (recorded on
12" June 2006) were obtained from the CCO (no dataawasable for Felpham and Climping.
ArcMap® (version 9.1) was used to model the crdes-esbeach morphology (Fig. 2.2).
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Figure 2.2 Lidar-derived Digital Elevation Model (DEM) illustrating cross-shore beach morphology at Elmer. DEM created
in ArcGis and is in British Grid.
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It can be seen from the DEM (Fig. 2.2) that thershelevation was higher behind the low
crested breakwaters than between the breakwatbheselBvated areas behind the breakwaters
are known as tombolos. Tombolos are a build ugdinsents that have been created atrtificially
during construction of the breakwater scheme anihtaiaed by the localised currents within
the scheme (see Chapter 1, Section 1.6.2.1). Has detween the breakwaters are semi-circled

bays with lower beach elevations than the tombg@tas 2.2).

In this thesis, the spatial variation in decayingcnoalgae deposits (Chapter 3) and benthic
macrofaunal communities (Chapter 5) were invesidfathis was done by randomly choosing
four bays and four tombolos (for their location $&g. 2.3) because of the their differences in
horizontal shore beach morphology. The shore g®fdown the bays adjacent to the granite
breakwaters were clearly concave (Fig. 2.4). Bajsahd 6-7 had the most concave profiles;
the beach height just behind the breakwaters ofatitevard side was approximately —1.0 and —
1.5 m Ordnance Datum Newlyn (ODN), respectivelyhkigthan the same vertical position in
bays 2-3 and 3-4. The shore profile of the tombslasved a gradual decline in elevation with a
slight convex nature (Fig. 2.4). Tombolos 2 andefensimilar in profile; the beach elevation
was approximately 4 m ODN at the upper shore (leetbe shingle embankement) and 1m
ODN just behind the breakwater on the landward.sladenbolo 6 exhibited the lowest shore
elevation from the upper shore (2 m ODN) to theakveater (0.2 m ODN), whilst tombolo 8
was the steepest and highest, as the breakwatecloses to the shingle embankment than the
other structures (Fig. 2.2). On the seaward sifi¢lseobreakwaters the elevation was lowest in
front of structures 4, 6 and (Fig. 2.4 f and g)thma shore height of approximately —2 m ODN.
Whereas, on the seaward side of structure 2 tivateda approximately —1 m ODN.

The field survey design employed to investigate thacroalgal deposits and benthic
communities also assessed three vertical shordsietveo on the landward side (upper and
lower) of the breakwaters and one on the seawaw f&y. 2.5 for their location). The cross-
shore beach profiles for each vertical shore lavelshown in Figure 2.6. It is clearly illustrated
that the shore height oscillates on the landwaddssof the breakwaters, between the tombolos
and bays (Fig. 2.6). The lower landward demonddrtite largest fluctuations in shore elevation
over the shortest distances, for example the toptoaibolo 4 had a shore height of
approximately 1.25 m ODN, whilst the centre of Ba§ had a shore height of —0.75 m ODN, a

difference of 2 m over a distance of approxima%fym (see area (b) in Fig. 2.6).
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Figure 2.3 Lidar-derived Digital Elevation Model (DEM) illustrating cross-shore beach morphology at Elmer. Vertical
shore transects (Red = Tombolos; Blue = Bays) for the areas sampled durning field surveys for decaying macroalgae
(Chapter 3) and sediment faunal communities (Chapter 4). Model in British Grid.
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Figure 2.4Figures (a) — (e) illustrate the vertical (up shdreach profiles for the four bays and four tombkolo
that were surveyed for the spatial patterns in yiaga macroalgae deposits (Chapter 3) and benthic
macrofaunal communities (Chapter 4) at Elmer. Teach morphologies are derived from the lidar-derive
DEM in Figure 2.3usingArcGIS. X axes (distance, m) and Y axes (shoretteg OD) scales are different.
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In the upper landward level of the beach, the bifiee in shore height between tombolo 4 and
bay 4-5 is acute (approximately 3.5 m over 100 stagice), though not as much as in the lower
landward shore level of the same bay and tombatp &6). A notable difference between the

tombolos, is the shore elevation of tombolo 6 ie tipper landward shore level that was
sampled was less than the lower landward elevatibich was not the case for any of the other
tombolos (see area (c) in Fig. 2.6). Tombolo 8 tie& greatest shore elevation in the lower
landward shore level, with an estimated height.6frf@ ODN; this was approximately 1 to 2 m

higher than the other tombolos (see area (d) inZ®&).

The shore height on the seaward sides of the biaaksv did not illustrate the prominat
oscillating pattern of the landward sides. The galineend observed is that the shore was more
elevated on the western end of the scheme becateieer by the eastern end, before rising on
the eastern side of breakwater 8 (Fig. 2.6). Vemglksoscillations can be seen in the profiles for
the seaward side, this is not the shore, but simedidar data points are recorded in grid format

with 10 m spacing between sample points, the dqieesses this.

2.4 Wind and Wave Climate

24.1 General Wind and Wave Climate

Shoreline wave exposure increases gradually eadtimam Pagham to Shoreham (Mouchel
Consulting Ltd 1997). The study area has high gnbegches and is predominately exposed to
southwesterly winds. The sheltering effect of thle lof Wight limits waves arriving from the
south-west. In response to the gently sloping ba#tyy at Elmer, the waves reach the coastline
with very small angles of approach; this is esgbcharacteristic of waves arriving from the
southeast direction, which are more normally alijte the shore (Burcharth et al. 2007). The
area experiences substantial wave focusing andtdgsther with other environmental factors,
produces a regime of increased wave height anchipaitéor flooding (Green 1992). Jelliman et
al. (1991) examined wave conditions at Littlehampas part of a national study, attempting to
predict future wave climates in the context of tigasea-level rise and climate change. They
found that 40 % of waves (1974 - 1990) came from West or south west, with a mean

significant wave height (§iof 1.8 m.
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Figure 2.5 Lidar-derived DEM illustrating along shore beach morphology. Horizontal transects in the LW{(U) - upper
landward; LW(L.) - lower landward; and SW — seaward levels of the beach. Transects (a) cross Tombolo 2 and Bay 2-3, (b)
crosses Bay 3-4, Tombolo 4 and Bay 4-5, (¢) crosses Tombolo 6 and Bay 6-7,and (d) crosses Tombolo 8. See Figure 2.6 for
the cross-section shore profiles. Tombolo and Bay numbers in grey. Model shown in British Grid.



Chapter 2: Environmental Setting of Research Area 36

Landward {Upper)

Landward {Lower)

Seaward

Area (a) Area (b) Area (c) Area (d)
3.0q Fn 4T
2.54
4+ 3l
2.04
3_
1.51 24
1,04 “
14
0.51 L
0.0 . . ‘ L : ; ; L ‘ ; ' ' i i i i . i .
1] 50 100 150 200 1} 100 200 300 400 0 50 100 150 200 250 0O 10 20 30 40 50 1]
T2 T4 30 T8
N B2-3 7 ,.| B7-8 - B8+
_ B34 v
15
2.04
o B4-5 T6 "
1.0+ 0.8 B6-7 1.5
‘( ost |
1.04
0.5 0.5+ 0.44
0.4 /\\ 0.5
45 ; ; : oo . A : ; : T i L : ; T : : : :
50 M 50 200 sof 100 150 %o 250 foo | so\ 100 150 200 £ 250 g 20 10 &0 80
.05 -051 0.4+
-0.64
REIEN =089
-1.04
0 50 100 150 200 250 30 O 50 100 150
o0 f N I 1 1 1 0.0 N 1 1
0.5+
'0.5’
1.0+
154
'S_M b
-2.04
2.5 1.5

Figure 2.6 Cross-section shore profiles in the upper landward, lower landward and seaward shore levels for the horizontal transects
(for areas (a), (b}, (¢} and (d) shown on the lidar-derived DEM Figure 2.5. The locations of the relative Tombolos (T) and Bays (B)
are illustrated. X axes (distance, m) and Y axes (shore height, m OD) are different scales. Data derived from the DEM in ArcGis.




Chapter 2: Environmental Setting of Research Area 37

The wave climate over the study area contributesiderably to the prevailing hydrodynamics,

especially for the coastal regions; as such, it femsed the main focus of the studies

undertaken, prior to the construction of the lowsted breakwater scheme (Burcharth et al.
2007).

2.4.2 Measuring Wave Climate

Exposure to wave attack can be defined on the basisee simply-defined exposure categories
(Channel Coastal Observatory 2003): low, mediund high exposure. Low exposure areas
have wave conditions that are generally very sanadl significant wave heights are unlikely to
exceed 1 m; medium exposure tend to be fetch limhiggh exposure areas are where nearshore
conditions (H) regularly exceed 2 m. The predominant angle ofewattack also determines

exposure levels.

Wave measurements were obtained from the Channeist@lo Observatory (CCO),
Southampton for the period' ZJanuary 2005 to 22December 2006 for comparison with all the
ecological surveys carried out. They were recorfilech a Datawell Directional WaveRider
Buoy Mk Il (Depth 9.9 m) off Rustington (7.7 km dffe coast and some 7 km east of Elmer) at
30 minute intervals (WGS84 %81.0365’ N 0029.6765’ W). For all parameters the 30 minute
data recordings over the course of each day wereaged in order to have a more manageable

data set.

The parameters recorded were: significant wavehbgigs), maximum wave height (),
peak wave period ¢J, zero up crossing period JTand wave direction (Dir). The definitions
for these parameters are as stated by the Chawastal Observatory: “H(m) is the average
height of the highest one-third of waves at a llocatluring a wave measurement period and
equates to wave height. Storm events are definesigadicant wave heights @{that exceed
3m (Fig. 2.7). “Hhax (M) is the highest wave (crest to trough) in rastrecorded during a wave
measurement period; pT (s) is the peak wave period in seconds, beingwhge period at
which the highest wave energy is centred, ‘i$ the zero up crossing period. “Dir” (degrees) i
the direction of waves with the highest energy. i direction of the waves of periog);Tit

defines the direction from where waves come from snmeasured clockwise from magnetic
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north (e.g. 270 means waves are approaching from the west). litianldo calculating the

mean values of ki and H, the maximum, minimum and range were also caledlat

2.4.3 Wave Climate Measurements

The average significant wave height(Hat Elmer and Felpham from January 2005 to
December 2006 was 0.75 m, reaching 4.81 m in tmewR006. Wave attack was the least in
both summers 2005 and 2006 (Table 2.2 & Fig. &) were recorded as being around 2 m
(Hy); the coastline can be classified as being higlilyosed (according to the CCO). There were
no storms in the spring 2005 and both summers 20062006 (Table 2.2, Fig. 2.7). Seven
storm events occurred over the two year periodntbst severe storm was in December 2006
with a maximum significant wave height JHf 4.81 m. Autumn 2005 and winter 2006 had
significant wave heights greater than winter 20D&b{e 2.2).

Table 2.2 Seasonal mean and maximum wave data measurerkknts. Significant wave height, Hy =
Maximum wave height, J= Wave length, T= zero crossing period, SST = Sea surface temperaData
recorded by Rustington WaveRider Buoy from 2005 G0& and provided by the Channel Coastal
Observatory.

Hg Hs H max Hmax Ty T, Direction SST
(mean) (max) (mean) (max) (mean) (mean) (mean) rfinea
Season

(m) (m) (m) (m) (s) (s) 0 Q)
Winter 05 0.89 3.37 1.35 6.07 6.23 3.69 197 8.0
Spring 05 0.59 2.09 0.91 3.81 6.70 3.68 194 8.6
Summer 05 0.55 2.42 0.86 4.13 5.21 3.36 200 17.8
Autumn 05 0.82 3.64 1.27 5.90 6.34 3.68 193 15.9
Winter 06 0.87 3.84 1.34 6.63 7.54 3.90 185 7.7
Spring 06 0.80 3.18 1.23 5.22 6.36 3.76 195 8.9
Summer 06 0.50 1.94 0.78 3.59 4.83 3.25 195 18.1
Autumn 06 1.00 3.19 1.56 5.97 6.61 3.86 196 16.2

The dominance of waves in 2005 were from the sowght with 77.2 % of the annual waves
approaching from between 18fb 240 (Fig. 2.8);these waves also represented the highest
wave heights, reaching up to 4.8 m. Some 20 %efinmhves approached from a south-easterly
direction (100 to 180), with maximum wave heights of 2.2 m. The direatiavhich
corresponded to the greatest wave heighty \las the sector 20@o 22CF, with a maximum

significant wave height of 4.9 m and a wave penbé.2 sec in December 2006 (Fig. 2.8a-c).



Chapter 2: Environmental Setting of Research Area 39

~
1

Wave Height {m)
w

rJ
I

=k
1

—0— Hmax
T 1

Winter Spring  Summer Autumn  Winter Spring  Summer Autumn

'

o

L 2

2005 Seasons 2006
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There were differences between seasor®th wave direction data and maximum significant
wave height (Table 2.2), with consistent seasgnaktween the two years (2005 and 2006) in
wave direction (Fig. 2.8a). The average wave diwacivas 195 (+ 0.44). Spring had the least
variability in wave direction with the highest pentage occurrence of waves from 180220,

18 % higher than the annual average (Fig. 2.8)erdhwas a shift in the summer from the
principal wave direction in the summer months othbgears (Fig. 2.8a), with the waves
predominantly arriving from a more south-westerigedtion (220 to 249 than other times of
the year (2086220).

The average maximum wave heights in the springsantmers were diminished in comparison
to the winters and autumns (Table 2.2). Whilsgdéamaximum wave heights were recorded in
winter 2007 compared to winters 2006 and 2007 &igp). The wave period gl'together with
the wave height, dictates the strength of the waVee wave period also changed over the
course of a year, with shortest wave periods instimamers and the longest in winters (Table
2.2). The sector from which the longest wave pericaine was 14Qo 220.

2.5 Hydrodynamic Environment

2.5.1 Tideand Current Characteristics

Tidal data were obtained from the British Oceanphi@ Data Centre (BODC) as part of the
function of the National Tidal and Sea Level Fagilhosted by the Proudman Oceanographic
Laboratory (POL) and funded by DEFRA and the Natdavironment Research Council
(NERC). Data were obtained from the nearest rengrtide gauge (National Network gauge in
Newhaven). Current characteristics could only beéaiokd for the low crested breakwater
scheme at Elmer from a previous study, which régergrried out on the sediment dynamic
processes in the vicinity of the scheme (Ploma2idi86).

Elmer is located within a macrotidal environmenithvwa semidiurnal tide. During spring tides

there is a tidal range of 6.01 m, whilst during meales, there is a tidal range of 4.17 m
(Plomaritis 2006). The tidal excursion (~ 600 mricly springs) extended beyond the structures
at both Elmer and Felpham; as a result, the strestare exposed completely at low water.

During high water, they are not completely submérged have a freeboard of 0.45 m at mean
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high water springs (MHWS) and 1.45 m at mean higkewneaps (MHWN).

The offshore currents in the eastern English ChHamotate anti-clockwise, (in contrast to the
western part, which rotate clockwise), with speads exceeding 1 m/s during spring tides
(Pingree 1980). Near bottom (ca. 30 cm above tl) hdal current velocities close to the
coastline are much lower (ca. 0.3 m/s during sptidgs) running in a general east-west
direction in the offshore areas. In the intertidahe in this coastal cell, currents almost always
flowing in a westerly direction, increasing speseahi east to west (Plomaritis 2006). However,
the flow direction appears to reverse under strengerimposed wind energy conditions
(Pingree 1980), and similar results have been wbdein the close vicinity of the structures
(Pope 1997). This flow reversal is an importantdacontrolling the net sediment transport (i.e.
longshore drift) close to the breakwaters (Plornsa#006). Sterlini (1997) observed the general
water circulation pattern inshore of the breakwst&y be characterised by an east-west
orientation. Through further investigation, Ploniar{2006) found tidal currents accelerated as
they flowed over the salient features (tomboloshasting the sediment mobility; this
mechanism is thought to control the salient grobsind the structures. Peak tidal currents
coincide with high water and the beginning of ths €Plomaritis 2006). The magnitude of
these currents depends upon the direction of wgpmoach and their characteristics; the

maximum speed is 0.45 m/s during spring tides.

It is important to understand the tidal currentimegywithin the scheme at Elmer, as these may
have strong influences on any relationships betwsediment infaunal communities and
deposition of decaying algae. The breakwatersauatéd in the lower intertidal (see Table 1.2
for position), where submersion of the intertidahe occurs on average from 3 hours before, to
3 hours after high water. The speed and directibrcuwrents change across the scheme
throughout this tidal period (Plomaritis 2006). Téweticlockwise rotation and the progressive
nature of the tide over the area, produce a wgsperdk flow at high water (Plomaritis 2006).
Tidal flow and flow acceleration over the tombokosd through the gaps of the scheme were
modelled (based on field data) by Plomaritis (2008)e findings are summarised for spring
tides in the following two sections (also see R2Q). During neap tides the patterns are
generally similar to the spring tides, with simiflow direction but reduced peak intensity (35 -

40 %); the flow maximum (0.3 m/s) occurs in theagjust offshore of the breakwater.
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Figure 2.9 lllustration of Plomaritis’s (2006) conceptual nebaf the local tidal currents during high water
and their resultant sediment transport (i.e. longstdrift) for the entire scheme at Elmer (ideetifion the
basis of numerical modelling).

2.5.2.1 Flow over tombolos

During the flood phase of the tidal cycle (high eraitHW) —3 h/-2 h) of the tidal cycle, currents
flow north-easterly, with current speeds of lesnt.25 m/s. One hour before high water, the
current speed increases (ca. 0.35 m/s) and the dliogction changes rapidly to generally
westwards, although the breakwaters influence xaetedirection. Flow speeds are particularly
strong around the tip of the terminal groyne, bdlstructure 5 and on the west end of structure
6, reaching speeds of 0.45 m/s (Fig. 2.10). Duttmgtime-period (HW —1h), the water level is
greater than the tombolo elevation and all thekweters are detached from the coastline. The
increased gap lengths and water depths over thereagart of the scheme (e.g. between
breakwaters 6 and 7), combined with the coastdigunmation, allow the tide to enter and flow
between the breakwaters and the coastline (Fig. Pt presence of the breakwaters, together
with the decrease in water depth caused by the dtwmh comparison with the bays, forces
flow acceleration over the tombolos. This phenomeisomore intense over the central part of
the scheme (structures 4 and 5, Fig. 2.10), whezeoffshore distance of the breakwater is

greater and there are smaller gaps between thetstes (Table 2.1).
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Figure 2.10The acceleration factor (f) of the tidal currenthathe current speed over the salient)dor all
the breakwaters at high water (HW) during sprinug€p and neap (red) tidal conditions (for breakwate
location see Fig. 2.4). Data from Plomaritis (2006)

During the hour of high water and one hour aftee low magnitude increases further still,
however, the flow direction remains constant arelghtterns described above are maintained.
Speeds reach > 0.5 m/s on the leeward side ofithetwes, as well as on the landward side of
structure 5; speeds of between 0.38 and 0.42 mikeolandward side of structures 4 and 6 are
reached. The gaps between the structures, witlextbeption of between 6 and 7, experience
reduced currents (< 0.2 m/s) throughout the cyOler this part of the tidal cycle there is a
distinct deceleration of the flow from the easttte west of the scheme.

The acceleration of the tidal currents was morenisg¢ around high water spring tides over the
central part of the scheme (breakwaters 3 - 6)) Wit exception of over breakwater 4. The
flow accelerates and decelerates rapidly with @akplocated at the top of the tombolo; as a
result the maximum velocities are confined to a Ibraeea behind the breakwaters. The
magnitude of the acceleration follows the trendhef offshore tidal flow, decreasing from east
to west. The bays are not influenced substantisilyhe accelerated tidal flow; this is related to
the deceleration after the salient. The turbulehosyever, generated by these unsteady flows
can be significant. As a result of these conditidhere is a weak secondary clockwise flow in

the central part of the bay during high water.
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2.5.2.2 Flow through breakwater gaps

During spring tides, there are differences in tregnitude of the flux between the central (3-4
and 4-5) and the western gaps (1-2 and 2-3) (Fijla). The central gaps (3-4 and 4-5)
experience strong onshore flush, around 0*3/m of water two hours prior to HW; resulting in
weaker flow acceleration farther westwards downstigeme. During neaps, although the flux
through the gap 4-5 follows the same pattern,ithiot the case for gap 3-4; this behaved in a
similar way to the westerly gaps (1-2 and 2-3)niatis (2006) stated that this was due to the
fluxes through the gaps being related to tidal eangarticularly with the gap between
breakwaters 3 and 4; the flux volumes change sagmifly when the tidal range decreases. The
flux pattern through the gaps provides an indicatbthe tidal current speeds over the salients.
During spring tides, together with the limited widif the gap between breakwaters 4 and 5 (the
smallest throughout the scheme, at 30m) the flows Waced to accelerate over the salient
(breakwater 4); likewise, to exit the scheme thtotige next gap (3-4).

(a) Spring Tides {b) Neap Tides
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Figure 2.11Water fluxes through the breakwater gap for thetera and central part of the scheme, during (a)
spring and (b) neap tidal conditions. Positive fiatues represent onshore, whilst, negative valepsesent
offshore fluxes (for gap location see Fig. 2.9)tdfaom Plomaritis (2006).

The construction specifications play an importasie rin the morphological evolution of the
beach at Elmer (King et al. 1996). In particule aicceleration in the tidal currents results in a
significant increase in the local sediment transpeich effectively regulates the growth of the

tombolos. At the same time, a weak clockwise catah is observed within the inner central
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part of the bays (Fig. 2.9); however this doesprotduce any sediment transport. The terminal
groyne at the eastern end of the scheme obstduetsidal currents, forcing them to change
direction; resulting in low tidal current speedsh&ke there are large gaps between breakwaters
(5-6 & 6-7) and the breakwaters are located farfr@n the coastline, a large volume of the
tidally-induced flow is retained behind the breaksva. Flow within the landward part of the
scheme is channelled by the breakwaters and, aaifme time, accelerates over the tombolos.
This process takes place mainly over the centrdlgiahe scheme. This further restriction of
the flow is not translated into a further flow alecation; in contrast, there is weakening of the
flow over the salient. This reduction is the resila significant loss of water, through flushing
at the gaps. The intensity and area of influenddetidal flow over the tombolos, is controlled
by the tidal prism and the gap widths. Plomari#i8(6) stated that the bays are influenced by
wave activity, whereas, the protected areas (toa#)chre dominated by tidal currents. The
system appears to be in a dynamic equilibrium, elmethe build-up of the tombolos by wave

activity in the bays is being regulated by theltilarents.

2.6 Sediment Environment

2.6.1 Geology and Sedimentology

The regional geological substratum of the beachdke study area consists mainly of bedded
Upper Cretaceous chalk. The in-situ chalk is gdiyeirma highly weathered condition. Patches

of reconstituted chalk can be found over the eastexd of the site, as well as coarse-sized
gravel and cobble layers of black flint (Robert Wé&sPartners 1991). The upper beach is
relatively steep and flat-crested and has a ndileeapper storm berm. This is composed
predominantly of poorly-sorted shingle and coalisg gravel with a median diameter of 20 mm

(Cooper et al. 1996a, King et al. 2000). In margaarof the coast the storm berm is mainly
replenishment material e.g. Climping Beach. Theeoweach is less steep forming a low
gradient foreshore extending for several hundretteseseaward to low water; this generally
consists of a poorly-consolidated layer of sandhwa 115 pum median grain size, with chalk
pebbles and boulders (Mouchel Consulting Ltd 19@R)erall, the beach profiles are convexo-
concave in form (Cooper et al. 1996a). In the em&rdower intertidal zone (seaward of the

breakwaters), the lack of sedimentary material emadnstrated by the presence of a chalk

outcrop running parallel to the coastline. Inteasimanagement involving the holding of a
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largely fixed line of coastal defence for the pa60D - 150 years has inhibited the natural
tendency for landward migration of the shorelirtehds greatly reduced the supply of fresh
sediments from coastal retreat and extensive grogius have intercepted much of the drift of
gravels and coarse sand on the upper beaches.ditioad gravel recharge, re-cycling and
bypassing supported by carefully designed and miaied control structures now largely

control sediment transport and attempt to mairtvaisch stability.

2.6.2 Sediment Transport

Sediment transport pathways in the close vicinitthe breakwater scheme at Elmer are related
directly to the prevailing hydrodynamics, whicheadfs the morphological development of the
area (Plomaritis 2006). Such processes include wd#é@action in the gap and between the
breakwaters, leading to a reduction of wave actianthe lee side of the breakwaters. This
results in a water circulation system (Fig. 2.9hose strength depends mainly upon the
magnitude of the incident wave energy (Plomarit@06). As a result of the above
hydrodynamic processes, there is a reduction innsed transport on the lee side of the
breakwaters and enhanced sediment transport iigadpe In addition, the combination of the
asymmetrical tombolo flanks (where the upstreanstély) slopes are steeper than the
downstream) and the direction of the littoral dméisults in sediment accumulation on the
western side of the tombolos (Plomaritis 2006). Tivement of sediments is substantially
wave-induced, with tidal currents being insuffidigrstrong to move coarser sands and gravels
independently. Rates of transport across the |daeshore are likely to be higher than the
upper shore because of lack of interruption by gesyand the finer grades of sediment leading

to greater mobility.

Beach profile analysis, undertaken following thenptetion of the ElImer scheme (King et al.
1996) revealed an overall accretion to both thet (&s increase in beach volume of around
5000 nilyr) and central parts of the scheme (ca. 900G/ynn(Fig. 2.1). Throughout the
remainder of the scheme (under the Environment &gethe beach volume was reduced by
3500 nilyr.

Plomaritis (2006) identified permanent flow featungithin the scheme (Fig. 2.9), these are

likely to be of importance to the ecology of thesteyn. There are low velocities to the landward
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of the breakwaters; flow acceleration in the arethe salients; and flow acceleration and eddy
formation at the tip of the terminal groyne. A largcale feature is the flow separation at the
Elmer headland in the final stages of the ebb; itiflsences tidal flow only in the area of the
two western breakwaters (1 and 2). The widths efg@ips between the structures are extremely
important controlling mechanisms, since they reigutae water flushing; this, in turn, is related

to the magnitude of the flow acceleration. The psses described above separates the scheme
into three sections (Fig. 2.9): (i) a western ghreakwater 1 and 2), influenced by the large
headland eddy (A); (ii) a central part (breakwaete 6), with increased tidal acceleration over
the salients; and (iii)) an eastern part (breakwdtand 8) influenced by the presence of the

terminal groyne, associated with an eddy (B).

2.7 Sea Surface Temperature

The sea surface temperature (SST) in Celstiswas measured by the same Datawell
WaveRider Buoy off the coastline at Rustington thatwave measurements were recorded by.
The data was treated as with the wave data, whgmiBute interval data was averaged for
each day (Fig. 2.12). The SST showed seasonalitgxpected, but importantly there were
annual variances, for example the mean temperatunenter 2006 was lower than in winter
2005 (Table 2.2). The coldest period was in Maréb=2at 8 C (Fig. 2.12), followed by a
gradual increase until it flattened out betweery nd September at around®iB, before
dropping rapidly from November (15.€) to December 2005 (?.&). An important annual
difference in temperature can be seen at the enlilgf(Fig. 2.7), with the SST beind £

warmer in 2006 than it was in 2005.

2.8 Ecology of the Surrounding Area

The intertidal zone is typical of moderately expbsandy shores. Polychaetes and amphipods
dominate the infaunal assemblages. In particubar,mhost common species are the lugworm
Arenicola marina and amphipods such &athyporeia spp. In the extreme lower intertidal
natural boulder fields and rocky outcrops are cskxh by ephemeral algaéliya spp. and
Enteromorpha spp.), gastropods (slipper limpet&ibbula cineraria (Linnaeus 1758)),
crustaceans such as amphipods, shrimps and cnatbsbemthic fish (gobids). The subtidal
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sediments are a mixture of sand, shingle and rauleas. There is no known published

literature on the ecology of the subtidal commusioff EImer Beach.
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Figure 2.12Sea-surface temperatures from Channel Coastalr@iteey archive time series data recorded off
Worthing for 2005 and 2006.
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Chapter 3: Temporal and Spatial Patterns of Decayig

Macroalgae Deposits

3.1 Introduction

Macroalgal production plays a key role in coastsystems (Van der Merwe & McLachlan
1987, Everett 1994, Norkko & Bonsdorff 1996a, Pélislurd 1996, Raffaelli & Hawkins 1996,
Adin & Riera 2003), being consumed in situ and etqub as detritus. Macrophytes may be
detached and transported as a result of a rangeasital processes, including tidal currents,
waves and storms (Ochieng & Erftemeijer 1999, @@le2005). This detrital material may be
washed into the surf zone and deposited in varguagntities throughout the entire range of
intertidal habitats including sandy beaches, saltsimes, sandflats, and rocky shores with
important ecological consequences. Patches andsbeark be formed and are subsequently
exposed to wind, sun, fragmentation, leaching axbohposition (Lenanton et al. 1982), and
end up as an important nutrient source (HanisalB19ompared with rocky and estuarine
mud-flats, exposed sandy beaches have very littlsitu primary production (Inglis 1989,
Brown & McLachlan 1990); their major sources ofoalithonous organic material are
phytoplankton and stranded marine macrophytes @afgae and seagrasses, e.g. Brown &
McLachlan 1990, Dugan et al. 2003). The availabiit intertidal detrital input depends on the
amount and type of source intertidal and subtidafs. Changes in the input of algal detritus
could shift infaunal community structure and altemergy flow to consumers and prey

availability to higher trophic levels (Dugan et 2003).

Several studies have investigated the occurrenogacfoalgae detritus (e.g. Van der Merwe &
McLachlan 1987, Ochieng & Erftemeijer 1999, Piriza¢ 2003, Table 3.1), for example, on
mobile surf-zone communities (e.g. Robertson & lreoa 1984, Van der Merwe & McLachlan
1987) and in particular, the ‘strandline’ on thepepshore (e.g. Dugan et al. 2003, Olabarria et
al. 2007). Both these communities depend upon a@ggaphically transported allochthonous
inputs to deliver nutrients (Dugan et al. 2003)c &eample, it has been shown that macroalgae
deposits alter community structure by providingdd®ennings et al. 2000) and refuge habitats
(Norkko et al. 2000) to a diverse and abundant awmapt of the macrofaunal communities

(Inglis 1989, Colombini et al. 2000, Dugan et @032). Furthermore, the release of nutrients
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following bacterial decomposition alters the seditmehemistry (Rice & Tenore 1981, Pellikaan
1984, Tenore et al. 1984). The spatio-temporalabdity in the supply of this algal detritus
affects the distribution and zonation of the comines inhabiting the upper shore levels of
exposed sandy beaches (Koop & Griffiths 1982, $teiitozey & Griffiths 1983, McGwynne
et al. 1988a, Dugan et al. 2003). The degree tolwthis ‘spatial subsidy’ has consequences for
intertidal and supralittoral macrofauna dependshenspecies composition and the quantity of
beach-cast detrital material (Mews et al. 2006)wa#l as the frequency with which it is

deposited.

The composition of detrital macrophyte (e.g. malga@, seagrasses) material is extremely
variable and dependent on the supply from nearbiyyrmtertidal and subtidal macroalgal reefs
and seagrass meadows. There have been severassardithe effect of the composition of
detrital material on surrounding faunal specieg.(&enore et al. 1984, Marsden 1991a). For
example, Crawley et al. (2006) found that changeslatrital macrophyte composition may
influence fish abundances in the surf zone, as thay provide different habitat structures
because of differences in plant structures. Insdrae manner that different macrophyte species
will provide varied nutritional properties for faed macrofauna such as amphipods (Crawley
& Hyndes 2007).

To date studies investigating detrital macrophydpasits on temperate beaches have mostly
been in the southern hemisphere (Koop & Field 198€ffiths et al. 1983, Ochieng &
Erftemeijer 1999, Piriz et al. 2003), with studirghe northern hemisphere (Malm et al. 2004,
Orr et al. 2005) only occurring recently (Table)3Whilst most studies have concentrated on
relatively exposed sandy beaches (e.g. McLachlanc&wynne 1986, Olabarria et al. 2007), a
few have investigated the affects of these decawiagroalgal deposits on sheltered beaches
(Malm et al. 2004, Orr et al. 2005). The input,nwer, and standing crop of macroalgae
detritus on a sandy beach can be affected by nantgrs (Dugan et al. 2003).

Spatio-temporal patterns are highly variable and harghly dependent on the climate,
hydrodynamics and the proximity of beaches to smmrf drift macrophytes, such as rocky
habitat and marine macrophyte beds (Ochieng & miger 1999, Colombini & Chelazzi

2003). For example, an estimated 1,200 — 2,179 /g/ai kelp wrack is stranded on beaches
on the west coast of South Africa (Griffiths et H883) and 1,900 kg/m/yr in Western Australia
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(Hansen 1985, quoted in, McLachlan 1985). Far snajlantities were found by comparison
on beaches studied by Hayes (1974) in southerrfo@ah, and Marsden (1991a) in southern
New Zealand, with estimated inputs of 473 and <lg§é/yr, respectively (Table 3.1).

An important question to consider is when do theatgst detrital algal depositions occur on
beaches? Our understanding of the timings of magtep deposition will enhance our
understanding of the ecological impacts on the osumding ecosystems, as well as the

implications of amenity management such as beanaig.

There is some disagreement in the literature, wathflicting results from those few published
studies (Table 3.1); this results in a diversityopinions on the subject. Most studies have only
sampled detrital macrophyte depositions on one ¢eahiscale, whether this is daily (e.g. Orr et
al. 2005), monthly (e.g. Malm et al. 2004), seaign@.g. Crawley et al. 2006) or annually
(Piriz et al. 2003, Malm et al. 2004) with a fewngding more than one temporal scale
(Ochieng & Erftemeijer 1999, Piriz et al. 2003, khatt al. 2004, Orr et al. 2005). The majority
of these studies have made coincidental statersdrasit the temporal distribution of this
detritus, some as a result of studying other aspgath as macrophyte decomposition rates or
harvesting effects (e.g. Lavery et al. 1999, Duggal. 2003), rather than to specifically study
the variation in quantity and composition of decaymacrophyte deposition over a range of
temporal scales (e.g. Piriz et al. 2003, see Talilp

Algal material is prone to the dynamic removal fragarby subtidal reefs through tidal events
(Orr et al. 2005). Tidal influence has had somesraitbn in the literature, but remains
incompletely understood. Tides could potentiallydhan effect at a range of temporal scales:
daily (semidiurnal differences), weekly (semi-lunaand monthly (lunar). Orr et al. (2005)
found deposition rates differed according to tlagstof the ebb tide, with the highest deposition
in the first 90 min. Having also studied the dafyiation within one tidal cycle, they concluded
that decaying macrophyte deposition did not follavpredictable, daily pattern of deposition.
With regards to the semi-lunar cycle, there is agrent that spring tides coincide with the
greatest deposition in comparison with neaps (Ochi& Erftemeijer 1999, Orr et al. 2005).
Caution is needed, as many of these publishedstatis are unsupported; there is often a lack
of analysis to correlate tidal data with depossgioor insufficient sampling intensity (e.g.
Lavery et al. 1999).
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Table 3.1Studies on measurements of decaying macroalgaesitiepothe nearshore and intertidal zone. NS =staied; N/A = not applicable.
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The temporal scale that has been most studiecasosal; however, there are contrasts in the
causes and hence time of these seasonal peakpasititen occur. Ochieng and Erftemeijer
(1999) found, after a year-round quantitative amsest along the Kenyan coast that larger
amounts of deposited macroalgae were recorded gltii@ rainy season, dominated by the
South-East Monsoon (Mar - Oct) and minimal amouwhigng the dry season, dominated by
North-East Monsoons (Nov - Mar). The rainy seasoodpces the greatest magnitude of
downwelling, wind speed, wind run/force, wave hésgind water column. Seasonal deposition
of beach cast material has also been reportedeipr detritus in South Africa (Griffiths et al.
1983) and detached macrophytes in Australia (Lemaat al. 1982, Robertson & Hansen 1982,
Crawley et al. 2006) and New Zealand (Marsden 198} avhere again deposition was highest
during seasons when frequent storms increasechtlesity and frequency of seas and heavy
swells (i.e. autumn and winter) (Crawley et al. @00n contrast, Piriz et al. (2003) found after
a two year (monthly samples) study in Argentinagttthe greatest deposition of decaying
macroalgae occurred in spring and summer, statiag this may have been related to the
increase of nutrient inputs in the area. Theseirfgsl concurred with those of Merwe and
McLachlan (1987) elsewhere in South Africa.

The studies by Piriz et al. (2003) and Malm et(2004) have been the only investigations to
date that have been long-term enough to investigate annual differences in decaying
macroalgae biomass. Piriz et al. (2003) found gveaiaition in decaying macroalgae deposit
biomass among years, ranging from 2500 - 12,0004t6/km beach (wet weight). This annual
variability was also found by Malm et al. (2004ariations with three times more material
during the autumns of 1999 compared with 2000 ab@il2vere found. Potential reasons for
these annual differences where not explored; afthdvdalm et al. (2004) stated that the study
needed to be repeated over a period of severad year correlated with temperature data to gain
further understanding. Many authors have statetltinge macrophyte deposits are related to
storms and heavy swells (Lenanton et al. 1982 fithgfet al. 1983, Inglis 1989, Kirkman &
Kendrick 1997, Colombini & Chelazzi 2003), but nootthese have provided correlating
evidence of these deposits with wave or wind datasforms. All the studies apart from the
recent study by Orr et al. (2005) have been quiaiastatements based on coinciding storm
seasons. In addition, the sampling frequency dlstudies have not been frequent enough, or
spatially replicated enough to properly establishichw particular temporal scales have the

greatest influence.
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Few studies have investigated the temporal vanatie decaying macroalgae deposit
composition, which inherently may have implicatidios the receiving ecosystems. Ochieng
and Erftemeijer (1999) found that the contributafrsome seaweed species (Bargassum sp.
andUlva spp.) in the beach cast detrital material becaromment only during the beginning
of the SE monsoon (March to May), when rains caiedi with short periods of macroalgal
blooming. In concurrence, Piriz et al. (2003) repdra succession in dominance over a period
of seven years, potentially correlated with wasééens. The most comprehensive study to date
is by Orr et al. (2005). They found that during thiéerent stages of an outgoing ebb tide there
were differences in the species composition deposivhich they believed was as a result of
differing buoyancy properties between species. diditeon, they found that there were

differences in decaying macroalgae species composiepending on beach substratum type.

The temporal cyclicity of detrital algae deposigoim the intertidal zone may not only have
relationships with the tidal currents, winds andves but also with the composition of
available macrophytes. Many seaweeds exhibit dist@ seasonal growth cycles (Luning
1993), which may be influenced by storms (Kain )98Bthe macrophytes are ephemerals,
such as the green alggateromorpha sp.,Ulva sp., andCladophora sp. (Raffaelli et al. 1998),
and also filamentous brown algae suclicetecarpus sp. andPilayella sp., then there are likely
to be higher quantities in the spring and summasa®s, particularly in cold temperate areas
when water movements are reduced and nutrient l@screased (Kolbe et al. 1995, Kiirikki
& Blomster 1996). Whereas, in areas dominated kgel&elp species, senescence occurs in the
autumn and winter periods (Dominik & Zimmerman 2Q)0§o that there would be large
deposits on beaches following strong swell andnstorDugan et al. (2003) proposed that
considering the depositional patterns of detritaicrophytes and other drift material (e.qg.
wood), together with other physical factors, sushhgdrodynamics and sediment pathways,
will allow a more complete understanding of thduafice on the benthic infaunal community

and trophic structure on exposed sandy beaches.

Little work has been done on how CDSs influence gpatial distribution and biomass of
decaying macroalgae deposition. These structurekl dmve strong influences on the spatial
distribution of detritus, with subsequent consegesnfor the fauna that inhabit or utilise the

deposited algae and underlying sediments.



Chapter 3: Temporal and Spatial Patterns of Decaying Macroalgae Deposits 55

Dugan et al. (2003) suggested that human activétres engineered structures, such as beach
grooming and rock groynes and jetties, may affeeiches by cutting off longshore transport of
drift littoral materials, thereby influencing thefauna associated with decaying macroalgae.
Similarly, Ochieng & Erftemeijer (1999) suggestdthtt the irregular spatial distribution of
decaying macroalgae found along a 9.5 km stretciKesfyan Coast indicated that coastal
morphology (e.g. rocky protrusions) changes therdgyghamics and therefore determines the
distribution and deposition of sediments and dniéicroalgae. Following both these studies, Orr
et al. (2005) carried out a series of studies irgjalvave action and beach substratum to the
amount and composition of deposited decaying mégaieaon beaches in Canada. They stated
that both wave exposure patterns and beach substtgpe govern algal deposition patterns, as
well as decaying macroalgae species compositi@y, toncluded that further understanding of
this important aspect of marine-terrestrial nutriamd energy fluxes is warranted. Recent
studies on the benthic communities surrounding L@@®Idi et al. 2005, Martin et al. 2005,
Moschella et al. 2005) have shown that the diffeesnoccurred within the beach communities,
for example, exposure to wave action influencedroomities differently between the landward
and seaward sides of the breakwaters. The abodmds (by Ochieng & Erftemeijer 1999, Orr
et al. 2005), together with observations that thesgee larger quantities of decaying macroalgae
at sites with LCSs in comparison with adjacent heaqMartin et al. 2005 and Burcharth et al.
2007), brings attention that the depositional psses and spatial distribution of this detritus
could be influenced by these artificial structuregth potential impacts for benthic infaunal
communities. There could potentially be complexatiehships between the arrays of
environmental factors influencing the depositior d@he influence this deposition has on the

sediment fauna.

Despite substantial deposits of decaying macroaftgaterial on the beaches along the West
Sussex coast near Bognor Regis, and the econonpioriamce of these beaches for tourism,
there have been no previous detailed studies sfpienomenon. Thus, the overall aim of this
study was to compare the spatial and temporal t@mian the amount of deposited algal

detritus around three types of CDSs (granite offsheakwaters, granite groynes and wooden
groynes), thus, addressing whether the spatiateangdoral patterns observed in other studies on

exposed and sheltered beaches was displayed ficiahyi protected coastlines.
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The three specific objectives were:

1. First, to investigate whether there were any sedsmmannual differences in the species

3.2

composition of the macroalgae deposits around @@d.at EImer.

Second, to undertake a detailed study of the petteir decaying macroalgae deposition
at different temporal scales (diurnal, daily, weekionthly, seasonal and annual)
between two of the breakwaters at Elmer, in ortterdetermine what environmental
factors (waves and/or tide) may be causing thetiars in these deposits.

Third, to describe quantitatively the spatial paiseof decaying macroalgal depositions
around the low crested breakwaters on Elmer Bethehmain study site. The spatial
patterns of macroalgal deposits on two nearby bEsmetith different types of CDSs
were also studied. A detailed survey analysing imgrgpatial distribution and quantity
of deposited detrital macroalgae material on thestV#issex coastline was undertaken
in order to test two null hypotheses:

a. Firstly, that there were no differences in the amtoof decaying macroalgae
deposited down the vertical shore (between thewandl and seaward sides of
the breakwaters) or horizontally across Elmer bedetween and within the
bays and tombolos within the breakwater schemej twee (seasonally and
monthly); and

b. Secondly, that there were no differences in thentityaof decaying macroalgae
deposited at different shore levels around theetditferent types of CDSs.

Materials and Methods

3.2.1 Sudy Location

The study area is a 3.5 km stretch of coastlinatémt on the south coast of England, between

Bognor Regis and Littlehampton (Fig. 2.1); it iof@cted from sediment erosion with three

different types of CDSs (see Chapters 1 and 2 &ailkd area description). Three beaches

adjacent to three different types of coastal dedestructures were compared: granite groynes at

Felpham Beach, granite low crested structures withe breakwater scheme at Elmer Beach,

and wooden groynes at Climping Beach. This are&oafstline has a history of decaying

macroalgae (all algae terms referred to hereors iecaying macroalgae’, as no seagrasses

were present) being deposited on the beaches.
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The area is macrotidal, with a semidiurnal subetjdalreaching up to 6 m at spring tides and a
dominant west to east longshore drift (Pingree 19B@maritis 2006). The beaches are
predominately exposed to southwesterly winds aréen subjected to elevated wave energy
(Cooper et al. 1996a, Plomaritis 2006) resultingconvexo-concave beach profiles with

relatively steep and flat-crested upper beachesg(let al. 1996). The three beaches are all
predominantly of poorly-sorted shingle and coalisg gravel with a median diameter of 20 mm

(Cooper et al. 1996b). The lower beaches have aglagient foreshore extending for several
hundred metres seaward to low water, generallyisomg of a poorly-consolidated layer of

sand (115 pm median grain size), with chalk pebates boulders (Cooper et al. 1996b). The
subtidal substratum is a mixture of sand, shingktracky areas; with a rocky reef consisting of

a variety of macroalgal species, referred to agf®o Rocks’ (Cooper et al. 1996b).

3.2.2 Sampling Programmes of the Decaying Macroalgae Deposits

3.2.2.1 Measurement of physical variables

Breakwater scheme engineering design

The engineering design of the breakwater schemenaalsomogeneous across the scheme; the
differences in breakwater length, distance frommtfgan high water spring (MHWS) mark, and
gap width between breakwaters could potentialljuarice decaying macroalgal deposits. The
design measurements (see Table 2.2) of the schmady discussed in Chapter 2) were used

in the discussion in interpretation of the spgtaterns of decaying macroalgae deposits.

Beach elevation

Lidar data were obtained from the CCO for Elmer @eand ArcMap (v.9) was used to
illustrate the cross-shore beach elevation in thenfof a Digital Elevation Map (DEM; see
Section 4.2 for more details of the beach morphgloGlobal Positioning System (WGS 84 *
10 cm) points were recorded for each of the quadr@atpled during the spatio-temporal survey
(see Section 3.2.2.5). These GPS points were odesta the DEM to illustrate the location

relative to beach elevation.
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Wave climate

Wave climate variables of significant wave heigHt)( maximum wave height (k), wave
direction (Dir) and wave period g as well as sea surface temperature (SST) wegsenekl
from the Channel Coastal Observatory (CCO), Sougtam(for detailed analysis see Section
2.2.3); data were recorded in 30 minute perioda Byatawell Directional WaveRider Buoy Mk
Il (Depth 9.9 m) at Rustington (WGS84°8@.0365’ N 0029.6765’ W), the closest recorder to
the study area. These variables were used in asalth the species compositional and spatio-
temporal surveys of decaying macroalgae deposisnarthe different CDSs. To do this, the
average for i Dir, T,, and SST and maximum recordings gfsand SST were calculated for
the necessary temporal scale required. In additlmn,frequency of storm events, defined as
significant wave heights (jiexceeding 3 m (as defined by the CCO), was calledl Average
and maximum wave climate variables were calculaiedthly and seasonally for the pericd 1
March 2005 to 3% March 2006, and daily, monthly and seasonallyttierperiod 23 June 2005
to 22 December 2006 for comparison with macroattgosition.

Tidal data

Tidal data were obtained from the British Oceanplgia Data Centre (BODC) (see Section
2.2.1 for more detail) for the nearest recordinge tigauge (National Network gauge at
Newhaven, Longitude N 50.78, Latitude W 00.06). @henal tidal range was calculated from
the sea level (m) data recorded in 15 minute imisréor the period L March 2005 to 2%
December 2006.

3.2.2.2 Seasonal species composition of depositeniaalgae deposits

Composition of seasonal detrital macroalgae dep@sthin the study area were determined by
random sampling of the material from autumn 2004utumn 2006r(= 7). Approximately 500

g (wet weight) samples of detrital algae=3) were randomly taken for each of the chosae ti
periods from around the LCSs at Elmer, in ordeagsess the species/taxa composition and rank
abundance. Samples were collected and stored daritensport back to the laboratory. In the
laboratory the samples were rinsed of sediment,saned according to species where possible
(some were grouped at family level, due to missmgortant structural material). The ten most

dominant species that contributed to the total iegamacroalgae load (according to wet mass)
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were individually measured, and then the dry weigven dry at 60C to constant weight)

determined to establish the water content of epehiss.

3.2.2.3 Multi-scale temporal study of decaying matyae deposits

Detrital macroalgae deposits were measured da#ybay location of the beach between two of
the breakwaters (4 and 5) at Elmer from 23 Jun& 2022 December 2006 (no data available
for 20 Sept - 7 Nov 2005). A remote time-lapse pgaaphy technique was used to monitor
changes in the amount of macroalgae covering thelbat low tides, due to the impracticality

of daily sampling.

The time-lapse system was configured to captubeirstages (from the landward perspective;
Fig. 3.1) of the bay every 2 hrs during daylighuf® The system consisted of a 5.8 mega pixel
Praktica DC440 camera with a PICAXE-18 microcomémtircuit board and light dependent
resistor in Basic. The camera was DC mains powangdmounted on a tripod, with a memory
card large enough to store over a month’s datas 3ystem provided a cheap, effective method
to assess the depositional patterns of decayingaalgae at a range of temporal scales from

semidiurnal tides to annual differences in seasons.

23% Algal Cover

s
-

28/06/2006

R

Sl
20709/2006 09/0B/2006

Figure 3.1 Daily camera survey photographs using the timedagigl camera of Bay 4-5 at Elmer Beach.
Photographs illustrate the different percentageeco¥ macroalgae detritus calculated by image amaly
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Daily image collection was based on selecting {hyer@priate photographs for each daily low
tide. During winter months, only one diurnal tideasvcaptured due to lack of daylight.
Nevertheless, when daylight hours were longer dutire summer months, two images were
captured, enabling the assessment of semi-diurlggl aeposits. The photographs were
processed and analysed using Image Pro-Plus imaagses package (Version 4.5.0.29 for
Windows 98/NT/2000; Media Cybernetics). The vaadatin algal cover was analysed in terms
of relative image area (total pixels) occupied bg tetritus in each image. A segmentation
process followed to differentiate between algalad#s and bare substratum using a pixel
dropper to create a mask, which was then convedesl greyscale image. Following this, a
pseudo-colour filter with 256 colour divisions wapplied, this image equates to a binary
(black-and-white) bitmap. The number of pixels &ch colour division was reported for the
entire picture; only the extreme end divisions wesievant (1 and 256; where 1 is decaying
macroalgae cover and 256 is bare substratum). itagee cover of the algae was then
calculated. Where there were images for both diurdes in the summer months (May-Sept),
mean percentage cover was used, as there wergmfcsint differencespg> 0.05) in amount
of decaying macroalgae cover between the lowesthagitest low tides (i, 115 = 0.00,p =
0.998,n = 120), nor was there a correlation between tlendi tidal height and amount of

macroalgae recorded.

Potential human error that could occur during tegnsentation stage was corrected for by
applying a correction factor. The correction facteas calculated by analysing photos with
distinctly different amounts of algal cover (e.g25 %, 50 %, and 75 %); this was replicated
randomly (each of the photos was assigned ten wambars and a random run number order
was generated using the ‘RANDBETWEEN’ function inickdsoft Excel©) ten times to

produce an estimate of error. Mean percentage algeér (+ Standard Error (SE)) was

calculated for all the images; the calculated S&s then applied as a correction factor to the

results of all the images over the time-lapse samgeriod.
3.2.2.4 Spatio-temporal survey of decaying macaldeposits
Field measurement technique of decaying macroal gae deposits

The quantity of total algal deposits was determinezhthly for one randomly chosen spring
tide over a thirteen month period (March 2005 tar®da2006) by measuring the biomass and
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cover of samples taken. The biomass: cover rat®sudsequently calculated in order to give a
description of the ‘deposition pattern’; where, thigitio values denote thin, light coverings of
detritus with high spread, whilst low ratio valwenote thick, heavy coverings of algal deposits
in relation to percentage cover (i.e. dense pajcteguadrat (1 M split into 4 % sectors) was
randomly thrown and the amount of decaying macemlgaterial within the frame was
estimated to the nearest 1 % and total wet biommeesssured and weighed in a fine meshed net
bag using digital scales (accurate to within 1g; excess water was drained first). Photographs

of these quadrats were taken for use as a sourremee.

Field Survey

The distribution of detrital algae deposits onleach at Elmer (granite breakwaters), as well as
on two nearby beaches, Felpham and Climping, witferdnt CDSs (granite and wooden
groynes, respectively), was determined monthly tfe period March 2005 to March 2006
(Climping surveyed started in April 2005) by suriey the amount of detached macroalgae
using the field measurement technique (Sectior23lp.Each stretch of beach adjacent to the
three CDSs was divided vertically into levels dothe shore, referred to as ‘landward’ and
‘seaward’; this was according to the position oé threakwaters at Elmer (Fig. 3.2a). The
‘landward’ level (~ 50 m long) was sub-divided irttwo further sections: ‘upper’ (below the
shingle bank on the upper foreshore) and ‘loweregdly behind the breakwaters) (each ~ 25 m
wide) on the landward side of the structures, amdHe ‘seaward’ there was one level (~ 25 m

wide) on the seaward side of the breakwaters @&a).

At Elmer, the horizontal shore profile differed ithe presence of bays and tombolos because
of the breakwaters; two types of horizontal shoezentherefore chosen: ‘bays’ and ‘tombolos’
(Fig. 3.2a). There were eight horizontal shore tioca at EImer in total: four replicate bay (2-3
(the bay between structures 2 and 3), 3-4, 4-5,6afndand four replicate tombolo (behind and
in front of structures 2, 4, 6 and 8) locationgsi were chosen at random (see Figure 3.3 for all
gquadrat locations). Only one horizontal shore liocatvas sampled on the beaches with granite
groynes (Felpham) (Fig. 3.2b) and wooden groyndéis{fing), both bays (Fig. 3.2c) because of
the lack of tombolos. In each vertical shore lef@l,each horizontal shore location, the quadrat
was thrown four times at random and measurementheoflecaying macroalgae were made
(Fig. 3.2 and see Section 3.2.2.4).
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a) Elmer
Monthly Field Survey - Sample design:
Spatial.
* Horizontal: Tombolas (T) (x4) & Bays (B) (x 4)

= Vertical: Landward & 1 & S5 rd
ertical: Landward {upper & lower) cawar iaisomtai

* 4 replicate samples Bay
Section
W

\

\B4_5

N

=
1 \ \ Vertical Shore Position:
Granite -

Breakwaters
Landward (Lower)

LW Mark
400m
b) Felpham

Vertical Shore Position:

Landward {Upper)
Landward {Lower)

+— Sewage outfall pine

Wooden groyne

¢) Climping

Steep shingle embankment
Wooden groyne

Vertical Shore Position:

> Landward {Upper)
Chalk reefs——

l Landward (Lower}

= =" Seaward

Figure 3.2: lllustration of the sampling design for the mogtlslurvey of decaying macroalgae distribution
around the a) granite breakwaters at EImer Beachrdnite groynes at Felpham, and c) wooden groghes
Climping. Four random quadrats of the macroalgarewecorded on a low spring tide for each vertidaire
level in each horizontal shore location over a Iihth period (March 2005-March 2006).
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3.2.3 Satistical Analysis

3.2.3.1 Variances in seasonal macroalgae compusitio

Differences in the species and major group comiposif decaying macroalgae deposits were
assessed for seasonal variation by analysis ofasitigs (Clarke & Warwick 2001) and multi
dimensional scaling (MDS, Clarke 1993).

First, a ranked triangular matrix of similaritiessvcalculated between each replicate @) for
each seasom(= 7) using the Bray Curtis similarity matrices &gr& Curtis 1957), following
square root transformations. After which, MDS whsent used to generate two-dimensional
ordination plots to visually evaluate variation the seasonal macroalgae deposits. The
differences between the samples were formally desseng a one-way analysis of similarities
(ANOSIM) permutation test (Clarke & Green 1988)ttwseason (autumn 2004 - autumn 2006;
excluding spring 2006) as the factor. ANOSIM isaniparametric procedure, which uses the
difference between average ranked Bray-Curtis miitaiity values among replicates, between
samples and within samples, to calculateRIstatistic. IfR was significantly different from O at
the 0.05 probability level, pairwise comparisontN@SIM, Clarke 1993) were used to identify
which factors levels differed. Finally, the algspecies contributing to the differences in
seasons were investigated using the similaritiesegp¢age procedure SIMPER (Clarke 1993).
All multivariate analysis was carried out using RIER software for non-parametric
multivariate techniques (PRIMER software packagasion 6; Plymouth Marine Laboratory,
U.K.).

3.2.3.2 Effect of temporal scale on decaying mdgesadeposits

Univariate analysis of time-lapse data

The comparison of decaying macroalgae quantitiesfigrent temporal scales was statistically
tested with a series of ANOVAs. A one-way ANOVA wased to test the null hypothesis that
there was no difference between the lower and highenal low tides. A further series of one-
way ANOVAs (unequal sample sizes) were used todesgéral null hypotheses: the first was

that there were no differences in decaying macesafgver between neap and spring low tides
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over the period of a year{Dec 2005 — 30 Nov 2006;n = 56). The days on which the lowest
spring and neap tides within the tidal cycle fell were used in the analysis. Secondly, the
differences in detrital algae deposits betweererkfit months(= 11) and seasons € 4) were
tested using one-way ANOVAs (unequal sample simsthe period of one year {Dec 2005

— 30" Nov 2006). Finally, the null hypothesis that therere no annual differences in decaying
macroalgae deposition was tested using a two-wa@¥A Factor one (month) had five levels
(June, July, August, September, November, and Deegrand factor two (year) had two levels
(2005 and 2006); both factors were random and gahal. Detrital algae cover data were
transformed using arcsine percentage square raosformation to meet assumptions of
homogeneity of variance (tested using Levene’s)Tastp was set to 0.01 to compensate for
the increased likelihood of Type 1 error (Underwd®81).Post hoc comparisons to determine
the significant differences between group meangwarried out using Games-Howell test. All
parametric ANOVASs were carried out using SPSS (SEES).

Bivariate correlation analysis was used to asskssirtffluence of wave parameters on the
variability of detrital algae deposits. Pearsorosrelation coefficient was used as the data were
normally distributed (one-tailed test). The infleenof the tidal cycle was assessed by
calculating the number of days since the last loM@s spring tide (TmS), then plotting this
against detrital algae cover and calculating arpmiyial line of best fit. The expected outcome
was one of a quadratic best fit, with either a patathe spring tides or neap tides. Thealue

was used as a measure of how well the tide inflesétice decaying macroalgae cover.

3.2.3.3 Spatio-temporal effects on decaying magesabtieposits

Annual biomass of decaying macroal gae deposits

The daily camera survey only assessed the pereentagr of decaying macroalgal deposits on
the beach for Bay 4-5, whilst, the monthly field\sy recorded both the percentage cover and
biomass of the deposits of the whole beach. Ammadé of the annual deposition across the

1.75km breakwater scheme at Elmer was calculated.

First, the correlation between the cover (%) amnaiss (kg / mwet) of field recorded deposits
of decaying macroalgae was obtained by plottingadter graph (Figure 3.4). Then the biomass

(kg / n? wet) of the decaying macroalgae deposits at Elmeach was calculated for every day
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over one year i December 2005 to 80November 2006):; this was done by using the
polynomial order 3 correlation equation (y = 0.029857% - 0.001828673%+ 0.095078560%

- 0.102943726; Figure 3.4) from the best fit tréind to extrapolate the average daily biomass
from the time-lapse percentage cover results (setdd 3.2.2.3). The annual average biomass
(kg / nf) was calculated from the daily extrapolated data (365) for the period December
2005 to November 2006; this was then used to estith@ annual average biomass deposited
along the 1.75 km stretch of shore at EImer. Theeugnd lower standard error margins were

then used to get the range of estimated biomasglaas the average.

2 g0 y = 0.000029857x° - 0.001828673x° + 0.095078560x - 0.102943726
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Figure 3.4 The relationship between the percentage coverbémuass (kg / /) of decaying macroalgae
deposits measured during the spatio-temporal Baldey at EImer beach over a year (March 2005 —cMar
2006;n = 1149; see Section 3.2.2.5 for sampling stratefyg)order 3 polynomial curve was the trend line of
best fit that was used to extrapolate the biomawsa the daily time-lapse recorded cover of macraalg

Univariate analysis of spatio-temporal field data

Hypotheses about the spatio-temporal patterns & d¢bver and biomass aflecaying
macroalgaealeposited on beaches around different CDSs wetede@ising analysis of variance
(ANOVA). To verify a number of null hypotheses arige of three-factor ANOVAs were

carried out on theecaying macroalgaeeasure of cover and biomass.

The first null hypothesis was to test that thereenso significant differences in algal deposits
between the horizontal shore locations and versbate levels within the breakwater scheme at
Elmer Beach, over a twelve month period. Factor @haizontal) had two levels (bay and
tombolo), factor two (vertical) had three levelpger landward (LW (U)), lower landward (LW
(L)), and seaward (SW)), and factor three (time) tveelve levels (March 2005 - March 2006;
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excluding October 2005 as no sampling occurreditdfa one and two were fixed and

orthogonal, whilst factor three was random andagtimal.

The second null hypothesis tested that there wergnificant differences between and within
(vertically) different bays, nor between and withiifferent tombolos over time, this was done
with two separate three-way ANOVAs. The first witie following design: Factor one (bays)
had four levels (bays 2-3, 3-4, 4-5 and 6-7), fatim (vertical) had three levels (LW (U), LW

(L), and SW) and factor three (time) had twelveelsyMarch 2005 — March 2006; excluding
October 2005). The second was the same desigratiat fone was instead ‘tombolos’ and also
had four levels (tombolo 2, 4, 6, and 8). Factors and two were fixed and orthogonal, whilst

factor three was random and orthogonal.

The third null hypotheses tested that there wersigoificant differences between the detrital
algae deposits in the bays adjacent to differgmegyof CDSs and that there were no differences
in the vertical shore deposits at each type of GD¥®r time. There were no significant
differencesf > 0.05) between the upper and lower landward sharesss the three beaches for
the biomass or cover of decaying macroalgae 0.05). Therefore only the upper landward
section of beach was used in this ANOVA model fetween different structure types. Factor
one (CDS type) had three levels (granite breakwgteimer), granite groynes (Felpham), and
wooden groynes (Climping)), factor two (verticajdhtwo levels (LW (U) and SW) and factor
three (time) had ten levels (April 2005 - Feb 208s¢luding October 2005). Factors one and
two were fixed and orthogonal, whilst factor threas random and orthogonal. To make the
design balanced, four separate three-way ANOVAsewmsrformed, using a different bay
adjacent to the granite breakwaters at Elmer (B8y 24, 4-5 and 6-7) each time to compare
against the other CDS types, as there were signfifidifferencesy< 0.01) between the bays at
Elmer.

All the analyses were done on log (x + 1) transkxindata, apart from percentage and ratio
data, which were transformed using arcsine pergentmuare root transformation. Prior to
analysis, data were tested for homogeneity of waga using Kolmogorov-Smirnov normality
tests. The majority of data remained non-normadb¥ahg transformations. Therefore the more
stringent criterion op > 0.01 was used to reject null hypotheses, sifd®¥A is robust for the

departure from this assumption when there are mmadgpendent replicates and sizes of
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samples are equal (Underwood 1997). Significanult®eswere, however, interpreted with
caution. When ANOVA indicated significant differesec among means, Tukey’'s HSD and
Games-Howelpost hoc tests were used to distinguish between them (.01). Tukey's HSD
was chosen as it controls type | error rate verlf,\a#hough a little conservative it is powerful
when testing large numbers of means. Games-Hqwstlhoc was chosen in addition because
the data were not normally distributed and is di@alarly powerful test in this situation. All
parametric ANOVAs were carried out using SPSS (SEE5).

3.2.4 Caveatsof the field survey

There were several caveats in the field survey theg¢stigated the decaying macroalgae
deposits at the three beaches of Elmer, FelphanCéintping. The primary aim of the study
was to investigate how the algae deposits variatladly and temporally around the low crested
breakwaters at Elmer. It was observed in prelinyirste visits that this beach received greater
amounts of algae deposits than along the adjacastimes (10km either side). It was therefore
decided that it was necessary to provide some xbmtethe amount of algae within the
breakwater scheme at Elmer in comparison to corgr@s: to investigate whether the
breakwaters were trapping the algae to greatemextan if they were not present. Ideally,
control sites would have consisted of beaches withay coastal defence structures. However,
this was not possible as the south coast of Englanueavily protected by CDSs and no
unprotected sites that experienced similar enviemal conditions could be found. Therefore,
it was decided to use two beaches either side mwieEbeach as comparisons as they would
experience the same exposure to wave action; tressghes were Felpham with granite groynes
and Climping with wooden groynes. These beachesatatherefore be treated as control
beaches, as one, they were protected and twowtbieyprotected with different types of coastal
defence structures. Instead they should be obsa@awvedmparative beaches that give some idea

of the amount of algae deposited within the sanogigghical cell.

Another limitation with the design of the field say was the number of replicates that were
carried out at Felpham and Climping. As the maguoof the study was on the beach at Elmer,
there were shortcomings with the amount of time wes available to both sample and work up
results for the two additional sites. At Elmer, twver and biomass of the algae was measured

with 96 replicates, so the spatial extent (bothizomtal shore locations and vertical shore
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levels) of the scheme was very thorough, where&®lgham and Climping only 12 replicates
at each were taken (only vertical shore levelsgaly the design should have been balanced
with the same replication at all three sites, tfeeeeit should be noted that when comparisons
are made between the three sites in this studytliesmé may be some variation around this,
though the author observed clear differences whueinahe field. Any future studies of Elmer,

should emcompass a better replicated design focamyparative sites.

The temporal sampling strategy of the field surdegign was to sample monthly on one spring
low tide over a year period. The results from thevey were analysed monthly, this
complicated the patterns observed, it would havenbmore simplified to have pooled the
summer and winter samples, since the time-lapseeguwlearly showed there were differences

in these time periods.

3.3 Results

3.3.1 Environmental Conditions

For the period when all surveys took place (MarGl@32to December 2006), there were no
storms in the summer months, nor in the spring amdmn of 2005 (see Chapter 2, section
2.3.3 for more details). The spring and autumn im®mt 2006 experienced more storms than in
2005, with three storms in both seasons. Both wsritad frequent storms, four in 2005 and five
in 2006. The greatest storm occurred in the sp#0@6 with a maximum significant wave
height of 5.84 m and an average wave directiothferperiod was 195from the south-west. At
times there were severe changes in wave diredoorexample, in the August 2006, the wave
direction shifted by 100from the average to a maximum of 2%bm the west-north-west, and

in summer 2005 and autumns 2005 and 2006 waves ftaméehe east (.

The seasonal changes in sea surface temperatuf@ {@3he above period showed summer
and autumn months were the warmest seasons; awerageratures ranged from°18to 15C
(see Chapter 2, section 2.6.1). The SST in sum@@s Fvas greater than in 2005, reaching 21
C in July 2006, but only £9C in July 2005. Winter and spring were the coldesaching a
minimum daily average of £& in March 2006.
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3.3.2 Monthly Decaying Macroalgae Composition

Thirty six macroalgal species occurred amongst tte ten dominant species in monthly
(October 2004 to October 2006) sampled algal depasiElmer (Table 3.2). Rhodophyta was
the dominant group, followed by Phaeophyta, thelo®phyta. The dominant species was the
red algaChondrus crispus (Linnaeus) in both abundance (38% + 5) and frequeh occurrence

in samples (92 %). Several red algae were confligi@esent (Table 3.2) but low in biomass (<
12 %) (due to their frondose or filamentous morphy), these wer€alliblepharis sp. (79 %
occurrence),Plocamium cartilagineum (Linnaeus) Dixon (79%),Griffithsia sp. (63 %),
Ceramium spp. (54%) andPolysiphonia spp. (50 %); the latter three only occurred ingheng
and summer months. The dominant brown alga in admoe wasEctocarpus sp. (31 % £ 7),
although not in frequency of occurrence (29 %). Tiast frequently occurring brown algal
species did not contribute largely (< 10 %) to bi@mass of the decaying macroalgae deposit;
these werdHalopteris spp. (88 % occurrenc&ladostephus spongiosus (H. C Agardh) (83 %),
Laminaria spp. (75 %; probably mostlyaminaria saccharina (L. Lamouroux), as too difficult
to tell from fragments), anBucus spp. (58 %; probably mostiucus spiralis (Linnaeus)and
Fucus vesiculosus (Linnaeus). The former two species are small ipspdal form, and the latter
two although large in form and biomass, occurredstnfeequently in fragments. The most
dominant green macroalgae in both abundance agddney wadJlva spp. (13 % + 4), with

Cladophera sp. also occurring in almost 30 % of the samples.

Monthly differences in the composition of decaymgcroalgae deposited at Elmer were found
at species level (Glob& = 0.994,p = 0.001) and slightly less so at the major groeyel
(Global R = 0.576,p = 0.001); these differences are shown in the MI® {#ig. 3.5). The
variability within each season sampled was lowhwitore than 70 % similarity (SIMPER)
between replicate samples for all seasons. These m@are similarity between the summer
seasons than with the other seasons (winter, spndgautumn) at species level. On the other
hand, the major macroalgae groups showed greaféstedces for spring 2005 and summer
2006, this was because the former was dominatdmdwn algae and the latter by green algae,
whilst red algae were dominant in all other seagbitgs 3.6). The most dominant algal species,
C. crispus, was most prevalent in the autumn and winters%b* 1), with very little to no
presence in the summers (> 6 % + 1), whilst ingjmeng season the abundance was reduced to
under a third (28 % =+ 2).
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Table 3.2 Average abundance (percent of total biomass) derdifit algal species and taxa *+ SE, and
frequency of occurrence (out nf= 24), in the algal deposits at EImer, West Sus@etober 2004 - October
2006.Bold data are the most abundant and/or frequently occurfiadple sorted by frequency of occurrence
within each algal major grouping.

Species/taxa Abu(rg/(:;';\ nee SE Occ(lﬂ)/ror)e nee
Chlorophyceae 11.14 3.95 10
Ulva sp. 13.15 4.19 79
Cladophera sp. 5.46 2.47 29
Chaetomorpha linum 0.30 0.13 13
Spongonema tomentosun 0.78 0.00 4
Phaeophyceae 31.39 3.19 40
Halopteris sp. 3.06 0.75 88
Cladostephus spongiosus 3.69 0.74 83
Laminaria sp. 9.39 2.32 75
Fucus sp. 2.83 0.44 58
Halidrys siliquosa 11.74 4.50 50
Chorda filum 7.98 3.01 38
Halurus sp. 1.46 0.44 33
Ectocarpus sp. 31.10 6.49 29
Furcellaria lumbricalis 2.18 0.90 17
Desmerestia aculeata 4.29 4.18 13
Sargassum muticum 1.22 0.42 8
Dictyota dichotoma 1.12 0.00 4
Himanthalia elongata 2.17 0.00 4
Rhodophyceae 57.46 3.48 50
Chondrus crispus 37.69 4.88 92
Calliblepharis sp. 5.77 1.79 79
Plocamium cartilagineum 1.32 0.34 79
Griffithsia sp. 1.40 0.42 63
Ceramium sp. 11.76 3.63 54
Polysiphonia sp. 9.67 2.46 50
Phyllophora crispa 3.74 1.39 38
Chylocladia verticillata 1.58 0.41 33
Porphyra sp. 1.40 0.47 29
Polyides rotundus 10.45 5.02 25
Cryptopleura ramosa 1.76 0.74 21
Apoglossum ruscifolium 1.74 0.96 13
Naccaria wiggii 1.61 0.51 13
Petalonia fascia 5.69 2.18 13
Chondria dasyphylla 34.84 34.18 8
Lomentaria clavellosa 6.16 4.60 8
Dasya sp. 1.28 0.00 4
Heterosiphonia plumosa 0.08 0.00 4
Palmaria palmata 1.98 0.00 4

The dominant species in both summers were madé filpraentous greendladophora sp. and

Ulva spp.) and red algal speciggefamium spp. andPolysiphonia spp.). In 2005 abundance
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was dominated by red species (53 %) and by gregt species (63 %) in 2006eramium spp.
and Polysiphonia spp. were only present in the summer seasons (>dgdrrence), whereas
green algae were present in small quantities isedlons except winter 2005. In spring 2005,
when brown algal species accounted for 55 % ofldeaying macroalgaeaminaria spp. (18%

+ 1; probably mosthyL. saccharina) and Ectocarpus sp. (21 % + 1) were the most abundant
genera. The latter species was only present onobimer occasion (where it was equally

abundant), in autumn 2006aminaria spp. were only present from spring to autumn 2095,

decreasing proportion from 18 % to 7 % of the tgttera recorded.
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Figure 3.5 Seasonal differences in the composition of decayiragroalgae using a) species and b) major
groups (Chlorophyta, Phaeophyta, Rhodophyta) frdmeE Beach from Autumn 2004 to Autumn 2006 (no
samples for Spring 2006). MDS is based on Brayi€uimilarity matrix of square root transformed

macroalgae deposit occurrence data, with simildings from cluster analysis.
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Figure 3.6 Sasonal composition of decaying macroalgae showiagpercentage occurrence of macroalgal
groups (Chlorophyta, Phaeophyta, and Rhodophyt@ga Bre means with S.E. bans<(3).

3.3.3 Multi-Scale Temporal Sudy of Decaying Macroalgae Deposits

3.3.3.1 Decaying macroalgae deposition at differemiporal scales

The amount of decaying macroalgae cover was redatdiy for a period of 18 months (June —
Sept 2005; Nov 2005 — Dec 2006) (Fig. 3.7); thialded the analysis of different temporal
scales (diurnal, neap and spring tidal cycle, migngeasonal, and annual), to investigate what,

if any, temporal cycles existed.

There was no significant difference in the amounseaweed deposited between the two low
tides within one day (lower and higher diurnal lties) @ > 0.05). There, were, however
significant tidal differences between neaps anthgpr(F1, 490= 5.652,p = 0.021) for the period
1% December 2005 to $0November 2006. On average there was 42 % greaeroaigal
cover deposited during a spring tide comparedrteap tide.
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Figure 3.7 The daily decaying macroalgae cover from 22 Juris26 19 December 2006 at EImer Beach
(Bay 4-5) recorded by the daily camera survey.

Data collected daily for one continuous annual gl December 2005 to 30November
2006) showed that seasonaly(kes = 14.742,p < 0.001) and monthly (I, 364 = 23.842,p <
0.001) significant differences occurred in the anmoaf decaying macroalgae deposited on the
beach. The largest average deposition occurrethenstmmer (33 % + 3), the least cover
occurred in the spring (7 % * 1), whilst, in win@005 and autumn 2006 similar quantities of
deposition occurred. There was some within seaaaahility; this was greatest for the summer
and autumn months. In the summer, the greatesag@erover was in August 2006 (57 % = 5),
this was four times greater than in July and twmes than seen in June (Fig. 3.8), whilst in the
autumn, September (27 % + 4) had four times theusstnof cover measured in October and
November, but was similar to that in June. In theter months, December and January showed
two times the cover seen in February (8 % + 1), mnthe spring, when there was the least
cover there was no significant variability (6 - 9194) (p > 0.05).

Data collected from the months June, July, Augbsptember, November and December in two
consecutive years, 2005 and 2006, were used tatigaée annual variability (Fig. 3.9). There
was no significant difference in the decaying matgae cover between the two yeaps>(
0.05). In total the extrapolated biomass amourdegpproximately 3.6 t/frin 2005 and 3.5 t/Mm

in 2006. There were, however, significant differendn the monthly depositions s(ke7 =
34.360,p < 0.001), as well as when interactions betweensyaad months (E 267= 9.773,p <
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0.001), i.e. the amount remained the same for iffiereht years but the months in which the

algae were deposited in changed greatest.
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Figure 3.8The monthly and seasonal cover of decaying macaealgposition from March 2005 to December
2006 at Elmer Beach (Bay 4-5) from the daily cammmvey (Mar — May 05 decaying macroalgae data from
monthly field survey). Data are means + SE.

In 2005, the amount of deposited macroalgae wasistemtly the same for June, July, August
and September. In July 2006, however, there was [88%decaying macroalgae than in 2005,
and then in August there was 32% greater covelO062han 2005. In December 2005, there
was almost 5 times the amount of decaying macreathan in 2006 (4 % + 1), and no
significant difference between either year for Nober (7 - 12 % + 2).
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Figure 3.9The annual variation in quantity of decaying matgaa cover for between for six different months
using daily camera survey data at Elmer beach. Brataeans + SE.
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3.3.3.2 Environmental influences affecting tempgratterns of macroalgae

deposition

There are several measurable environmental vasathlat could influence the quantity of
decaying macroalgae deposited on the beach: tiflaences, wave parameters, such as wave
height, wave length, and direction, and sea surfag®erature. The tide changes daily, with
neaps and springs, whilst wave parameters have dle@wn to experience daily, monthly,
seasonal and annual variation (see Section 2.8)s®&s correlation analysis showed that there
were strong negative correlations between the sahstecaying macroalgae depositions and
the frequency of storms € —0.89,p < 0.001), maximum significant wave height-0.95p <
0.001), and wave lengthr (= —-0.68, p < 0.05). Maximum wave height was the best
environmental predictor (Fig. 3.10). All the choserave predictors were not entirely
independent of each other, as they showed muilnealiity, and therefore multiple regression
analysis was not used. Storms are measured by height (significant wave height >3m),
correlation shows that the greater the frequencstaims the higher the wavas=0.90,p <
0.001), furthermore when the wave height increasedoes the wave length=0.76,p < 0.05).

(a) r=0.89 (b) r=095
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Figure 3.10 Linear regression with 95 % confidence intervals dverage seasonal deposits of decaying
macroalgae versus (a) frequency of storms, andn@imum significant wave height for the period 1rMa
2005 to 21 Dec 2006. Significane valugy ére given in the text.

When the frequency of storms and severity were ,hginticularly in the winter months, the
decaying macroalgae deposits were low (Fig. 3X\M0)en there were high algal deposits in the
summer there were no storms for either year. Q¥ighifferent trends were observed for each



Chapter 3: Temporal and Spatial Patterns of Decaying Macroalgae Deposits 77

season (Fig. 3.10). In spring 2006, there was lidly decaying macroalgae (7 % cover) in

comparison with spring 2005 (38 %). This can belarpd by the unusual storm severity
(largest in 18 months) for this time of year; theras increased maximum wave height (5.84
m), and shorter mean wave lengths (6.36 m), tlsiglted in low decaying macroalgae deposits.
The difference between autumn 2005 and 2006 cdsitdlee explained by the wave climate, as
although the maximum wave height and wave lengtrevgenilar between the two years, the
frequency of storms was not. There were two stommshe 2006 and three in 2005, this

correlated to the reduced decaying macroalgae depn2005. Again, the difference in algal

deposits between the two winters was because dateg frequency of storms in winter 2006.
The storms in 2006 were more severe, which resufteléss decaying macroalgae than in
winter 2005.

On a monthly scale, maximum significant wave heigghtix H) was negatively correlated
(Pearson’s correlatiom,= —0.69,p < 0.01) with the quantity of algal cover, explami48 % of
the variation in detrital macroalgae deposits (Bid.1a). The greater the wave height, the less
detrital algae there was on the beach. Of partidatarest, were May 2005 and August 2006,
when the algal deposits were greatest (> 50 % gothes was when the maximum significant
wave height (max kl was very low (< 1 m). In contrast, when the whegyht (max H) was at

its greatest in April and December 2006 (5.84 ai8d 4n, respectively) the algal cover was at
its lowest (8 and 4 %, respectively). There werenesadiscrepancies that did not fit this
explanation, which was why the linear correlatioaswnot stronger; for example, when the
significant wave height (meansHwas low in March and April 2005 (0.63 and 0.56 m,
respectively), similar to that in May (0.59 m), tamount of decaying macroalgae was very
variable between the three months (Fig. 3.11). dtifsrence may be explained by the marked
changes in wave length and direction for this mkrieven though there were no overall
significant correlations between algal cover wiither wave length or direction (at> 0.05).
The wave direction was relatively consistent, véithaverage direction of 194t 0.2, i.e. from
the south-west-south). On several occasions there marked changes in wave direction (e.g.
May 2005 and August 2006, Fig. 3.11c). When theeeevstrong changes in wave direction, as
well as an extreme elevated or reduced wave héightquantity of macroalgae cover was
affected. For example, in May 2005, the maximumevagight was low (0.48 m) and the wave
direction shifted by 68from the average to the east-south-east (Fig.c}3.pkrhaps explaining

the high decaying macroalgae cover (> 60 %).
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Figure 3.11The average monthly cover of deposited decayingroadgae in Bay 4-5 at ElImer Beach for the
period March 2005 to Dec 2006 with the monthly waeaeiables: (a) maximum significant wave heighi, (b
average wave length, and (c) maximum wave directiorear regressionvalues are given for the correlation
between each of the wave variables and the decayiagroalgae cover on a monthly temporal scale.
Significane values ) are given in the text.
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Furthermore, a similar event happened in August62@bere was a strong shift in wave
direction by 100 from the average to a west-north-westerly directiogether with a reduced
maximum wave height (0.73 m) and very short waveytles (4.5 seconds), this resulted in an
elevated deposition of decaying macroalgae on élaelo (> 50 % cover). On a finer scale, there
were also weekly and daily fluctuations in decayingcroalgae cover (Fig. 3.7); this may have
been as a result of changing tidal cycles, as agthe wave environment. A one-way ANOVA
showed a significant difference between neap andgfides (F;, 4= 5.652,p = 0.021) in the
amount of decaying macroalgae deposited. The itilalence of neaps and springs was further
measured by correlating the algal cover to the ramab days since the last low spring tide

(TmS), resulting in a quadratic regression relaiop (Fig. 3.12, Table 3.3).
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Figure 3.12 Quadratic regression scatterplots for the amofidieoaying macroalgae cover in relation to the
time it was deposited since the last low spring foF the period 22 June to 19 September for tlaesy2005
and 2006 at Elmer Beach (Bay 4-5).
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Table 3.3 R values from scatterplots of tidal influence (quitr correlations) and wave variables (linear datiens) on the amount of decaying
macroalgae cover deposited at EImer Beach (Bayah®oth seasonah & 7) and monthlyr(= 18) scales. Negative signs indicate a negativeelations;
NR = no correlation. The significant variablgs<(0.05) is given in bold

Wave Wave Wave Wave Wave Wave

mS Height Direction Length mS Height Direction Length
Season ( dgys) Qu?:;jzranc L|rF1§ar LinearR®  LinearR? Month ( dgys) Qu?:;jzratic LinearR? LinearR? LinearR?
Summer Jun-05 9 0.786 -0.122 0.000 -0.456
2005 70 0.484 0.006 0.03 NR Jul-05 31 0.548 0.011 -0.018 0.004
Aug-05 30 0.394 0.014 0.296 0.085
Autumn Sep-05 19 0.556 -0.029 -0.029 0.228

2005 42 0.292 -0.026 -0.013 0.002 Oct-05'

Nov-05 23 0.123 0.05 0.000 -0.006
Winter Dec-05 30 0.484 0.015 0.293 -0.002
2005 89 0.256 0.008 0.047 NR Jan-06 31 0.468 -0.011 -0.012 0.035
Feb-06 28 NR -0.116 -0.023 -0.001

Mar-06 31 0.011 0.005 0.037 0.036
Sz%r(i)rég 92 0.015 0.013 0.013 0.002 A&;-;)_G 30 0.172 0.015 0.078 -0.002

06 31 0.014 0.015 -0.006 0.038
Summer Jun-06 20 NR 0.142 -0.012 0.005
2006 80 0.1 0.162 0.168 NR Jul-06 29 0.367 0.385 0.050 0.056
Aug-06 31 NR -0.002 0.096 0.177
Auturmn Sep-06 30 0.428 -0.033 0.068 0.213
2006 91 0.114 -0.047 -0.01 0.008 Oct-06 31 0.334 0.116 -0.031 0.044
Nov-06 31 0.107 0.00004 -0.011 0.000

V\Z’g’égr 21 0.05  -0.124  0.046 0.006  Dec06 21 0.05 -0.124 -0.046 -0.006

% No samples for recorded
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There was tidal cyclicity in the decaying macroalgkeposits for summer 2005 (Fig. 3.12a);
high algal cover (> 40 %) occurred O - 3 and 15 -days after the last spring tide (i.e. on or
around a spring tide) and low cover (< 40 %) ocadii5 - 9 days after the last spring tide, which
was during the neap tides. Table 3.3 shows theosah®nd monthlyquadratic correlation
values for the influence of different periods oé ttidal cycle on algal cover, as well as linear
correlation results with wave parameters. The aligbosits in summer 2005 showed the
strongest correlations with spring and neap tidasafiratiac = 0.70) and they were not affected
by the wave environment (Fig. 3.12, Table 3.3)cdmtrast, summer 2006 algal deposits were
not influenced by the tidal cycle, instead a sligbtrelation with wave direction was seen, but
this only accounted for 16 % of the variation. Tiidal cycle was the strongest variable to
predict the amount of macroalgae deposits for 1lobthe 18 months, with wave height having

the strongest influence in July 2006 (explaining89f the algal cover variation).

A strong negative correlation can be seen betwaeimfluence of the tidal cycle and maximum
significant wave height (Fig. 3.13). When wave heigyas low (e.g. summer months), the tidal
cycle had the greatest influence on the fluctuatioinalgal deposits, and when the wave height
was high and storms occurred (predominantly inatiiiermn and winter months), little decaying

macroalgae was deposited on the beach.
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Fig. 3.13Correlation with 95% confidence intervals of théatienship between tidal cycle influence (Time
since last spring (TmS)) and maximum wave heigfitémces on the amount of decaying macroalgae cover
deposited monthly at Elmer Beach (Bay 4-5) for peeiod June 2005 to December 2006. (Severe outliers
removed: Nov & Dec 2005; Apr & Aug 2006; discussedext). Tidal influence is the measureRfvalues
from monthly quadratic regressions of the effecthaf ‘time since the last spring tide (TmS)’ and #mount

of decaying macroalgae cover.
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The influence of the tidal cycle on the depositimfisdecaying macroalgae was particularly
strong over the summer period of 2005 (June tob#ginning of September).The peaks and
troughs in algal cover correlated with neap anthgpides (Fig. 3.14a). The same pattern could
not be seen for the same period in 2006 (Fig. 3,1&b there were periods when there were
large quantities (> 80 % cover) of algal detritusing the neap tides instead of spring tides (e.g.
1%'to 10" August 2006).
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Fig. 3.14The daily cover of decaying macroalgae depositstatad range at Elmer Beach (Bay 4-5) for the
period 22 June to 19 September 2005 and 2006 rgefféo as ‘summers’). Linear regressiowalues are
given.
The large amount of decaying macroalgae deposiéis between the*land 18' of August
could not be explained by the wave parameters aldhe sea surface temperature, however,
helped in understanding this unexplained patteralgal deposits (Fig. 3.15Jhe temperature
of the sea in the summer periods of 2005 and 2@@8§ed between the two years. Although the

average temperature was same for both years®(@®.The daily pattern was very different. In
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June 2005, the temperature steadily rose from°T718 19.4C by the middle of July, and did
not exceed 197 until the middle of August, when it reached a immasm of 20.2C.
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Figure 3.15The daily cover of decaying macroalgae deposits sga surface temperature at Elmer Beach
(Bay 4-5) for the period 22 June to 19 Septemb@62ihd 2006 (referred to as ‘summers’).

In contrast, the temperature was almost two degreeker (15.8 C) in June 2006; this was
followed by almost a six degree rise over a morgaching a maximum of 22.C on the 3%
July. A @ C rise in temperature in such a short space of isnuausually rapid for coastal seas;

this temperature peak occurred simultaneously with unexplained peak in algal cover in
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August 2006. On closer inspection, all rapid insemaand decreases in sea surface temperature
for both years correlated to quick changes in degaynacroalgal cover with a 2 - 3 day lag
(Fig. 3.15), e.g. the rapid decrease in temperatti® C from 3F' July to 2 August 2006,
showed a three-day lag in a decrease in decayimgoalgae cover, followed by an increase in

both temperature and decaying macroalgae cover.

3.3.4 Overall biomass of decaying macroal gae deposits

The total biomass of wet decaying macroalgae sex/dgr the period March 2005 to March
2006 within the granite offshore breakwater schean&lmer Beach was 1,940 kg, with an
average biomass (+ SE) of 1.69 + 0.14 Kg/Extrapolation from these monitoring results
indicated that the total biomass of decaying mdgemaon the 1.75 km stretch at EImer beach,
in and around the breakwater system, would have bpproximately 518,000 kg wet weight
over 12 months. In comparison, the average biontasSE) adjacent to granite groynes at
Felpham and wooden groynes at Climping was 3 tiess 0.56 + 0.14 and 0.52 + 0.11 k§/m
respectively. The greatest amount of decaying nagae deposits recorded varied both in
amount and with time between the three types of G a maximum of 57 kg/frrecorded

in May 2005 at Elmer. This was 5 times more tham rtteximum at Felpham (October 2005)
and 6 times that at Climping (June 2005).

3.3.5 Spatio-Temporal Survey of Decaying Macroalgae Deposits

3.3.5.1 Spatial differences in horizontal and wattshore deposits at EImer

The spatial distribution of decaying macroalgaeuatbthe granite low crested breakwaters at
Elmer beach was patchy and complex. There werdfis@gm differences in the vertical and
horizontal distribution with strong interactionstiwveen them. The quantity of macroalgae
deposited around the breakwaters at Elmer diffeetd/een tombolo and bay horizontal shore
sections. ANOVA indicated that this difference whaighly significant for both cover and
biomassf < 0.001, Table 3.4). There was almost three timesbver and biomass of decaying

macroalgae within bay sections of the beach in @ispn with tombolos (Fig. 3.16a).

Table 3.4A three-factor analysis of variance testing for sipatio-temporal effects of low crested breakwater
structures on the percentage cover and bhiomass dkgjecaying macroalgae deposited within Elmer
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breakwater system. Variables were factor 1, ‘hariabshore type’ with 2 fixed levels (bay or tomtoh =
576), factor 2, ‘vertical shore levels’ with 3 fikdevels (Landward upper & lower or Seawand; 384), and
factor 3, ‘time’ with 12 fixed levels (montim;= 96).p set to 0.01%p < 0.05,** p< 0.01,*** p< 0.001.

Cover Biomass
Variable df MS F MS F
HS 1 10.03 171.56* 17.49  157.78*
VS 2 1.02 17.42* 0.37 3.33
T 11 2.02 34. 5%+ 4.02 36.22+*
HS x VS 2 0.52 8.8+ 0.97 8.72%*
VST 11 0.84 14.38* 1.77 15.98
HSxT 22 0.41 7.02* 0.62 5.606**
HSxVSxT 22 0.12 2.00* 0.23 2.04**

HS = horizontal shore; VS = vertical shore; T = €im

Additionally, there were significanp(< 0.0001) differences in the amount of macroalgaiec
deposited vertically on the landward (upper andelgvand seaward sides of the breakwaters,
whilst the differences in decaying macroalgae bissmaas not as significanp £ 0.036, see
Table 3.4).
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Figure 3.16 The cover (a & b), biomass (a & b) and cover tonass ratio (c, d) of decaying macroalgae
deposits in different horizontal shore types andvegical shore levels around the breakwaters ateElfor
March 2005 — 2006. (c & d: Y Scale: low values wloover, high biomass; high values = high covew lo
biomass). Data are mean + SE values 384).
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The patterns observed in the detrital algae depositthe landward and seaward sides of the
CDS were relatively complex. Greater biomassedgafeawere deposited on the upper landward
sides of the structures than just behind (lowedaard) and in front (seaward) (Fig. 3.16b). In

contrast, there was more algal cover on the seasidedhan either landward area.

The cover: biomass ratio explained the verticalrshidepositional pattern best (Fig. 3.16c,d);
whereby, decaying macroalgae is laid down in léng@y covered deposits on the seaward side
and smaller thickly covered deposits on the landvwsde of the breakwaters. This deposition
pattern can also be seen when correlating the ls®raad cover of decaying macroalgae, as
seen in Figure 3.17. The strongest correlation se& for the upper landward shore levet (
0.856) and the least, which is still very goodtfte seaward side € 0.797) of the breakwaters.
For example, for 80 % decaying macroalgae coverbibmass on the upper landward shore
would have been 16.5 kgfmwvet, the lower landward shore 12.5 k§fmet, and the seaward
shore level 8 kg/Mmwet, i.e. the biomass is twice that on the uppedward than on the
seaward sides of the structures for the given algatr (Fig. 3.17).

0 - Vertical Shore Levels
@ Lanaward (U) W™ Landward (L) ®
@ Landward (L) W™ Landward (L)
- @ secaward w™ Seaward
R Sq Guadratic =0.84
R S¢ Ouadratic =0.768 &

40 R Sq Quadratic =0.684

Biomass of Decaying Macroalgae Deposits (kg/mz)

Cover of Decaying Macroalgae Deposits {%)

Figure 3.17Relationship of cover and biomass measurementseadécaying macroalgae deposits at Elmer
Beach adjacent to the breakwaters for the thrderdift vertical shore positions for the period Mea2©05-
2005 6 = 1148).
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Highly significant spatial interactions occurredtive amount of decaying macroalgae deposited
vertically and horizontally within the breakwatsiseem (HS x VSp < 0.001; Table 3.4, Fig.
3.18).

-

Algal Cover: Biomass
Ratio (% : kgfmz)

B T ==
Bay Tombolo
Horizontal Shore Location

Figure 3.18 The cover to biomass ratio of decaying macroaldaposited for interacting vertical and
horizontal beach sections around breakwaters aeEBeach for March 2005-2006. Data are means = SE
values.

Tombolos received reduced quantities of macroatgaiat in bays, with thinly covered low

biomass depositions on the seaward sides of thetstes for both bays and tombolos, and
patches of greater biomass and marginally lessrcowethe landward sides (Fig. 3.19).
Immediately behind the breakwaters on the tombtilese was less deposition, in both cover

and biomass, than either higher up the shore olatiusvard or seaward sides.
3.3.5.2 Temporal differences in horizontal andiealtshore deposits at Elmer

There were significant temporal differences in go@ntity of macroalgae deposits surveyed on
a monthly scale from March 2005 to March 2006 ahé&il beach < 0.0001; Table 3.3). In
March 2005, the biomass (ca. 0.25 k§)/land cover (ca. 8 %) of decaying macroalgae deposi
was small (Fig. 3.19). Following this, there wasimerease in accumulations, peaking in May
2005 with a biomass of 7 kgfnand cover of 39 % (Fig. 3.19). The accumulatioredgally
decreased until in August they were similar lewelsMarch. There then followed a flux of
macroalgae deposited in September, but 50 % less ith May. No data were recorded for
October, but by November the deposits were very démain (< 1 kg/mand < 5 % cover),
followed by another flux of decaying macroalgaeaiion in December and January similar to
that in September. February and March 2006 expszterihe lowest levels of macroalgae

deposits sampled (Fig. 3.19).
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Figure 3.19 The monthly changes in the amount of cover and hgs{wet weight) of decaying macroalgae
deposits around the offshore breakwater at EImacBeData are mean values + SE.

There were significant differences in the seasguoalntities of detrital algae deposited around
the breakwaters at EImep € 0.001). Tukey's HSDpost hoc tests showed that spring and

summer, and autumn and winter were grouped togetspectively, because of similar amounts
of macroalgae deposits, with significant differenbetween these two groupings (Fig. 3.20). In
the spring and summer the biomass (ca. 2 Rgamd cover (ca. 17 %) of macroalgae deposits

was greater than the autumn and winter (ca. 1%gfd 10 %, respectively).
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Figure 3.20The seasonal changes in the amount of cover amdas® (wet weight) of decaying macroalgae
deposits around the offshore breakwater at EImacBeData are mean values + SE.
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3.3.5.3 Spatial differences in deposits betweeferdint bays and tombolos

The amount of macroalgae deposited within eachefdur bays sampled differed significantly
(p < 0.001, Table 3.5a) for the biomass of decayiggealdeposits. Tukey's HSbst hoc test
revealed that bay 6-7 received the least deposisbay 2-3 the most (Fig. 3.21a). Overall,
there was no difference in the quantity biomassdetaying macroalgae deposits between
landward and seaward areas within the bpys@.05, Table 3.5a).

Table 3.5 Two three-factor ANOVAs testing for the spatio-teorgl effects of different a) bays and b)
tombolos at EImer on the biomass (kg) of decayisgnmalgae deposits within the Elmer breakwater reehe
Variables for a) were factor 1, ‘bays’ with 4 fixéelels (2-3, 3-4, 4-5 and 6-%;= 96), factor 2, ‘vertical
shore level’ with 2 fixed levels (landward and seadyn = 192; upper and lower landward combined as no
difference shown in earlier analysis), and factdtighe’ with 12 fixed levels (monthy = 32). Variables for b)
were factor 1, ‘tombolos’ with 4 fixed levels (2, @ and 8;n = 144), factor 2, ‘vertical shore level' with 3
fixed levels (landward (upper), landward (lowerda®eawardn = 192), and factor 3, ‘time’ with 12 fixed
levels (monthn = 48).p set to 0.01*p < 0.05,** p < 0.01,*** p < 0.001.NS = not significant > 0.5).

a) Bays b) Tombolos

Variable df MS F df MS F
B/To 3 1.18 16.2%* 3 0.07 1.4NS
VS 1 0.11 1.5]S 2 1.34  28.90~
T 11 274  37.69* 11 0.94 20.38*
VST 11 1.04 14.29* 6 0.18 3.92+
VS x B/To 3 0.79 10.83* 33 0.33 7.19*
T xB/To 33 0.46 6.35* 22 0.15 3.32+

VSXxTxB/To 33 0.41 5.69* 66 0.14 3.01*
B = bays, VS = vertical shore, T =time, To = toradso

5 a) Bays 5- b) Tombolos
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Bays between granite breakwaters Tombolos associated with granite breakwaters
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Wrack Biomass (kg/m2 wet)

Figure 3.21Detrital algae deposits associated within difféah bays and (b) tombolos within the breakwater
scheme at Elmer for March 2005-2006. Data are me&is values.
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The biomass of decaying macroalgae deposited dm @fathe four tombolos sampled did not

significantly differ overall p < 0.01, Table 3.5b). There were complex patternthenbiomass

of macroalgae deposits up the vertical shore leweilh the biomass of deposits on the lower
landward and seaward levels being significangy<(0.01) different; the latter had greater

quantities (Fig. 3.22b). There were no differenbesveen the upper landward and seaward

shore levels.

5 Vertical Shore
Levels

= Landward (H)
===+ Landward (M)
- Seaward

Biomass of Algal Deposits (kgim2)

o

L [ § ] 1 T L} T I

Tomb Bay Bay Tomb Bay Tomb Bay Tomb
olo2 23 34 o4 45 o6 67 o8

Horizontal Shore Locations

Figure 3.22 The (a) cover and (b) biomass of decaying maceealipposits within the offshore breakwater
system at ElImer Beach for March 2005-2006; showghwotal beach profile of different bays and tontdol
on the landward and seaward sides of the breaksvatlues are means data.

The lack of homogeneity in macroalgal deposits adothe breakwaters may better be
explained by examining the strong spatial intecatifound between the different bays and
tombolos with the vertical shore levels (Table 3 H)e greatest mean biomasses accumulated
on the upper landward shore of bays 2-3 and 457 (dg/ntf and 4.58 kg/rh respectively; Fig.
3.22b), whilst the least occurred on the uppervwand and seaward shore levels of bay 6-7
(0.63 kg/nt and 1.08 kg/m respectively). The upper landward end of each day tombolo
received heavier patches than the seaward siddbeobreakwaters, where it was thinly
distributed. Deposition on the lower landward Isvehowed similar patterns as the upper

landward levels but had marginally thinner andtigltover.
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3.3.5.4Spatio-temporal interactions at EImer

There were very strong significant interactionghi@ spatial and temporal deposition of decayed
macroalgae on a monthly scafe<0.001; Table 3.3), with the deposition varyingtsaly with
time. Tukey's HSDpost hoc tests illustrated that tombolos had significatglys macroalgae for
all months except August and November 2005. This ekaing months that had low quantities
of cover (< 12 %) and biomass (< 2 kgJmWhen there was high cover (> 20 %) and biomass
(> 3 kg/nf) there were significant differences between bagyd #ombolos; the greatest
differences occurring in June and September 20@5,more than 80 % more macroalgal cover
on the bays than tombolos. The spatio-temporaépafor the vertical shore is more complex
than horizontally for between the bays and tomb@fig. 3.22). Deposits on the seaward side
of the breakwaters were different from the uppedieard shore, but had overlaps with the
lower landward sides of the structures. The grédigsnass occurred in May for both the
seaward and lower landward areas, whereas thisnndasme for the upper landward section of
the beach. In September there was a reasonably twgosit of macroalgae but only on the
landward sides of the structures.

The seasonal trend in spatial macroalgae depostiowed clear differences between the bays
and tombolos on the landward sides of the strustushile similar quantities occurred on the
seaward side throughout time (Fig. 3.23). The sedwaad lower landward sections showed the
same seasonal trends as stated above, whilst e lgmdward showed a marked difference in
the summer, with an average biomass of more thagiré’, and no difference to the amount of

decaying macroalgae in the autumn.

3.3.5.5 Decaying macroalgae deposits around diftdypes of CDSs

The biomass of detrital algae deposited adjacetiiadifferent types of CDSs was differept (

< 0.001, Table 3.6). The four bay sections adjaterthe granite breakwaters were analysed
separately with each of the other two structuresypecause there were significant differences
between each of these (Table 3.4). The amountoohdsés was significantly greater adjacent to
granite breakwaters (GB) at Elmer than both wooded granite groynes, which were not

significantly different from each other (Table Z2u6d Fig. 3.23). This pattern was true of all the



Chapter 3: Temporal and Spatial Patterns of Decaying Macroalgae Deposits 92

bays at Elmer except bay 6-7, where there wasairnibmass to that found at Climping Beach
(WG), but both still greater than at Felpham Be@e6).

Horizontal Shore Location
8 B Bay B Tombolo

(n) m1

M m1
S|aAa7 aI0YsS [eIIUBA

Biomass of Algal Deposits (kg/im2)
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Figure 3.23The seasonal changes in the amount of (a) covefbgrdomass of decaying macroalgae deposits
on the horizontal (bays and tombolos) and vert{&W = seaward; LW (L) = landward (lower); LW (U) =
landward (upper)) shore positions around the offstweakwater at EImer Beach. Data are mean val&s

When there were no significant differences in aitishore level between the CDSs when
Bay3-4 and Bay 6-7 were compared to Climping anghttaen; this was because there were
neither significant differences between the upfmerdward) and lower (seaward) shore deposits
at Felpham, nor at Climping & 0.05) for both the biomass and cover (Table 3 Bre were
however, significant differences in the quantitydsftrital material between the landward and
seaward sides of the granite breakwaters at Elthirhas already been discussed in detail in
sections 3.3.4.1 and 3.3.4.2.
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Table 3.6 Results from a three-factor analysis of variancsirig for spatio-temporal effects of different
structure types on the biomass (kg) of decayingrozdgae deposited within beaches (bays) adjaceGDS.
Variables were factor 1, ‘structure type’ with 3dd levels (granite groynes, granite breakwateasheay
tested separately) and wooden groymes, 80), factor 2, ‘vertical shore’ with 2 fixed lel¢ (landward and
seawardn = 120), and factor 3, ‘time’ with 10 fixed levglmionth;n = 24).p set to 0.01¥p <0.05,** p<0.01,
*** n<0.001 andNS = not significant § > 0.05).

Variable df MS F Variable df MS F
Elmer Bay Elmer Bay

2 3 45

S 2 276  79.47* S 2 3.6 77.55*
VS 1 0.73 21.17* VS 1 1.33 28.62*
T 9 0.84  24.1%1* T 9 0.77 16.50*
VSXT 2 0.35 10.0%* VSXxT 2 055 11.98*
VSxS 18 0.66  19.15 VS xS 18 049 10.5¢
TxS 9 0.61 17.69* TxS 9 0.59 12.6%*
VSXTXS 18 043 12.47 VSXTXS 18 0.35 7.60¢
Elmer Bay Elmer Bay

34 6 7

S 2 45  83.6%* S 2 0.26 9.15*
VS 1 0.01 0.1:NS VS 1 0.01 0.48S
T 9 0.75 14.01~ T 9 0.52 17.88*
VSxT 2 0.63 11.7¢* VSxT 2 0.6 20.7¢*
VSxS 18 0.56 10.4%t* VS xS 18 0.37 12.67
TxS 9 0.59 11.00* TxS 9 0.4 13.72*
VSXTXS 18 0.35 6.57* VSXTXS 18 0.21 7.40¢

S = structure type, VS = vertical shore level, fire.

g = O Landward
B Seaward

Algal Biomass (kg/m 2)
5

. N W e

GG (Felpham) GB (Elmer) Bay GB (Elmer) Bay GB (Elmer) Bay GB (Elmer) Bay WG (Climping)
2-3 34 4-5 6-7

Structure Type

Figure 3.24The differences in the biomass (wet weight) ofajétg macroalgae deposits on beaches adjacent
to three different types of CDSs (GG = Granite (s, GB = Granite Breakwaters; WG = Wooden
Groynes). Vertical shore positions: landward anawsed are relative to the granite breakwaters. Rata
mean values + SEh(E 144).
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3.3.5.6 Temporal macroalgae deposits around diftdypes of CDSs

There were differences in the seasonal depositdeoflying macroalgae between the three
structure types (Fig. 3.25), with only the brealevatexperiencing a peak in the summer. In
contrast, Felpham experienced the lowest quanfitsnacroalgal deposits of the year at this

time, whilst Climping experienced no differencevibe¢n the summer and spring seasons.
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Figure 3.25The seasonal changes in the amount of biomasscafythg macroalgae deposits deposited on the
beaches adjacent to the three different coastandefstructure types (granite breakwaters, gramnagnes
and wooden groynes). Data are mean values + S&.ffdah Elmer are for bays only.

No obvious patterns were seen for the monthly gifiees in deposits of decayed macroalgae
adjacent to the different structures (Fig. 3.26)ef@ll for the majority of the year (March 2005

- 2006) the macroalgae deposits were significathtéy greatest adjacent to the breakwaters at
Elmer. April was the exception, as Felpham beadeived the greatest algal deposits of all
three beaches, as well as being the greatest lph&m®a alone. The biomass of algal deposits on
Climping beach was consistently low in comparisathvhat on Elmer beach (Fig 3.26), but
similar to Felpham on most occasions. The surveywsld that the biomass of macroalgae
deposits left within the breakwater scheme in campa with that of both types of groynes was
often far greater, for example, in May the depositse over 4 times as great at the other
beaches.

Tukey’s post hoc tests showed that Climping and Felpham generatlyeeenced greater

quantities of decaying macroalgae in the uppereshibrcan be seen at Elmer that differences
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occurred in the amount of macroalgae deposits letwiee landward and seaward sections of
the shore in the spring and summer months, whéreasNovember to March 2006 there was

no difference in vertical pattern of deposition.

oy Structure Type
= g:laglft;;n%mynes

O %;r:gr}- Breakwaters
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Figure 3.26 The monthly changes in the amount of biomass c&yiag macroalgae deposits deposited on the
beaches adjacent to the three different coastaindef structure types (granite breakwaters, gramignes
and wooden groynes). Data are mean values + S&.fEah Elmer are for bays only.

3.4 Discussion

Large quantities of decaying macroalgae have begogited on a regular basis along the
beaches of the south west coast of Sussex, Endbarnth. a phenomenon has been recorded and
quantified on many occasions worldwide (e.g. Ghffi et al. 1983, Lenanton et al. 1985,
Ochieng & Erftemeijer 1999, Dugan et al. 2003, M@&wsl. 2006), although this study differed
from these in a number of ways. Firstly, this stgghantified decaying macroalgae depositions
on an intertidal beach with low crested breakwatees a range of temporal scales from daily
to annually; most previous studies had only focuse@ne or two scales. In addition, the main
potential environmental drivers of decaying maayaal deposition and removal (such as winds
and nearshore currents) were investigated, as agltheir interactions. Previously these
processes were not well understood (Kirkman & Kekdi997). This study showed that there
were complex interacting temporal cycles in decgymacroalgae deposits with wave
parameters, sea surface temperature, and tidduaadcycles. Secondy, it assessed the spatio-
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temporal deposition of decaying macroalgae withiovacrested breakwater scheme, as well as

two other nearby beaches with groyne structureg;hwinad not been done before.

Over a one year period (March 2005 — 2006), considg greater quantities of decaying
macroalgae were found to be associated with thesL&SEImer than with the groynes at
Felpham and Climping, with an estimated depositiargin of 600 - 2,300 kg/ffyr of stranded
macroalgae at Elmer. This was overall three tinreatgr than the stranded macroalgae around
the granite groynes at Felpham Beach (200 - 80®%gy) or the wooden groynes at Climping
Beach (200 - 600 kg/ftyr). The detrital algae at Elmer showed most \mlity both spatially
and temporally, which gave rise to the large edthaange. The findings of this chapter
suggest that the relatively closed breakwater sehean affect the amount of decaying
macroalgae trapped on the beaches to a greatexedbgain more open defence schemes such as
groyne fields. Dugan et al. (2003) had also presipsuggested this, but from observations
rather than directed studies.

3.4.1 Temporal Depositions of Decaying Macroalgae

The macroalgae composition was dominated overalClhgndrus crispus, but mainly in the
autumn and winter months and opportunistic ephelsétiva spp. andectocarpus sp.) and
filamentous red algaé¢lysiphonia spp. andCeramium spp.) dominated in the summer months.
This composition differed from that reported by @aia et al. (2007), who found detrital algae
deposits on an exposed sandy beach in Spain werposed of brown algae (e.g. Laminariales
and Sargassum muticum (Yendo) Fensholt). My results were, however, samib theUlva sp.
and macroalgal blooms found by Ochieng and Erftem€1999) on a Kenyan beach, and the
red filamentous algal cast walls on Baltic beac$tegied by Malm et al. (2004). Comparisons
with other studies show that the quantity of desgymacroalgae deposits at Elmer was
comparable to the decaying macroalgae strandedeaohks in South Africa (Griffiths et al.
1983) and Western Australia (Hansen 1985, quotdddbachlan 1985) their estimations were
1,200 - 2,179 kg/ftyr and 1,900 kg/fyr, respectively. Griffiths et al. (1983) calcwddtthat
for a high wave energy beach with an estimated01,20,179 kg/rflyr of kelp wrack that there
was an energy flux of > 2 million KJ/m/yr. It wastrpossible to extrapolate from this as the
species composition of the macroalgal deposits weag different. It does, however, show the

potential importance of the quantities depositeitlater. The amount of decaying macroalgae
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at Climping and Felpham beaches was comparableetbgaches studied in Southern California
(Dugan et al. 2003) and New Zealand (Marsden 19%dith estimated inputs of 473 kgifyr
and < 400 kg/riyr, respectively; they considered these biomassdse small deposits. It is
important to bear in mind that the amount of malgaa deposited in the intertidal depends on
the standing stock of macroalgae on nearby subtmzdy reefs and the local environmental
drivers, such as geomorphology, hydrodynamics @i type.

There were certain limitations when comparing myad# other studies. Environmental
parameters that may influence the deposition ohyieg macroalgae, for example, the wind,
wave, temperature and tidal environments will djfeend their extent are often not stated in the
literature. Most importantly, species compositicencvary and different species may have
different implications for the sediment environmémey are deposited on. For example, kelp
species are nutritionally important large, heavycrophytes (Duggins et al. 1989, Kirkman &
Kendrick 1997), and have been shown to harbourrsivenvertebrate communities after
deposition. Whereas, filamentous red algae andreefas are light in biomass, and as a result
of their complex morphology retain large amountsmatter when the tide recedes (Orr et al.
2005), in addition, species-specific toxic phenalienpounds are known to be released (Malm
et al. 2004, Eklund et al. 200%}. crispus, the dominating species in this study, is a véows
decaying species of poor nutritional value whest ftranded, requiring mechanical break down
before being nutritional valuable (Ochieng & Erfigjar 1999). So, although there were large
quantities of stranded decaying macroalgae, it wats possible at this stage to infer the
nutritional importance to the surrounding ecosystthout investigating the immediate decay
rate and nutritional properties (see Chapter 6rfore details) of the dominant species in the

deposits on Elmer Beach.

The amount and timing of deposits is extremely aldle and may differ geographically
depending on climate, hydrodynamics, the vicinitydcky reefs (Ochieng & Erftemeijer 1999,
Colombini et al. 2000), and the dominating macrabtgppmposition on the reefs. This study has
shown that rapid sea temperature rise over a gfwoivd of time (e.g. one or two days) was
potentially an important driver of detrital algaepwsition, causing strong seasonal and daily
patterns to occur in both the quantity and specamsposition of macroalgae stranded on the
beaches in this study. From these results, it wtimated depositions of 800 — 2,700 kgim

at Elmer in the summer, when there were no stomaistiae seas were calm for long periods;
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this was twice the amount deposited in the wintenths (400 - 1,500 kg/tyr), when storm
frequency and severity were the greatest. Thesi@nfis differed from the majority of studies in
this field of research, where, for example, in Boéfrica (Griffiths et al. 1983), Kenya
(Ochieng & Erftemeijer 1999), Australia (Lenantonh a. 1985, Crawley et al. 2006) and
Argentina (Piriz et al. 2003) decaying macroalgapasits were greatest during seasons with
frequent storms and heavy swells (i.e. winter ornsomn seasons). The macrophyte
composition in these particular studies mainly csiesl of kelp, other brown algae and
seagrass, but little red or green algae. Nevesbhgekudies in South Africa by McLachlan and
McGwynne (1986) and Van der Merwe and McLachlan8f)9 and on the Baltic coast by
Malm et al. (2004) reported similar findings tostisitudy with the greatest biomasses occurring
in the spring and summer when the seas were calrthdfmore, following a study on a Polish
beach, Jedrzejczak (2002) stated that only durietpban was the beach completely devoid of

debris.

A possible reason for the difference in the peakroglgae deposits in this investigation in the
summer to those studies with large algal depasitse winter season may have been because of
the difference in the macroalgae species compasiiiothe nearby sourcing subtidal reefs.
From the published literature, beaches in the wiciof large shallow kelp beds appear to
experience deposits in the winter months, as threnst tear up the senescent stages of the kelp,
other large brown algae and seagrasses (Hanis&k @3&barria et al. 2007); these deposits are
considered important to beaches of low productifidtygan et al. 2003, Olabarria et al. 2007).
In contrast, those beaches in the vicinity of deepefs dominated by filamentous algal species,
are more likely to be influenced by sea temperatum@ nutrient influxes (Malm et al. 2004),
thus resulting in large beach deposits in the sunmaaths. There may be graver consequences
for beaches close to reefs with filamentous algatis, as during the summer months beaches
are of higher economic importance than in the wim@nths because of tourism. Summer
deposits may, therefore, be more of a nuisancéicplarly because of the reduced aesthetic
qualities of the beaches for human use (Laveryl.e1399). Furthermore, high temperatures
mean algal deposits decay more rapidly (Olabartiale2007), often inducing unpleasant
smelling, toxic hydrogen sulphide compounds (Eklwidal. 2005) both in the sediment and
between the sediment-algae interface (Norkko & Borf§ 1996b), this can result in oxygen
deficient sediments, which is detrimental to benthiganisms (Kolbe et al. 1995, Raffaelli et al.
1998).
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The use of quantitative wave data in this studystasvn that storm events were not the main
drivers of algal deposition, which is what manydsts have stated (e.g. Lavery et al. 1999),
often without quantitative measurements of the wheeht or severity of storms. Instead
deposition is driven by tides and sea temperatwih greater quantities of decaying
macroalgae being deposited during spring tides; ¢bhcurs with the findings of Ochieng and
Erftemeijer (1999). Although, when large swells atecbng winds coincide with strong spring
currents (Ochieng & Erftemeijer 1999), the depositcan be greater than without. There is
little doubt that monthly sampling would have olvsel the seasonal findings mentioned earlier,
correlating stormy weather with low depositionswéver, the importance of tidal currents and
temperature would not have been observed withalyt siarveillance over a range of temporal

scales.

Orr et al. (2005) stated that it is not possibleptedict deposition patterns daily deposition
having only studied one tidal cycle. These findisgswed that temporal replication at a range
of scales are absolutely necessary to be ableedigirthe environmental influences and main
drivers. Another example of how decaying macroaldg@osits can be misinterpreted if studies
lack a range of temporal scales is annually. Foaingde, this study showed that when
investigating the summer seasons 2005 and 200&n@rEthe biomass quantities were very
similar (3.6 and 3.5 t/f. However, when observing on daily, weekly and thiynscales for

the same period, it became clear that there wegrefisiant differences. Greater fluxes in algal
deposits were experienced in 2006, coinciding withunusually warm sea in comparison to
2005 (2 C difference). In support of this, Malm et al. (2)Osuggested that the annual
differences seen in annual deposits on Baltic beEsaclvere also due to changing sea
temperatures. If only seasonal sampling had beeredaout, this complex pattern would not

been observed, resulting in a distornpetiception of the extent of decaying macroalga®siep

3.4.2 Spatial Deposition of Decaying Macroalgae

Turning now to the spatial distribution of decayimgcroalgae deposits around the CDSs; this
was heterogeneous, with the structure type affgdtie amount of deposition. Not only was
there overall greater amounts of macroalgae deggbgiithin the breakwater scheme Elmer than
the groynes, but the pattern of horizontal andis@rshore distribution was more affected by

the presence of the breakwaters than by the groyhes breakwater scheme resulted in
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complex tidal current characteristics, with the gmiglth between the breakwaters strongly
influencing spring and neap tidal current fluxeso(Raritis 2006; see Section 2.5). The gap
width would appear to have impacted the amountspatial deposition of stranded macroalgae.
Bays 3-4 and 4-5 received large deposits of magaealthis was where there was greatest flow
constraint as the gap widths were the smallest{4ahd 60 m, respectively), which results in
the fastest alongshore currents (> 0.4 m/s) owerathacent tombolos into the bays, and slow
restricted currents flowing out through the gapsrithese bays (see Section 2.5). With a width
of 140 m, two or three times the width of the otbays, bay 6-7 experienced reduced water
flow (< 0.2 m/s) because the gap was designedidw dtee-flow (Plomaritis 2006). This bay
received less algal deposits, which was similartite beaches with groynes (particularly
Climping). Beaches with groynes do not experierextical on- and offshore flow restriction as
experienced by the presence of the breakwatessitibrefore leads to the assumption that gap
width plays an important role in determining thegide of decaying macroalgae deposits in

areas with high amounts of source material, fongda at Elmer.

The current flow regime at Elmer beach appearsoteespond to the amount of algal deposits
within the breakwater scheme; the most likely reador this, is because macroalgae
accumulates in the bottom layer of water (Bock &l&4i1995), thus reducing the water to algae
ratio causing greater quantities of macroalgaeetpushed through the system on the incoming
tide. On the receding tide the algal species withléast buoyancy will get deposited first (Orr
et al. 2005), accounting for the greater biomassh® amount of cover on the landward
compared to the seaward sides of the structuress heacroalgae was deposited on tombolos
than bays; current flow is greatest over the tormbduring high tide (Plomaritis 2006) with fast
currents flowing into the bays carrying the macgaal with it on a receding tide. Where
tombolos were closest to the MHWS mark (e.g. toml2and 8) there was restricted flow with
slower currents, resulting in higher algal covearthombolos further from the upper shoreline,
with less constricted flow. Less decaying macroalgas deposited on the seaward sides of the
breakwaters, as there were no flow restrictionfoasd on the landward sides. The cover was
thin and light, as the majority of decaying macge& had been deposited landward of the

structures on the receding tide.

These findings show that alongshore current sthemgthin the scheme and on- and offshore

wave fluxes, determined by the presence of thectstres potentially determine the spatial
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deposition of decaying macroalgae deposits on #wchy particularly when there is flow
restriction; the weaker and more constricted tbevflthe more detrital algae appears to have
been deposited. The restriction of the verticalifl@e. in- and offshore waves) combined with
the alongshore currents within the low crested Kwader scheme has more far-reaching
consequences than defence structures that justeir@evith longshore drift (e.g. groynes). This
agrees with the findings of Lavery et al. (1999howstated that ‘poorly flushed’ beaches had
higher macrophyte biomass than well-flushed beadRethermore, Ochieng and Erftemeijer
(1999) indicated that the coastal morphology (egk protrusions) changes the hydrodynamics
and thus will impact the accumulation process,raatgr detrital algal deposits were found near
rocky outcrops. Groynes, although these restriethbrizontal longshore drift and, therefore,
perhaps affect the current circulation, do not Imy aneans restrict the vertical flow (i.e.

oncoming waves) that appears to be the most immptorta

The understanding of the depositional patternseshging macroalgae can help understand the
influence on the sediment macrofaunal communities tkese sandy beaches; this was
investigated and reported in Chapter 4. This isiraportant issue because there may be
threshold effects, with detrimental consequencem fexcess deposits (e.g. high toxicity and
reduced oxygen availability (Malm et al. 2004))rtjmaularly, when consisting of ephemeral and
filamentous algae that may release toxic phenampounds (Eklund et al. 2005). Macrofauna
inhabiting sandy beaches have been reported inspadies to respond to the spatio-temporal
variability in the supply of drift macrophytes (elgoop & Griffiths 1982, Stenton-Dozey &
Griffiths 1983, McGwynne et al. 1988a, McGwynneakt1988b, Dugan et al. 2003). So, when
there are smaller more regular deposits, therelmaye beneficial addition of nutrients (Rossi
& Underwood 2002).

3.5 Conclusions and Recommendations for Further War

The decaying macroalgae deposits at EImer were aagaspecies diverse and predominantly
subtidal species. The diversity changed with titheugh red algae were the most dominant. In
the summer months the algae were dominated by ditdous red and opportunistic ephemeral
green algae, whereas in the winter mor@@hendrus crispus, a tough red algae, was dominant.
This study also described the temporal decayingoadgae depositional patterns along with the

environmental variables of waves, spring and netg turrents and sea surface temperature at
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Elmer beach. In the year that this study was cduoig (2005 — 2006), it was found that greatest
algae deposits occurred in the summer months (80300 kg/miyr), when the sea was calm
and warm. The amount of algae was greatly reducethé winter months (400 - 1,500
kg/mflyr) when there was a higher frequency of stormd mmreased wave action. In the
summer months, tidal cyclicity (i.e. neaps andrgptides) had a strong correlation with the
quantity of macroalgae deposits; with the greasasbunt of algae being deposited around

spring tides and the least around neap tides isuimmer months,

Furthermore, the spatio-temporal patterns in attgosits were primarily studied at Elmer
beach within the breakwater scheme, as well aglgh&m and Climping beaches with groyne
structures. The spatial deposition patterns ofealga EImer beach were complex. The results
illustrated that overall there was three times a@ah@ount of algae deposition within the bays
compared to the tombolos; this difference was nameentuated in the summer months when
the deposits were overall at their greatest, asd #® during the winter months. The results
indicated that greater amounts of decaying macaealgere deposited or trapped within the
breakwater scheme (600 — 2,300 kgym than around groynes on the nearby beaches of
Felpham (200 — 800 kg/tyr) and Climping (200 — 600 kg/tyr).

Future research should clarify the indications thate were more algae within the breakwater
scheme in comparison with that at Felpham and Eldmyestigations should compare the
decaying macroalgae deposits within other low eckdtreakwater schemes, as well as a
thorough comparison with adjacent beaches usingalanbed design. The source of the
macroalgae is very important and to investigatereltieis had come from would be extremely
beneficial and would give a greater understandimg which types of beaches are likely to
experience such problems. In addition, studieslshagsess the threshold influence of decaying
macroalgae deposits on the sandy beach commusitresunding CDSs, as their response will
depend on algal deposit patch size (Olabarria .e2@D7). In addition, the decomposition,
colonisation and consumption of the decaying mdge@adeposits around CDSs needs to be
investigated, so as to gain an understanding of cthresequences and importance of this

allochthonous resource.
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Chapter 4. Sediment Faunal Assemblages and Decaying
Macroalgal Deposits

4.1 Introduction

Sandy beaches are dynamic systems and the moslywddributed intertidal ecosystem,
dominating both temperate and tropical shores (Radil. 2007). Extensive research has shown
that the species composition, density, biomasszamétion patterns of the macrobenthos of
sandy beaches are extremely variable in both spradd¢ime (McLachlan 1977, 1980, Morrisey
et al. 1992a, Morrisey et al. 1992b, Jaramillole1893). Sandy beaches are often characterized
by high wave action, mobile sediments and the atesenh attached macrophytes (McLachlan,
1980). In exposed intertidal environments, intattithuna are mainly controlled by physical
conditions and are dominated by crustaceans (Shamright 1984, McLachlan et al. 1993),
whilst sheltered environments are controlled byldgwal factors and dominated by molluscs
and polychaetes (Brown & MclLachlan 1990). It hagrbsuggested that the hydrodynamic
stress (e.g. dislodgement risk from wave exposisréhe major limiting factor of biological
richness at exposed localities (McLachlan et ab6)9 and that several ecological factors
interact to influence community composition andisture rather than a single key factor (Rodil
& Lastra 2004). On more stable muddy shelteredeshbrological factors are more important,
such as the activities of ecosystem engineers girayibiogenic habitats (seagrasses, reef
forming mussels and oysters) and bioturbation. djjmlal interactions such as competition
(Dexter 1992, Defeo et al. 1997) and predation {$hr1999, Barros 2005) can also be

important.

The sediment regime can determine the trophic stafubenthic assemblages (Martin et al.
2005). Fine organically rich muds have a tendecgantain more burrowing deposit feeders
(Martin et al. 2005), whereas coarser sedimentsllysharbour suspension feeders and more
mobile animals (Martin et al. 2005). Beaches theteive decaying macroalgae deposits at
regular intervals may experience communities dotathédy deposit feeders and detritivores as

more organic matter would be expected to enteetiosystem.
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Major contributors to the detrital pools in coasigbtems are decaying plant material, especially
marine seagrasses and seaweeds, and animal fadleds.pOrganic detritus has long been
recognized as an important food resource in shalater aquatic environments (Tenore et al.
1982). However, if seaweed detritus occurs in exapgntities the underlying sediment can
become more reducing, often leading to anoxia dred @ccumulation of toxic hydrogen
sulphide, with potentially negative effects on gediment faunal communities (Bolam et al.
2000). Although these effects have been well stu¢iull 1987, Bonsdorff 1992, Everett 1994,
Bolam et al. 2000, Kelaher & Levinton 2003), théeefs of detrital algae cover on sediment
fauna (Bonsdorff 1992) and the mechanisms by wttieke effects are brought about (Raffaelli
et al. 1991) are poorly understood, and will beeshejent on the type, quantity and length of
residence time of the detritus. For example, HLAI7) found the effect of seaweed detritus on
Pygospio elegans Claparéde was algal biomass-dependent, with ldwemasses causing
increases irP. elegans, whilst at higher biomassés elegans declined. More recently, a study
by Bolam et al. (2000) found that after six weekgertidal seaweed mats significantly
increased the macrofaunal diversity, but after 2&ke the diversity was markedly reduced,
being dominated by opportunistic species €apitella capitata (Fabricius) They concluded
that the effect of weed cover on species abundamre both dramatic and complex and can
play an important role in structuring benthic asskmges. In concurrence, Kelaher and Levinton
(2003) stated that detritus enrichment can gendtstecomplicated spatio-temporal patterns
observed in natural annelid assemblages seen frsexdiiment assemblages. The long term
ecological consequences of seaweed detritus deppond the spatial distribution of the

dominant macrofaunal species and the spatial hggassty of detritus deposition.

The deployment of artificial rocky defence struewiralong sandy shores prevents coastal
erosion by interrupting wave action. They modifg ttoastlines exposure to waves (Martin et
al. 2005, Moschella et al. 2005) and cause chatogébe near-shore circulation (Zyserman et al.
2005) and cross-shore/offshore transport of sedirfl@momalla & Vincent 2003, Cuadrado et
al. 2005), which changes the bottom topographyinsent grain size and organic content (e.g.
Bull et al. 1998). Hydrodynamics have long beensttgred as the ultimate factor not only
affecting the spatial distribution of different s@ént types but also the associated benthic
organisms (e.g. Nowell & Jumars 1984, Miller & Sieerg 1988). The modified wave regimes
and depositional processes caused by the CDSs thasgfore, impact the composition,

abundance and trophic structure of benthic asse@blahabiting the surrounding sediments



Chapter 4: Sediment Faunal Assemblages and Decaying Macroalgae Deposits 105

(Bacchiocchi & Airoldi 2003, Degraer et al. 2003afin et al. 2005, Bertasi et al. 2007) and
further influence the depositional patterns of g@uamacroalgae deposits.

Despite the global proliferation of CDSs (see Chafttfor further details), there have been only
a small number of studies investigating the impzfchard coastal defence structures on the
adjacent soft bottom fauna (Davis et al. 1982, Amebr& Anderson 1990, Correggiari et al.
1990, Coosen et al. 1994, Barros et al. 2001, &adl. 2002, Jaramillo et al. 2002, Barros et al.
2004, Martin et al. 2005, Bertasi et al. 2007). rfEhkave been no studies to date that have
investigated the impact of CDSs in conjunction wilike effect of detrital macroalgae deposits
on the surrounding benthic communities. There hagejever, been many studies on the effects
of macroalgal mats on soft-bottomed subtidal a@ad intertidal mud and sand flats (e.qg.
Soulsby et al. 1982, Hull 1987, Raffaelli et al919Bonsdorff 1992, Everett 1994, Bolam et al.
2000).

Until the last decade, most benthic faunal studag focused on one site and/or at single times
and mostly around subtidal man-made structures ¢etdicial reefs). Observed changes in
benthic assemblages adjacent to such artificiactres may be caused by alterations in the
intensity of movement of water, direction of cumenrates of erosion or sedimentation and
organic content of sediments (Fabi et al. 2002ps€hsubtidal studies are comparable on some
levels with the intertidal zone, in terms of théeedtion to the local hydrodynamics, but in a
high energy intertidal environment there is the eetidomplexity of wave and tidal current
hydrodynamics. Macrobenthic distribution patterfsntertidal beaches have long been shown
to be related to beach elevation and wave exposuith, species occurring at specific tidal
levels (e.g. McLachlan & Jaramillo 1995, Degraeale2003). Consequently, it is important to
understand that local factors (e.g. shore morphawatyes, tidal range, wave exposure) together
with design criteria of LCSs (e.g. number of mogduk&ze, orientation, porosity, distance from
the coastline) can result in a variety of changesthe hydrodynamic and the sediment
environment (Burcharth 1993). The impact of LCSgtan surrounding benthic environment is

clearly context dependent (Bertasi et al. 2007 kintpgeneralization difficult.

Recently, Jaramillo et al. (2002) conducted a stoidyan intertidal beach in Chile before and
after a seawall was constructed, to investigateetfexts of the changing morphodynamics on

the beach fauna. Their findings showed no changeisel infaunal community between before
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and after or control and impact sites, showing thatpresence of the seawall had no influence
on the physical and macro-infaunal characterigifahe beach. These findings contrasted with
those reported by Castellanos et al. (2003), whaméxed the long-term changes in
macrofaunal assemblages before and after the oatistt of an offshore breakwater in North
West Spain. They found the breakwater introducediifications to the hydrodynamic and
sedimentary regime, which resulted in changes i dhmstribution of the three benthic

assemblages recorded.

Furthermore, a number of comprehensive studies veameied out on intertidal beach
environments along European coastlines as partnointegrated European project DELOS
(Martin et al. 2005, Bertasi et al. 2007, Burchagthal. 2007). The main findings from this
project were summarised by Martin et al. (2005¢jrtlobjectives were to identify, describe and
quantify both the negative and positive effect$onf crested coastal defence structures on five
defended beaches in Spain (Mediterranean Seay, (lkariatic Sea) and the UK (English
Channel and Irish Sea). Martin et al. (2005) st#ted changes to the sediment environment and
benthic fauna on beaches where LCSs were condfruateld be inevitable, with a tendency
towards negative changes for the sediment faunalmamities, particularly on the landward
side of the structures. The study by Bertasi e{28107) looked further at the effect of the LCS
scheme at Lido di Dante (ltaly), specifically intigating the structure of macrofaunal
communities and their interactions with the envin@mt at three different exposure levels with
respect to wave action, as well as the combinextedif beach elevation. Their findings showed
greater species numbers in the sheltered locatiensd the LCSs compared to exposed zones;
these results were not reported in previous studesding with CDSs (Davis et al. 1982,
Ambrose & Anderson, 1990, Barros et al. 2001, Fetbial. 2002, Jaramillo et al. 2002,
Burcharth et al. 2007). The reasoning given fos timcrease in species numbers not seen
previously by other studies was because at LidDalte the breakwaters were enclosed at
either end by groynes, resulting in a marked radnaif flow in the sheltered zone. This design
feature was rare on the other European beachegdtadin any of the earlier studies prior to
the DELOS project.

The LCSs at Elmer was the main study site for thisearch; this defence system was also
examined as part of the DELOS project, where arpneary study investigated the effect of the
LCSs on the surrounding benthic communities (Maetiml. 2005). Martin et al. (2005) found



Chapter 4: Sediment Faunal Assemblages and Decaying Macroalgae Deposits 107

that the presence of the breakwaters at Elmer did significantly change the sediment
environment (e.g. grain size, carbon content ataraphyll content) across the beach, either in
close proximity to the structures or at increasthstances from them. There were also no
differences between the sediment environment ateEland the control beaches (without
breakwaters). Although there were no significaffedences in the number of species or trophic
structure between the landward and seaward siddwedireakwaters at Elmer, the community
structure showed patterns indicating an overaltease in diversity on the landward sides.
Martin et al. (2005) found that the influence oé tBlmer LCSs on the surrounding sediment
communities was localized, with small impacts. Tleeycluded that the more the wave and
water regimes are altered, the greater the chamigldse in the sediment faunal communities; in
particular LCSs will increase diversity by changingiformly exposed, coarse sand

assemblages to a localized mosaic of differentgyessemblages.

There still remains little information on the indflace of arrangement and layout of structures on
the degree of impact on the fauna (Martin et ab5)0The scheme at Elmer is multifaceted in
design (e.g. varying breakwater lengths, gaps #&tdrites from the shore) resulting in complex
hydrodynamics and sediment transport pathways (&iitisn 2006). Previous work at Elmer
(e.g. Martin et al. 2005) was carried out by inigsding the impacts of the LCSs on the
communities on the landward and seaward sideseo$ttiuctures (i.e. on the tombolos), but not
in the bays created between the breakwaters. Ty Wihin the scheme experience reduced
tidal currents (see Chapter 2), in comparison ¢imbblos experience fast currents, similar to
the seaward sides of the structures (Plomariti€gd0rthermore, the beach elevation differs
between the bays and tombolos (author’s pers. sbs.Chapter 2). These factors may influence
the benthic communities, resulting in differencdmtt have not been studied to date.
Furthermore, the tidal currents at Elmer have s®wn to vary in both speed and direction
during neap and spring tides across different aofate scheme (Plomaritis 2006), further
complicating any prediction of the responses of sheounding benthic fauna. The study by
Martin et al. (2005) at Elmer, investigated the wairdifferences of two summers, which is the
period of the year when the wave impact is lowest decaying macroalgae deposits were
greatest (author’s pers. obs., see Chapter 3unafacommunities may exhibit large differences
in vertical shore zonation patterns between landvaad seaward communities and horizontally
between bays and tombolos at other times of the whan decaying macroalgae deposits are

less and wave exposure is greater.
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The general aim of this study was to describe thetial variation in the benthic infaunal

communities surrounding the low crested structwigsin the breakwater scheme at Elmer on
the West Sussex coastline near Bognor Regis. Twghbeuring beaches with granite groynes
and wooden groynes were also studied in order nopeoe the differences or similarities in the
benthic communities. The field survey was condualadng six different months over one

year. Furthermore, to determine whether the degawiracroalgal deposits (determined in
Chapter 3) on these beaches had any positive @timegmpact on the species diversity or
abundances of individuals of the benthic commusitiEhe macrobenthic communities on the
beach at Elmer had been recently studied by Mattial. (2005); this work extends on their

spatial and temporal coverage.

There were three specific objectives:

1. To describe temporal and spatial variations insdgiment environment at EImer beach
(with the LCSs), as well as at Felpham (graniteyges) and Climping (wooden
groynes) beaches. Thus, the null hypothesis, thetetwere no differences in the
sediment characteristics (e.g. grain size, carlmment, sediment water retention and
depth of hydrogen sulphide layer) for each of time¢ beaches with different types of
structures was formally tested.

2. To describe the spatial-temporal variation in tlathic communities at these three
beaches. Four null hypotheses were formally teskedthere were no:

a. Differences in the benthic communities betweenedéht vertical shore levels:
landward (upper and lower) and seaward sides oCDSs.

b. Differences in the benthic communities betweenhernzontal shore locations
from three beaches with different CDSs (breakwateastwo types of groynes),
and that there were differences in the type ofdumtal shore (i.e. between and
within bays and tombolos of the breakwater schent#raer beach).

Interactions between the vertical shore level arizbntal shore locations.

d. Temporal changes in the benthic communities.

3. To determine which environmental variables (e.gdiment environment, wave
variables, current flow and amount of decaying malgae) most influenced the spatial

and temporal differences in communities adjacethedCDSs.
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4.2 Materials and Methods

4.2.1 Sudy Location

The West Sussex coastline between Bognor RegisLatiehampton, on the south coast of
England, is protected by different types of CDSg.(R.1) (Chapters 1 and 2 give a detailed
area description). This coastline is subjected igh lwave action in the autumn and winter
months due to the predominantly southwesterly windentinuous survey data from the
Channel Coastal Observatory (CCO) for March 200%-dbruary 2006 revealed an average
height and period of the waves along this coastin@8 m and 6.6 s, respectively, while 6.6 m
and 15.2 s were the maximum measured maximum waighthand period. The area has a
semi-diurnal, macrotidal regime; with a spring tidenge of 5.3 m and a neap tidal range of 2.9
m. Protection by an assortment of CDSs has chanigedhydrodynamics and degree of
exposure to wave action of the beaches on thickto# coast (Plomaritis 2006, Burcharth et al.
2007). The main study site of ElImer beach and we rieighbouring beaches (Felpham and
Climping) as those studied in Chapter 3 (see secl?®.1l) were used to investigate the
influence of different CDSs on the surrounding bentommunities and the impact of decaying

macroalgae deposits on the benthos.

4.2.2 Macrobenthic Survey

The benthic faunal communities around the threferdint CDSs: granite breakwaters (Elmer),
and granite and wooden groynes (Felpham and Cligypimere surveyed for five times over a
year (March, May, August, November, January) betwdarch 2005 and January 2006. These
five sampling months were to represent winter (Mag005, January 2006), spring (May),
summer (August) and autumn (November). The survesigd used for describing spatio-
temporal variation was the same as that describethé assessment of decaying macroalgae
deposits in Chapter 3 (more details of the sunaaylze found in section 3.2.2.4). The beaches
were vertically divided (relative to the graniteebkwaters at Elmer) into three shore parallel
levels (upper and lower landward, and seawardhanidontally divided into two types of shore
location: bays (areas adjacent to / between CD&$}@mbolos (areas immediately behind and
in front of the Elmer breakwaters) (Fig. 4.1). tnal there were ten horizontal shore locations:
one bay at both Felpham and Climping, four baysfandtombolos at Elmer (Fig. 4.1).
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In each shore location, for each month and for ehcine level (referred to as a ‘station’) cores
were collected for the assessment of the benthionoanities and sediment analysis (see
sections 4.2.3 and 4.2.5 for further details). &xores were taken in June for the three sites,
although at Elmer only Tombolo 4 and Bay 4-5 wermgled. This was to determine the effect

of very large algal deposits that occurred in May (kg / nf).

Granite Groynes Granite Breakwaters Wooden Groynes
Felpham Beach (GG) Elmer Beach (GB) Climping Beach (\WG)
| |

Landward (LW)
[ ] e o e o o e o ®  Upper (LW) L]
® o o e ¢ o e o @ Lower(LW) ® g
- O - - S - . -
® e o e o o e o ® Sw ®
Seaward (SW)

Figure 4.1 Schematic diagram of sampling strategy used tesasthe influence of different types of coastal
defence structures on the surrounding benthic camities. Black dots (station) show the ten horizbetere
locations across the three beaches (Felpham, ElneeClimping) with three vertical shore levels (appnd
lower landward, and seaward). Four replicate fasaalples were taken at each station.

4.2.3 Measurement of Physicochemical Beach Variables

At each station, one core (diameter, 2 cm) wa®ctdt for sediment analysis. Recordings were
taken of the subsurface sediment temperature (mexhati 10 cm depth), the depth of oxic layer
(the depth from the sediment surface to the blaekdgen sulphide layer), and the sediment
water retaining ability (rank scale 1 to 5, wheres dry and 5 is waterlogged). The sediment
water retention was measured by observing the spagkdvhich the hole (where the cores were
taken) filled with water. Furthermore, salinity nseeements were taken but these were
inaccurate as they depended on the amount of viatdre sediment. There was however a
significant positive relationship between the seshitnwater retention rank scale and the salinity
measurementsr{ = 0.786,p < 0.05), thus allowing the salinity measuremeotbé used a

numerical form of sediment water retention.
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Sediment samples were immediately dried on retutiheé laboratory at 8@ for 48 hours; the
grain size distribution was then determined by slgwving through the Wentworth size scheme
(mesh sizes 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.063<an@63 mm) using a mechanical shaker for 10
min. Three replicate dried sediment sub-samples veshed at 500 + 50C for 4 hours to

determine the percentage of Total Organic Matt€@N), by loss of mass on ignition.

The beach elevation (metres above Ordnance DatunlyNgODN)) for each of the stations
sampled at Elmer Beach were obtained from lidaivddr data from the CCO and cross-
referenced with Global Positioning System (WGS 844m) points for each station (Fig. 4.2;

see Section 2.3 for the lidar originated digitavaltion model and further details)

4.2.4 Measurement of Decaying Macroalgae Deposits

The amount of macroalgae deposited at each ofhte= tbeaches was assessed in detail in
Chapter 3 (Sections 3.2.2.3 and 3.2.2.4). The sgragal survey used for the algal deposits was
used to assess the benthic faunal communitiesyigsso that the effect of detrital deposits on
the communities could be directly compared wittistigal validity. The amount of decaying

macroalgae deposited was measured by cover (ddianthss (kg / fiwet weight).

425 Measurement of Benthic Macrofaunal Communities

The composition and density of sediment macrofawoahmunities was determined for six

months (Mar, May, Jun, Aug, Nov, Jan) between Ma6B5 and January 2006, each time
sampling on one randomly chosen spring tide (oraetger day). Sampling always started at
high tide and followed the receding water down bleach, ending at low tide. Sampling was
carried out by taking four replicate cores (surfacea: 57 cf) to a depth of 10 cm at each

sampling point. The sediment within the core wasnediately transferred to 1 litre plastic

containers and transported to the laboratory, wtibee samples were fixed, stained and
preserved in a 4 % formaldehyde-seawater solutidim 01 % Rose Bengal, and later stored
in 70 % propanol. Macrofaunal samples were wetesiethrough a 0.5 mm mesh in the
laboratory and organisms were sorted and identifiedspecies (where possible) with a
microscope. Faunal densities were extrapolatedetmtimber of individuals per’rtind/n).
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4.2.6 Satistical Analysis

4.2.6.1 Calculating beach variables

Grain size parameters were determined using a graendistribution and statistics package for
analysis of unconsolidated sediments (GRADISTATotBl 2000). The mean, sorting,
skewness, kurtosis and median grain siz€ ([pm)) sample statistics were calculated using the
Method of Moments in Microsoft Visual Basic prognawng language. The percentage of
grains falling into size fractions modified from dkeh (1914) and Wentworth (1922) were used:
very fine gravel (2000 - 4000 pum), very coarse §d9@0 - 2000 um), coarse sand (1000 - 500
pum), medium sand (500 - 250 um), fine sand (2526-|dm), very fine sand (125 - 63 um), and
silt (< 63 pm). Linear interpolation was also usedalculate statistical parameters by the Folk
and Ward (1957) graphical method, deriving phystedcriptions (e.g. very coarse sand and
moderately sorted). The other sediment environnhgrateameters were sediment temperature,
depth of oxic layer, draining efficiency of the smdnts, TOM and beach elevation. The
variables used to assess the decaying macroalgasittewere decaying macroalgae cover (%)
and biomass (kg/frwet weight), using data generated from ChapteFh& current speeds at
each vertical shore level for the eight horizoriehch locations at Elmer for both neap and
spring tides were extrapolated from data modelledPlomaritis (2006) and averaged between
the tides.

Dean’s dimensionless parameter was calculated lfdera shore locations at each horizontal
shore level for each month sampled (Fig. 4.1). Bestates were numerically indexed according
to wave and sediment characteristics via the Dedim&nsionless fall velocityY) (Short and

Wright, 1984), as expressed in Equation (1),
(1) Q = H°/WAT,

whereH" is wave breaker height (cm)f is the sediment fall velocity (cmsfrom Stokes Law
(Gibbs et al., 1971), anflis the wave period (s). Beaches with< 1 are considered reflective,
Q > 6 dissipativeQ and = 1-6 intermediate systems. Wave heigt) @nd wave periodT)
were calculated from data provided by the CE £ H° (significant wave height) an@l = T
(wave period)), also used in Chapter 2 and 3 ($et@r 2 for further details). Mean grain size
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was obtained from statistical sediment analysischlculating the moment’'s computational
method (Blott, 2000) and used to estimate sand/éhdicity (Gibbs et al., 1971).

The beach state index (BSI) was also calculateshbatng the effects of tidal range asH
(McLachlan et al., 1993), so that the beach morphanhic states (i.e. reflective (< 0.5), low- to
medium- energy intermediate (0.5-1.0), high-enanggrmediate to dissipative (1.0-1.5), fully
dissipative (1.5-2.0), and ultradissipative maciatibeaches/tidal sand flats (> 2.0)) could be
classified. The BSI index is expressed in Equat®)n

(2) BSI = log (H°M/WFTE] + 1),

where M is the maximum tidal range of the beach in questémd E is the theoretical

equilibrium tide for the earth covered in watEr<0.8).

4.2.6.2 Spatial and temporal patterns of commustitycture

Hypotheses about the spatio-temporal patterns @fotverall community descriptors of the
benthic fauna adjacent to different coastal defesicectures were tested using analysis of
variance (ANOVA). Separate three-factor ANOVAs wesarried out on the community
descriptor variables of mean total densities (ifiiymumber of species and species diversity

(Shannon’s Index).

The first null hypothesis tested was that thereewss significant differences in community
descriptors over five sampled months between theetliertical shore levels, nor between the
ten horizontal shore locations adjacent to diffel@®Ss. Factor one (shore location) had ten
levels (Felpham; Climping; Elmer bays: 2-3, 3-45 4nd 6-7; and tombolos: 2, 4, 6 and 8),
factor two (shore level) had three levels (uppedigard (LW (U)), lower landward (LW (L)),
and seaward (SW)), and factor three (time) hadlévels (months: Mar 2005, May 2005, Aug
2005, Nov 2005, Jan 2006). All factors were randgom orthogonal.

The second null hypothesis tested that there wersignificant differences within the two

different types of horizontal (bays and tombolasEbner over time. This was tested with two
separate three-way ANOVAs, one for bays and onddimbolos. Factor one (bays/tombolos)
had four levels each (Bays: 2-3, 3-4, 4-5 and 6r7Tombolos: 2, 4, 6, and 8), factor 2 (shore
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level) had three levels (upper landward, lower Veaudl, and seaward), and factor 3 (time) with
5 levels (months: Mar 2005, May 2005, Aug 2005, 12605, Jan 2006). Again, all factors were
random and orthogonal.

All analyses were done on log (x+1) transformedad®&rior to analysis, data were tested for
homogeneity of variances using Kolmogorov-Smirnavnmality tests. The total densities of
individuals and species diversity (Shannon’s indexjained non-normal even after double log
(x+1) transformations, therefore the more stringeiterion ofa = 0.01 was used to reject null
hypotheses (Underwood 1997). ANOVA is robust far tleparture from this assumption when
there are many independent replicates and sizesiraples are unequal (Underwood 1997).
Significant results were, however, interpreted veglution. When ANOVA indicated significant
differences among means, Tukey’'s HSD and Games-Hqguest hoc tests were used to
distinguish between them (at= 0.01). Reasoning for use of these tests wasgiv€hapter 3
(see section 3.3.3.2). All parametric ANOVAs weaeried out using SPSS (SPSS 2005).

4.2.6.2 Spatio-temporal patterns of beach environjgecaying macroalgae

deposits and benthic faunal communities

Multivariate analysis (PRIMER software package,si@r 6; Plymouth Marine Laboratory,

U.K.) was used to investigate whether there wendlaiities in the beach environment and
benthic faunal community structures between samg@tdions and whether these were
consistent over different months. Specificallytdst for similarities in these variables between:
(1) the different vertical shore levels (upper laadd, lower landward and seaward); (2) the
different horizontal shore locations adjacent tfedent CDSs (Felpham, Elmer Bays (2-3, 3-4,
4-5 and 6-7), EImer Tombolos (2, 4, 6 and 8) andh@ihg), as well as between and within the
different horizontal shore locations (i.e. EImey®and tombolos, replicates pooled); and (3)

the interactions of horizontal shore levels andivalbeach sections with time.

Of the beach sediment variables, only the percentegy fine gravel, very coarse, coarse,
medium and very fine sand, very coarse silt and Tii@&ded to be log (x) transformed and then
normalized. All identified species, meio- and m&auma were included and data were square
root transformed so that species would contributeenevenly to the analyses and minimise the

stress of the nMDS plots. First, a ranked triangoiatrix of similarities was calculated between
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each replicate using Euclidean distance similamigtrices for environmental variables, and
Bray-Curtis similarity matrices for faunal data.eBe were then used to carry out significance
tests for differences between samples for eacthefhiypotheses using analysis of similarity
(ANOSIM) permutation tests (Clarke & Green 1988pn\parametric multidimensional scaling
analysis (nMDS) and cluster analysis were usedetteate two-dimensional ordination plots
and dendrograms (Clarke 1993). The cluster anahgsslts were overlaid to visualise the
similarity groupings between samples. Finally, tlmeninant species contributing to the spatial
and temporal differences in community structure ev@rvestigated using the similarities
percentage procedure, (SIMPER, Clarke 1993).

4.2.6.3 Local environment influences on spatial tamlporal communities

The BIOENV procedure (PRIMER v6.0, Clarke & Warwi@W01) was used to assess and
distinguish the optimum combination of sediment iemmental variables, decaying

macroalgae deposits, and beach exposure indicesxpkin the structure and composition of
the benthic communities adjacent to granite (Feiphand wooden (Climping) groynes, and
granite breakwaters (Elmer). In addition, the iaflae of the varying currents created by the
breakwater scheme at Elmer (see Chapter 2 for durtetails) was used. The optimum
combination of environmental variables was therdusecreate Euclidean distance similarity
matrices (Bray & Curtis 1957). All the variablesiiwthe exception of percentage of fine sand,
depth of oxic layer, and beach elevation were logX) transformed and further normalized.
These matrices, along with the Bray-Curtis matrifmgsfaunal community data were used to
produce dendrogram and nMDS plots for visual assessof dissimilarities in the assemblage
structure. LINKTREE analysis with SIMPROF significe testsg > 0.05) was carried out to

further aid understanding the quantitative linkwies#n community patterns and the optimum

combination of environmental variables (for furtldetails see Clark & Warwick 2001).

One-tailed bivariate correlation analysis was penfed between the benthic community
variables (total densities of benthic faunal induals and the dominant specidathyporia
sarsi, Bathyporeia pilosa, Pontocrates arenarius, Spio filicornis, Eteone picta, Glycera
tridactyla, Phyllodoce maculata)) and environmental influences (decaying macraalgaver

and biomass and sediment variables (sediment tetopey carbon content and depth of oxic
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layer) at Elmer 1§ = 496), Felphamn(= 64) and Climpingr( = 64) beaches using Pearson’s
correlation coefficientSPSS (SPSS 2005).

4.2.7 Caveats of the study

The same caveats apply to this chapter as thosed sta Chapter 3 (see Section 3.2.4). The
limitations were that there was a lack of availabledefended control sites and two
neighbouring beaches (Felpham and Climping) with ¢lifferent types of CDSs had to be used
with made the study complex. Furthermore, the nuntbesampling stations at Felpham and

Climping were limited due to time and resourcesifdinite.

4.3 Results

4.3.1 Beach Environment

4.3.1.1 Current flow in the Elmer breakwater scheme

The currents and sediment transport pathways aelElmave been studied extensively (see
Chapter 2 for further detailhere are differences in current intensity duriegm and spring
tides along the course of the breakwater schentk,distinct deceleration of flow from the east
to the west of the scheme. Recently, Plomariti©§2Gound tidal currents accelerate as they
flow over the tombolos, thus enhancing the sedinmeoibility, and are reduced when flowing
through the bays (< 0.2 m/s). The hydrodynamic remvhent between breakwaters 6 and 7 is
different because reduced water flow enters thersehbetween these breakwaters, and the
current intensity reaches a peak in the central pathe scheme (Table 4.1). The central
breakwaters (3-4 and 4-5) are further from the ttio@s(MHWS) and the gaps between the
breakwaters are smaller (see Chapter 2 for morailgetesulting in flow constriction. On
incoming and outgoing tides there are differencethe water flow through the gaps between
the breakwaters; bays 3-4 and 4-5 particularly B&peed strong fluxes in comparison with bay
2-3 and 6-7 (see Chapter 2: Fig. 2.2). During gptides, water flow over tombolo 4 is fastest

and then is forced to exit out of bay 3-4.
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Table 4.1Average current speeds (m/s) for each verticalestewel in each horizontal shore location sampled
at Elmer beach. Values bold, are the strongest currents at each vertical stema.|Data taken from neap
and spring modelled currents from Plomaritis (2006)

Horizontal Shore Level
LW(U) LW(L) SW

2 T2 0.16 0.15 0.15
5 B23 0.12 0.16 0.14
¢ B34 0.12 0.20 0.14
5 T4 0.22 027 0.5

o B45 0.14 0.19 0.23
g T6 0.20 022 027

£ B67 0.11 0.16 0.24
~ T8 0.13 0.14 0.26

4.3.1.2 Sediment environment

The average median grain size for each verticaleslevel for the three beaches varied between
176 and 1068 pum (Table 4.2). Elmer and Climpingchea were similar, with average median

grain size being medium moderately sorted sandreaseFelpham beach had generally coarser
and poorly sorted sand.

Table 4.2 Sedimentological and morphodynamic characteristitsampling sites: Felpham Beach with
granite groynes (GG (F)), Elmer Beach with grabiteakwaters (GB (E)), and Climping Beach with waode
groynes (WG (C)).

Median Grain Depth of Oxic Beach
Sizé TOM® Layer® Elevation®
Min-

Min-Max Mean Max Mean Min-Max Mean Min-Max Mean Qf BSE
GG (F) 180-3459 745 0.2-0.9 0.5 5.0-20.0 13.4 700 15 2.0
GB (E) 104-3536 336  0.1-1.5 0.6  0.0-20.0 9.5 —2.03-354 -05 37 2.4
~ T22 120-243 177 0.2-0.9 0.6 1.0-20.0 104 -1.23-3.20.800 6.6 2.7
B2-3 124-194 176 0.1-1.0 0.6 0.5-20.0 10.0 -1.41-2. 0.14 7.0 2.7
B3-4 135-197 178 0.1-1.1 0.7 1.0-20.0 9.9 -1.58-2.40.20 7.0 2.7
< T4 119-3407 395 0.2-1.0 0.7 1.0-20.0 9.0 -1.69-2.96.66 5.0 25
B4-5 103-600 226 0.3-1.5 0.7 1.0-15.0 7.4 -1.852.40.59 6.3 2.7
T6 143-192 177 0.3-1.0 0.6 0.5-20.0 10.2 -1.95-1.88.24 6.6 2.7
B6-7 165-1544 305 0.3-0.9 0.6 1.0-20.0 10.2 -2.0%2 -0.68 4.3 25
~ T8 177-3535 1068 0.3-1.3 0.7 0.0-20.0 9.3 -1.7@-3.50.78 1.9 2.1
WG (C) 130-2829 356 0.4-1.3 0.8 2.0-20.0 8.5 3.5 2.4

Horizontal shore locations (bays (B) and tombol®Y &eparated out for EImer BeacMedian grain size
(d50), um; °Total Organic Matter (TOM), % mas&Depth of oxic layer, cm®Beach elevation above

Ordnance Datum Newlyn, mDean’s parameter or dimensionless fall velocidy(dimensionless)?Beach
State Index, BSI (dimensionless).
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The average median grain size was more variableinihe scheme at Elmer. Tombolo 6 was
the most sorted with moderately well sorted finadsa At Elmer, there was a tendency for
sediments to get coarser moving west to east: #stann end of the scheme (Tombolo 2 to Bay
3-4) mainly consisted of fine moderately sorteddséfable 4.2), the central section of the
scheme (Tombolo 4 and Bay 4-5) consisted of medianud, and towards the eastern end of the
scheme (Table 4.2), Tombolo 8 was dominated byseoaand (Fig. 4.3). In addition, the
sediments get coarser higher up the shore, witteasing amounts of gravel and decreasing

amounts of fine sand. The shore at all three bessish@acked by a steep shingle embankment.

. Very Fine Gravel

Horizontal Shore Locations [ very Coarse Sand

Granite Granite Granite Granite Granite Granite Granite Granite Granite Wooden U Caﬁ'_'se 'L"‘E"d
Groynes Breakwaters Breakwaters Breakwaters Breakwaters Breakwaters Breakwaters Breakwaters Breakwaters Groynes [ Medium Sand
(Felpham)  (Emer T2) (Elmer B2-3) (Elmer B3-4) (Elmer T4) (Elmer B4-5) (Elmer TG) (Elmer BG-7) (Elmer T8)  (Climping) O Fine Sand

. Very Fine Sand
E Very Coarse Silt

Y MVVVA
GSCOCOOEIO
AOOOSOOIOG

Figure 4.3 Average grain sizes categories (% weight) of #reHhorizontal shore locations (Felpham, Elmer
and Climping Beaches) at different vertical shereels (landward and seaward).
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During the sampling period, the sediment tempegeatanged from 2%C in January (2006) to
24.7 C in August (2005). The average total organic mdtie each of the three beaches was
relatively average for a sandy beach (Kelaher &ihiewn 2003, Table 4.2); Climping had the
largest average (0.8 % TOM), whilst, Elmer hadl#rgest maximum value (1.5 % TOM). The
oxic layer was deeper at Felpham than Elmer anch@tg, with the lower landward level of

Bay 4-5 showing the shallowest average oxic laye¥ ¢m + 1.4).

The temporal variability of each of the sedimentialales (total organic matter, depth of the
oxic layer and the mean grain size) was very diffierfor each of the beaches (Fig. 4.4). The

amount of TOM was more variable over time at Elmed Climping than Felpham, with the
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latter sediments lower in TOM than the other twadiees. At Elmer, the TOM of the sediments
was highest in May, reaching 1.5 % carbon conterthé upper landward levels, these values
then fell in June 2005 (ca. 0.6 %), before risiggia in August (ca. 1 %) and November (ca.
1.2 %). Sediments in the three vertical shore EeaelEImer showed generally similar temporal
shifts. At Climping Beach there were different teorgd patterns, with elevated levels in the
March and a reduction in May, whilst at Felpham @M in the sediments was highest in
November (Fig. 4.4a). The depth of the oxic layeaswnost variable in the sediments at
Felpham and Climping beaches (Fig. 4.4a); the rladteowed no patterns of consistency
between the vertical shore levels. At Elmer, thdireents in each of the shore levels showed
relative homogeneity; the oxic layer was shallowasfugust (< 5 cm) and deepest in March
and January (15 cm) (Fig. 4.4b). The temporal Wéiig in sediment grain size at the three
beaches shows high variation occurred within botim@ng and Felpham (Fig. 4.4c)
sediments, varying between gravel and sand dormomatlmer showed little variation in

comparison.

When considering all the measured sediment vasablgether, overall the ten horizontal shore
locations sampled across all three beaches hadstlthe same sediment environments
(ANOSIM, R = 0.09,p = 0.001), as did the vertical shore levels at eathhe beaches
(ANOSIM, R = 0.141,p = 0.001), though marginally more differences. Tdrgest difference
occurred between Tombolo 6 at EImer and the beadtelaham (ANOSIMR = 0.356,p =
0.001), but with considerable overlap. The sedinemironments of Climping beach and the
bays at Elmer were the same (ANOSRV= 0.071,p = 0.17), whereas small differences were
observed between Climping and Felpham (ANOSRMW 0.341,p = 0.001) (Fig. 4.5a). The
horizontal shore locations that showed the modemihces were at Felpham and Tombolo 8
(Fig. 4.3 and 4.4a).
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Figure 4.4 Temporal variability in: a) total organic mattéx), mean depth of oxic layer, and c) the average

median grain size of sediments for the three bea@felpham, Elmer, and Climping) sampled over #opesf

one year.
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Figure 4.5MDS plots showing dissimilarities in the sedimenvieonment (variables: grain size parameters,
temperature, depth of oxic layer, thixotrophy, TObgach elevation) betwee) the ten horizontal shore
locations sampled from three beaches with differ€BSs (F: Granite Groynes (Felpham); C: Wooden
Groynes (Climping); E: Granite Breakwaters (Elmebifferences within and between bafags @): 2-3, 3-

4, 4-5 and 6-7 at Elmer) and tombold®mbolos ¢): 2, 4, 6, and 8 at Elmer) in sediment environneant
also be seen. Contour line from cluster analysiglifiean distance: 1.3 (solid) and 1.9 (dotted)) bnthe
vertical shore levels (upper landward (LW (U)), eandward (LW (L)), and seaward (SW) of breakwsite
for each of the three beaches (Felphaiy Elmer Bays ¢) ElImer Tombolos«), and Climping @ ). Contour
line from cluster analysis (Euclidean distance:(tigtted)).

When comparing vertical shore levels for Felphaimet bays, EImer tombolos, and Climping
the sediment environments were very similar (ANOSR 0.161,p = 0.001). The MDS plot
(Fig. 4.5b) shows that for Felpham, Climping ancth&t bays the beach environments between

the lower landward and seaward were similar widdanh beach.

The similarities shown between the beach sectioeshacause they were exposed to similar
wave conditions (Table 4.2), due to their geogreghproximity. Climping and Elmer beaches
were classified as ultra-dissipative macrotidal dves (> 2.0 BSI) and Felpham a fully
dissipative beach (1.5 - 20 BSI). Dean’s param@®r which does not take into account the
tidal range of the area, illustrated that dissigahigh wave energy (> @) was experienced in
the bays on the western and central parts of thakiarater scheme at Elmer, whilst intermediate
wave conditions (1-6) were experienced in Bay @&s(ern end) at Elmer beach, Felpham and
Climping (Table 4.2).

4.3.3 Benthic Macrofaunal Communities
4.3.3.1 Composition and abundance of the bentlféciiral communities

In total 51 species from six phyla were collect&€tle overall average benthic faunal density
was 6,521 ind/f(Table 4.3). The total number of species per ot shore location ranged
from 16 to 27 species; Climping beach had the Ig&&tspecies), Elmer ranged from 20 to 27,
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with no obvious differences between bays and toosholvhilst Felpham had comparable

numbers to Elmer (Table 4.4). All three beachesvgEminated by crustaceans (81 % of total
ind.), mostly made up of harpacticoid copepods%@8amphipods (27 %), and cumaceans (16
%, Table 4.3). Polychaetes only made up 16 % ofintdaiduals found at the three beaches,
however, this class was the most diverse group 20thpecies present.

Soio filicornis (O. F. Muller) was the dominant polychaete (14 f4otal ind), occurring in 51%

of the samples (Table 4.4). Amphipoda were lessrda/with only 7 species present, dominated
by two speciesBathyporeia pilosa Lindstrom(15 % of total ind.) an@athyporeia sarsi Watkin

(10 % of total ind). Oligochaetes were presenbim humbers (2 %), but they occurred in 20 %
of the samples and were dominated by tubificidser&hwere also occurrences of terrestrial
species typically found in the strandline, suclCateoptera (3 %), as well as decapods such as

juvenile Carcinus maenas (Linnaeus) (1 %).

Combining the six numerically dominant species freath vertical shore level yielded a total
of only 10 species (Table 4.48. sars (56 - 1,437 ind/f), Cumopsis goodsiri (Van Beneden)
(404 - 2,424 ind/ff), harpacticoid copepods (842 - 4,795 inf)nandS filicornis (289 - 1,773
ind/m?) were dominant at all the ten beach secti@silosa was numerically dominant in all
vertical levels at EImer beach at the same timegrothan Tombolo 8, with average densities
ranging from 274 - 3,781 indfmUrothoe brevicornis Bate (86 - 142 ind/f and Eteone picta
(Fabricius) (49 ind/ff) were only numerically dominant at one or moreelswf Elmer beach
(Table 4.4), whilstPontocrates arenarius (Bate) was found to only dominate at Felpham beach
(318 ind/nf).

Bathyporeia pelgagica (Bate) was dominant in four of the ten shore lorest (Felpham,
Climping, Elmer bay 2-3, and tombolo 8), with awsalensities ranging from 42 - 274 ind/m
and finally, tubificids were present in half of theach locations (Climping and four locations at
Elmer; Table 4.4) with average densities of 641 Bti/nf.
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Table 4.3The average (per Innumber of individuals and frequency of occurrefamreeach species/tax@€olumns 1-3 samples taken from the three beaches
adjacent to different CDSs: granite groynes (GGrai), granite breakwaters (GB Elmer), wooden gesy(WG Climping) Columns 4-9 total numbers of
individuals (per rf) in the three different vertical shore levels (epand lower landward (LW) and seaward (SW)) fothblsays and tombolos at Elmer.
Columns 10-11 the percentage contribution and frequency of oetice of each species to the total number of iddals sampled. Data collected on one day
per five seasons between March 2005 and Januaf; 2601148.

Elmer - Bay Elmer - Tombolo
Phylum Order/Species GG GB WG Upper Lower SW Upper  Lower SW Total Occurrence
Felpham Elmer Climping LW LW LW LW (%) (%)
Crustacea Amphi poda 1,019 2,090 350 460 3,652 907 1,660 5,308 414 27.35
Atylus swammedali 0 1 0 0 0 0 0 0 7 0.01 0.31
Bathyporeia pilosa 83 1,282 2 215 1,204 492 820 4,591 44  14.88 29.06
Bathyporeia sarsi 343 701 88 160 2,251 272 820 680 190 9.55 33.91
Bathyporeia pelagica 274 67 260 76 124 108 18 16 64 1.81 15.63
Pontocrates arenarius 318 7 0 2 0 14 0 0 27 0.68 6.56
Unidentifiable 0 3 0 0 5 2 0 11 0 0.04 0.78
Urothoe brevicornis 0 30 0 7 69 18 2 9 82 0.38 4.06
Capréellalinearis 0 0 0 0 2 0 0 0 0 0.00 0.16
Cumacea 2,429 905 1,234 92 795 1,376 121 403 1,882 16.18
Bodotria arenosa 2 0 0 0 0 0 0 0 0 0.00 0.16
Cumopsis goodsiri 2,424 905 1,234 92 795 1,376 121 403 1,882 16.17 50.00
| phinoe trispinosa 2 0 0 0 0 0 0 0 0 0.00 0.16
Decapoda 0 3 0 0 5 5 0 0 7 0.03
Carcinus maenas 0 3 0 0 5 5 0 0 5 0.03 0.94
Corystes cassivelaunus 0 0 0 0 0 0 0 0 2 0.00 0.16
Crangon crangon 2 1 0 0 0 2 0 0 5 0.02 0.63
Harpacticoida 1,376 2,612 1,771 133 7,043 4,067 291 742 3,613 37.64
Harpacticoid Copepod 1,376 2,612 1,771 133 7,043 4,067 291 742 3,613 37.64 43.75
Isopoda 0 2 0 0 0 0 0 0 11 0.02
Idotea pelagica 0 1 0 0 0 0 0 0 5 0.01 0.31
Janiropsis brevinenius 0 1 0 0 0 0 0 0 7 0.01 0.16
Ostracoda 0 1 0 0 0 7 0 0 0 0.01 0.16
Annelida Polychaeta 429 1,193 1,207 222 1,367 2,585 103 387 2,118 16.61
Arenicola marina 69 39 47 69 25 21 23 80 9 0.67 11.72
Capitella capitata 0 1 0 0 0 0 2 5 0 0.01 0.47
Eteone picta 10 62 44 11 101 80 23 50 92 0.81 17.81
Glycera tridactyla 20 28 24 25 25 78 2 18 16 0.41 11.09
Magelona mirabilis 2 0 0 0 0 0 0 0 0 0.00 0.16
Malaceceros fuliginosus 7 2 0 7 2 0 2 0 2 0.04 1.41
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Table 4.3continued

Elmer - Bay Elmer - Tombolo
Phylum Species/taxa GG GB WG Upper Lower SW Upper  Lower SwW Total Occurrence
Felpham  Elmer Climping LW LW LW LW (%) (%)
Nephyts spp. 0 1 0 0 2 0 0 0 2 0.36 11.25
Ophryotrocha puerilis 2 0 0 0 0 0 2 0 0 0.01 0.31
Perinereis cultrifera 0 0 0 0 0 0 0 0 2 0.00 0.16
Phyllodoce maculata 12 27 47 7 30 60 0 14 64 0.46 8.13
Scololepis foliosa 0 1 0 0 2 0 0 0 2 0.01 0.31
Scololepis squamata 2 13 0 0 5 11 5 53 0 0.15 4.22
Spio filicornis 289 990 1,014 94 1,143 2,299 37 167 1,859 13.63 51.41
Spionid sp. 0 2 0 5 0 0 0 0 7 0.02 0.63
Spiophanes bombyx 0 1 0 0 2 0 0 0 0 0.00 0.16
Unidentifiable 0 1 0 2 7 0 0 0 0 0.02 0.31
Oligochaeta 34 122 86 53 71 60 32 437 27 1.58
Enchytraeid worm 0 0 0 0 0 0 0 2 0 0.00 0.16
Oligochaete sp. 2 0 6 0 0 0 0 34 0 0.07 0.63
Tubificid 34 116 51 50 71 60 32 401 27 1.51 19.53
Nemertea Nematode 5 31 0 27 23 16 16 60 23 0.34 6.88
Hexapoda Isotomidae 2 4 5 2 5 5 2 9 2 0.06
Axelsonia littoralis 2 1 2 0 2 0 0 0 0 0.01 0.47
Kelp Fly: Mycetophilidae 0 4 2 2 2 5 2 9 2 0.05 1.56
Diptera (Flies) 2 0 0 0 0 0 0 0 0 0.00 0.16
Nematocera 2 0 0 0 0 0 0 0 0 0.00 0.16
Coleoptera 10 9 2 16 11 0 14 2 7 0.13
Aleocharnae (Family) 0 0 0 0 0 0 2 0 0 0.00 0.16
Carabidae (beetle) 0 0 0 2 0 0 0 0 0 0.00 0.16
Coleoptera puporium 2 2 0 5 2 0 5 0 0 0.03 0.16
Eurynebria complanata 0 0 0 0 0 0 2 0 0 0.00 0.16
Kelp Fly 7 6 0 9 9 0 5 2 7 0.08 2.66
Micralymma marium 0 0 2 0 0 0 0 0 0 0.00 0.16
Chelicerata  Arachnida 0 1 2 0 2 0 0 0 5 0.02 0.63
Haplodrassus minor 0 1 2 0 2 0 0 0 5 0.02 0.63
Pycnogonida Pycnogonida 0 0 0 0 0 0 0 0 2 0.00 0.16
Mean per m? 5,302 6,943 4,658 978 12,951 9,010 2,223 7,289 0908,
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Table 4.4 Distribution of the six most dominant species fowat each of the ten horizontal shore locations at
the three beaches (GG: granite groynes (Felpham),g@nite breakwaters (Elmer), WG: wooden groynes
(Climping)). Tombolos (T) and bays (B) are shownEtmer.

Vertical Shore Sections

Order/Species GG GB GB GB GB GB GB GB GB WG

Felph Elmer Elmer Elmer Elmer Elmer Elmer Elmer Elmer Climpin
am (T2) (B2-3) (B3-4) (T4) (B4-5) (T6) (B6-7) (T8) g

Bathyporeia pilosa

Bathyporeia sarsi ]

Bathyporeia pelagica °

Eteone picta ]

Pontocrates arenarius °

Cumopsis goodsiri ] o o ] ] °

Harpacticoid Copepod ° ° ° ° ° °

Spio filicornis ° ° ° ° ° °

Tubificid . . ° ° °

Urothoe brevicornis o L

Total ind/m? 5,307 4,019 4,104 8,228 5,375 9,252 7,227 3,308 2,824 4,672

Total species 25 22 24 20 25 27 24 23 24 16

4.3.3.2 Spatial patterns of overall community measu

Horizontal shore location and vertical shore levels

The total average number of individuals and spgoégsstation ranged from O to 52,101 ind/m2
and O to 8 species, respectively, with average$, 521 ind/m2 and 3 species. At Elmer there
were significant differences (ANOVAp < 0.001) both between the horizontal and vertical
shore positions in the total average number ofviddals, species and species diversity (overall
community measures, Table 4.5).

Table 4.5Results from three-factor analysis of varianceingsfor the spatio-temporal effects of LCSs on the
total number of individuals, total number of spsciand species diversity (Shannon’s Index) of taethic
communities adjacent to three types of CDS. Vagsiwere factor 1, *horizontal shore location’ wiib fixed
levels (Felpham, Climping, Elmer (E) bay (B) 2-B¥4, EB 4-5, EB 6-7, E tombolo (T) 2, ET 4, ETE[

8; n = 60), factor 2, ‘vertical shore level’ with 3 & levels (Landward upper & lower, and Seaward;200),
and factor 3, ‘time’ with 5 random levels (months; 120).p set to 0.01¥p <0.05,** p<0.01,*** p<0.001.

Total number of Total number of Species Diversity
individuals species (Shannon’s Index)
Variable df MS F MS F MS F
HS 1 11669.60 7.81* 20.75 12.82* 151 12.50*
VS 2 85385.66  57.15* 220.42 136.15* 5.65  46.72*
T 4 105947.85  70.92* 121.07  74.79* 249 20.62*
HS x VS 2 7918.80 5.30 11.96 7.39* 0.70 5.78**
HSxT 4 4743.80 3.1NS 8.83 5.4BIS 0.61 5.00lS
VSxT 8 20362.61  13.63* 10.45 6.46* 0.61 5.05**
HSxVSxT 8 3844.33 2.57* 6.13 3.79** 0.31 2.60**

HS = horizontal shore, VS = vertical shore, T = &im
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There were significant differenceg ¥ 0.05) in the community species diversity betweaoh
vertical shore level (Fig. 4.6); the communitiexcdmae more diverse towards the low shore
(seaward side of the LCS).
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Figure 4.6 Mean a) total number of individuals (indmb) total number of species, and c¢) Shannon’s
diversity index for each vertical shore level (LWdndward (U: upper, L: lower), SW: seaward) acrabs
beaches sampled. Error bars are + SE and numher8 hbove error bars correspond to Tukey’'s HBE

hoc test subset groupings from one-way ANOVAs.

The total densities were most variable betweerhtnzontal shore locations (Fig. 4.7). Bays 3-
4 (9,874 ind/rf) and 4-5 (9,659 ind/M supported the greatest number of species and7ay
(3,970 ind/mM) and tombolo 8 (3,382 indAnhad the least; there was much overlap between the
rest of the horizontal shore locations (Fig. 4Tf)e greatest total average number of species (>
3.5) was at Elmer, but there were fewer at eitinelr & the scheme; the least average number of

species were at tombolo 8 (2 species).

The number of individuals in the sediment at Fetplaand Climping beaches was just below the
average for all the beaches (6,102 irfj/nwith sediments at Felpham also having below
average number of species (3 species), and Clintpadgjust above this value (Fig. 4.7). The
community species diversity was lowest at FelpharadB (0.54) and tombolo 8 (0.3); the other

beach sections showed no differences and had tegeeeerage species diversity of 0.8.
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Figure 4.7 Mean a) total number of individuals, b) total numbéspecies, and ¢) Shannon’s diversity index
for each horizontal shore locations £ 72) adjacent to different types of CDSs (Felphgnanite groynes
(vertical stripped bars); Elmer: granite breakwatésolid bars); Climping: wooden groynes (horizbnta
stripped bar)). Tombolos (solid black) and bayi¢salhite) shore locations at Elmer shown (Tombdp4, 6,

and 8; Bays 2-3, 3-4, 4-5, and 6-7). Shore locatidisplayed in order of geographical situation fraest to
east (Felpham to Climping). Error bars are + SE authbers 1, 2 and 3 above error bars correspond to
Tukey’s HSDpost hoc test subset groupings from 3-way ANOVA (Table 4.5)
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Horizontal shore type (bays and tombolos)
When analysing the community measures betweendine fays, there were only significant
differences § > 0.05) in the total number of individuals and mothe numbers of species or

species diversity (Table 4.6).

Table 4.6 Results from two 3-way ANOVA's testing for the sipatemporal effects of different bays and
tombolos on the total number of individuals, totaimber of species, and species richness of théhibent
macrofaunal communities within the Elmer Beachloffe breakwater system. Variables were factordysb
or ‘tombolos’ with 4 fixed levels each (bays: 234, 4-5 and 6-7n = 60; tombolos: 2, 4, 6, and 8;= 60),
factor 2, ‘vertical shore levels’ with 3 fixed Idge(Upper and Lower Landward and Seaward; 80), and
factor 3, ‘time’ with 5 random levels (months= 48).p set to 0.01Fp < 0.05,** p < 0.01,*** p < 0.001.NS

= not significant f > 0.5).

Total number of Total number of Species Richness
individuals species (Shannon'’s Index)

Variable df MS F MS F MS F
Bays
B 3 0.97 14,99+ 0.03 1.44NS 0.02 1.08NS
VS 2 18.97 293.52* 1.53 71.56** 0.06 4.59
T 4 4.58 70.84* 0.68 31.63 0.17 12.30*
B x VS 6 0.30 4.65* 0.02 0.7MNS 0.05 3.32*
BxT 12 0.65 10.08* 0.19 9.04** 0.08 5.49**
VSXT 8 0.67 10.30* 0.05 2.2% 0.01 0.6ANS
BxVSxT 24 0.40 6.23* 0.04 2.06* 0.01 1.04NS
Tombolos
To 3 4.71 72.49* 0.92 44 .58 0.27 22.67*
VS 2 11.66 179.39* 2.00 97.31** 0.38 32.06+
T 4 5.04 77.48+ 0.42 20.22+* 0.08 6.55**
Tox VS 6 1.97 30.26* 0.39 18.95* 0.11 9.74**
ToxT 12 0.84 12.97* 0.06 2.88* 0.01 0.7NS
VSXT 8 0.46 7.12* 0.10 481+ 0.06 5.50**
ToxVSxT 24 0.70 10.72* 0.10 4.90** 0.03 2.68**

B = bays, VS = Vertical Shore, T = Time, To = Tortho

The central bays 3-4 and 4-5 had approximately 5éfe individuals than bays 6-7 (3,970
ind/m?) and 2-3 (4,925 ind/A. The differences seen between the different tdosb@able 4.6)
were because tombolo 6 had greater densities ofidogls (> 8,500 ind/ff) than any other
tombolo, whilst tombolo 8 had the least total déesi(> 2,500 ind/ff). Differences in the
numbers of species and species richness were st&pdn benthic communities of different
tombolos (Table 4.6); tombolo 8 was different fréime other tombolos, with reduced species

diversity, whilst there were no differences betw#enother tombolos (Fig. 4.8).
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Figure 4.8 Mean a) total number of individuals (ind)mb) total number of species, and c) Shannon’s
diversity index for each vertical shore level (L\&ndward (U: upper, L: lower), SW: seaward) forgFelm,
Elmer (Tombolos and Bays), and Climping beachesrlrars are + SE and numbers 1 to 2 above errsr ba
correspond to Tukey’'s HSpost hoc test subset groupingp € 0.01) from a series of ANOVAs. Black arrows
with asterisk between bays and tombolos at Elmgicate significant difference$ff < 0.05,** p < 0.01,***

p < 0.001).
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Soatial interactions between vertical and horizontal shore positions

Overall, there were very significant vertical shoevel and horizontal shore location
interactions for all the beaches (Table 4.5). TikdySD post hoc tests of the community
measures showed that there were no significanerdifices f > 0.05) in communities at
different shore levels at either Felpham or Clingpirhowever, there were shore level
differences within the bays and tombolos at Elnfreg.(4.8). In both bays and tombolos, there
were no significant differences in the numbersrafividuals and species between the lower
landward and seaward communities, although therdavelward of bays did show tendency to
have more species than the seaward sides; both gomynmeasures were significantly greater
than in the upper landward. This was similar fag #pecies diversity for both communities;
with a gradually increasing trend in diversity todsthe seaward sides of the structures (Fig.
4.8). In each shore level, there were no signitigan> 0.05) differences between bays and

tombolos for any of the community measures.

Nevertheless, there were indications that the coniiies were more densely populated in the
upper landward of the tombolos than the bays andifference in number of species, but the
bays were more diverse than the tombolos (Fig. £&)thermore, in the lower landward level
of the beach there were indications that there weoge individuals, species and species
diversity in the bays compared to the tombolos, dgample, there were 1.6 times higher
densities of individuals in bays (> 11,500 indyrcompared to tombolos (Fig. 4.8). On the
seaward sides of the breakwaters there were rereiiftes in community measures between bay

and tombolo shore locations.

4.3.3.3 Temporal patterns of overall community mees

There were significant differences in all the conmityy measures over time (Table 4.5, Fig.
4.9). The total number of individuals showed thestrtiemporal change, with a significant peak
in average total abundances was in May (> 15,0600, whilst the least abundances were
observed in November and January (< 3,000 iRd/fhe total abundances of individuals were
low in the August, similar to those in November,rbfa and January. The changes over time in

number of species and species diversity were mam@ugl in comparison to the abundances.
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Figure 4.9 Mean a) total number of individuals, b) total numbéspecies, and c) Shannon’s diversity index
for each time period sampled for 1) all beachespdaanand 2) vertical shore levels across all beache
sampled. Error bars are £+ SE and numbers 1 to ¥eaboor bars correspond to Tukey’'s HB&xt hoc test
subset groupings from ANOVAs. X Axis scales arentid/yy so in temporal proportion.
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The number of species was greatest in May and Juitteno significant difference between the
two time periods (Fig. 4.9 (1b)); this was followby a gradual decrease to an average of 2.2
species in January. The species diversity showezthrauerlap between time periods sampled,
with only the communities in January being totadignificantly separate with an average
diversity of 0.5. There were no significant intgraes of shore location with time (> 0.05).
The same temporal patterns were seen at each h@izhore location. This was not the case
for the vertical shore levels; there were signiiicgp < 0.001) community differences in shore

level over time.

The lower landward and seaward benthic commun{igdisbeaches pooled for each vertical
shore level) had the same large peak in densityddfiduals in May (Fig. 4.9 (2a)), reaching an
approximate average of 21,000 ind/mihis abundance peak was followed by a large dsere

in individuals in June, approximately 13,000 in&/rn contrast, in the upper landward, the
abundance of individuals did not see a peak in Nday.in June instead, but this was only small
in comparison and was not significantly differerdrh the other shore levelp & 0.05). The
number of species in both the upper and lower lamdvbenthic communities peaked in June
(3.7 and 5.7 species, respectively; Fig. 4.9(2khereas, the numbers of species in the seaward
communities peaked earlier in May with slightly ager average number of species (6.3
species). Although the densities of individuals evargh in May for the lower landward, the
diversity indices showed that it was not very déegrunlike the seaward sides of the structures
(Fig. 4.9 (2¢)). The diversity of the lower landwarommunities did not change very much with
time, whereas it did for the upper landward andveed communities. The species diversity in
the upper landward and seaward communities shdweedame temporal pattern as the densities

of individuals.

4.3.3.4 Spatial patterns of the benthic infaunahicwnities

Overall, the infaunal community structures of tee horizontal shore locations were comprised
of a core of similar species (see section 4.3.9vith, virtually no differences (Global R = 0.094,
p < 0.01). Whereas, vertical shore level had a diigstronger effect on community structure
than horizontal shore location, but overall thetbencommunities at different shore levels at
Felpham and Climping beaches, and the Elmer bagist@mbolos were similar (ANOSIM,
GlobalR = 0.287,p = 0.001).



Chapter 4: Sediment Faunal Assemblages and Decaying Macroalgae Deposits 134

43341 Horizontal shore locations

Small trends were observed in the abundances ofioh@&nant species at certain horizontal
shore locations. The MDS ordination plot (Fig. 4.5dows that communities within Elmer
beach formed an aggregated group separated frose ttmmmunities at Felpham and Climping
beaches; with the exception of tombolo 8 commusiitighich showed the most differences
from all the other shore locations. There were dlsee distinct aggregations of similarity
within the beach at Elmer. Bays 3-4 and 4-5 weoriged very tightly with 89 % similarity in

community structure, bays 2-3 and 6-7 and tombd&oand 4 were grouped with 80 %
similarity, whilst, the communities within tombotshowed the least similarity with only 65 %

similarity to these two aggregations.
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Figure 4.10 MDS ordination plot of all species found at eachizantal shore location with different CDS
types (F = Felpham (Granite Groynes), C = Climpimgach (Wooden Groynes), E = Elmer (Granite
Breakwaters)). Differences within and between b@ays @): 2-3, 3-4, 4-5 and 6-7 at Elmer) and tombolos
(Tombolos @A): 2, 4, 6, and 8 at EImer). Contour line from tdusanalysis: 65% (grey solid line) and 80%
(black dotted line) similarity.

Similarity-percentage analysis (SIMPER) showed thatvery small faunal differences between
the different shore locations were due to a smaflety of dominant species, either specific
species were only present in certain areas, oe tiwere significant differences in abundances
(Fig. 4.11). The faunal differences seen for Fefdphaere due to the high abundance
contributions ofC. goodsiri (52 %).

Although C. goodsiri was present at all the other sites, they werepnesent in such high
abundances (> 2,000 indfyras at Felpham, this was twice that found at Ciigpand 2 - 6
times that found at EImer beach (Fig 4.11).
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Figure 4.11 Mean densities of apathyporeia pilosa, b) Bathyporeia sarsi, ¢) Cumposis goodsiri, d) Spio
filicornis, e) Pontocrates arenarius, f) Harpacticoid copepods and g) tubificids in ledwrizontal shore
location of beachn(= 72) adjacent to different types of CDSs (F, Ralp (granite groynes); E, EImer (granite
breakwaters); C, Climping (wooden groynes)) thafiuance the differences in community structure.
Tombolos (horizontal lines) and bay (solid blaaigdtions at ElImer are shown (Tombolos 2, 4, 6,&righys
2-3, 3-4, 4-5, and 6-7). Vertical shores displaiyedrder of geographical situation from west tot¢aslpham

to Climping).NB of different y-axis scales.

In addition,P. arenarius (10 % contribution) was only present at Felphafim@ing was least

similar to those shore locations at Elmer because @ombination of reasonably high
abundances of. goodsiri (> 1,100 ind/r), S filicornis (948 ind/nf), and harpacticoid
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copepods (> 1,600 indfn The high abundances 6f goodsiri at both Felpham and Climping
beaches accounts for the similarity between these beaches (Fig. 4.11). The faunal
differences seen for Tombolo 8 at Elmer were du¢h&high abundance contribution from
tubificids (14.8 %) and a lack of significant caobtrtion from eitherBathyporeia sp. or

harpacticoid copepods, which were found singulantyin combination in all other beach

sections.

Tombolo 6 showed dissimilarities to the other baysl tombolos at Elmer because of the
especially high abundance contribution fr8apilosa (32.8 %) with an average abundance of >
3,500 ind/m. This abundance was on average five times grézaerat any other beach section
at Elmer, Felpham or Climping. In addition, the &stvabundances of harpacticoid copepods (>
700 ind/nf) were found in Tombolo 6 (Fig. 4.11). The groupioigBays 6-7 and 2-3, and
Tombolos 2 and 4, were due to the high abundancéribotions of Bathyporeia spp., C.
goodsiri, harpacticoid copepods, agdfilicornis as they were in relatively similar abundances,
whilst the similarities between bays 3-4 and 4-Semeecause of high contributions fragn
filicornis abundances (47 % and 43 %, respectively) withhthhest abundances (868 ind/m
and 1,434 ind/m respectively) sampled. Furthermore, harpacticoipepods were high
abundance contributors (17 % and 21%, respectivelyhe communities in Bays 6-7 and 2-3,
and Tombolos 2 and 4, with the highest average gdnoes sampled (> 4,000 ind/and >
3,800 ind/m, respectively), three times that of other horiabshore locations.

43342 Vertical shorelevels

There were no differences (ANOSIM,> 0.05) in the communities between different \caitti
shore levels at Felpham or Climping, whereas, thene some differences in the communities
in the bays and tombolos at Elmer (Table 4.7). Giteatest differences occurred between upper
landward and the seaward communities for the too®yolvhere the communities were as
different as they were similar (Table 4.7). In tbenbolo locations, both landward (upper and
lower) shore levels showed similarity, whilst thesemmunities showed some overlap in
similarities with those on the seaward sides oftitreakwaters (Table 4.7). The MDS ordination
plot (Fig. 4.12) shows the similarity between they land tombolo seaward communities at
Elmer (88 % similarity), and show separation frone tandward tombolo communities. In

contrast, the bay communities showed stronger réifiees between the upper and lower
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landward levels, than between the lower landwart ssaward sections, which were extremely

similar (Fig. 4.12).

Table 4.7 Results of ANOSIM and pair-wise tests for differea in faunal community structure between
vertical shore levels at Felpham, Elmer bays, Eltaetbolos, and Climping. Analyses performed on sgua

root transformed datgp < 0.05,* p < 0.01,*** p < 0.001,NS = not significant|f > 0.05).

Felpham Elmer: Elmer: Climping
Tombolos Bays
Levelscompared R R R R
LW (U) - LW (L) —0.142NS 0.155* 0.314**  0.0.28NS
LW (U) - SW —0.074NS 0.578*  0.516** 0.035NS
LW (L) - SW —0.183NS 0.503**  0.089*  —0.044NS

Similarity-percentage analysis (SIMPER) showed Bhagtilosa was the numerically dominant
species in the upper and lower landward commun{dés% and 35 %, respectively) of the

tombolos. The small differences seen between ttveseshore levels were primarily due to a
high abundance contribution from tubificids (18 #)the lower landward zone (Fig. 4.13).
There were also differences in the abundance. pflosa, with 82% greater densities in the
lower than in the upper landward zone (Table 4i§, #£13). The polychaet& filicornis was

the highest abundance contributor to communiti@svaed of the tombolos, with harpacticoid

copepods an@. goodsiri also typically dominant (Fig. 4.13).
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Figure 4.12MDS ordination plot of benthic infauna at diffeterrtical shore levels for Felpham)( Elmer
bays @), Elmer tombolosd), and Climping @& ). Dotted line shows Bray-Curtis similarity (60%8sults.
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The contrasting differences between shore leveds $&r Elmer bays (Table 4.7) were due to
the dominance dB. sarsi andB. pilosa in the upper landward shore communities (25 % 2hd
%, respectively), wherea$§ filicornis was typically the most dominant species in both th
lower landward and seaward communities (28 % and %34 respectively), with total
contributions fromBathyporeia spp. only accounting for 18 % and 2 % (respectjvef the
abundances. Furthermore, harpacticoid copepod€agdodsiri were also typically dominant

in the lower shore levels and not in the upperveard shore communities.
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Figure 4.13 Mean densities aBathyporeia pilosa, b) Bathyporeia sarsi, ¢) Cumposis goodsiri, d) Spio
filicornis, e) tubificids and f) Harpacticoid copepods inteaertical shore level (upper landward (LW (U)),
lower landward (LW (L)), and seaward (SW)) of tlieee beaches adjacent to different CDS (Felpham &
Climping, n = 20; Elmer bays & tombolos,= 80).NB: different y-axis scales.
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43343 Inter actions of shore locations and levels

ANOSIM and MDS ordination analysis of the benth@renunities were carried out to assess
the relationships between all ten horizontal sHooations at each vertical shore level (Fig.
4.14). The ANOSIM tests showed that the communitiege significantly similarg > 0.05) at
each shore level (GlobaR = 0.264,p = 0.001). The greatest similarity was between
communities on the seaward sides of structuredswtie lower landward zones had the most
differences (Fig. 4.14). The MDS plots show tha talationships between the shore locations
were different at each shore level (Fig. 4.14). Emample, the upper landward and seaward
communities at Climping were similar to communitias Felpham, and less so to Elmer;
whereas, lower landward communities were extrersagtjlar to communities in Elmer bays
and not Felpham.

The lower landward communities were similar, witime small differences between bays and
tombolos at this level (ANOSINR = 0.252,p = 0.001). There were, however, no differenges (
> 0.05) between bays and tombolos in the uppemandl and seaward levels (Figs. 4.12 &
4.14). The lower landward communities for Elmer a@timping beaches were tightly
aggregated in similarity. The communities sampledh® seaward sides of the breakwaters, in
front of both bays and tombolos, were more thar®@@imilar in species composition (Fig.
4.14). The communities on the landward side ofcstme 8 (tombolo 8) were shown to have the
least similarity (> 20 %). The other tombolos aray$ had little similarity between the upper
and lower sections (> 30 %) of the landward sidertdermore, the lower landward
communities in the western and central bays (Ba§s34, and 4-5) showed more similarity to
the seaward communities (65 %) than to tomboldsagr6-7 (50 %).

The small differences in communities between thveelolandward communities of bays and
tombolos were partially due to the total densitésamphipods, with less abundance in bay
communities compared to tombolos; this contribute®2 % of the dissimilarity. The lower
landward tombolo communities were dominatedBaghyporeia spp. (68 % contribution);B.
pilosa (53 %) was more than 6 times more numerically eami thatB. sars (15 %), with
average densities of 4483 ind/and 723 ind/h respectively (Fig. 4.13).
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Figure 4.14MDS ordination plots of all species found at egeltical shore level (upper and lower landward,
and seaward) for each horizontal shore locatioh ditferent CDS types (F = Felpham (Granite Groyn€s

= Climping beach (Wooden Groynes), E = Elmer (Gemmreakwaters)). Differences within and between
bays Bays @): 2-3, 3-4, 4-5 and 6-7 at Elmer) and tombol®srtibolos @&): 2, 4, 6, and 8 at Elmer) are
shown. Contour line from cluster analysis: 82 %a¢kldotted line) similarity.

Conversely, at this level in the bas,pilosa (6 %) was less dominant (1.8 times) tli&arsars

(16 %), with average densities of 1,155 inti/and 2,125 ind/@ respectively. The highest
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densities of tubificids (11 %) occurred in the lowandward zones of the tombolos, with an
average of 432 ind/fr(Fig. 4.14), whereas, on average 79 irfwere in the baysS filicornis
(32 %) and harpacticoid copepods (27 %) were thst mominant fauna in the lower landward
section of the bays (782 and 6,680 intj/mespectively) - more than 4 and 9 times the
abundance found in the tombolos. The polychegtilicornis was also the highest abundance
contributing species (40 %) on the seaward sideshefbreakwaters, thus explaining the
aggregation of the lower landward and seaward kayntunities (Fig 4.14), although the

abundances were over twice as large in the seashare level (1,911 ind/

The differences in communities in the upper landivahore levels between Elmer and
Climping were due to the densities of harpactiamgepods (27 %);. goodsiri (20 %) andS.
filicornis (17 %). The densities of these species were muestgy at Climping than found at
Elmer (Fig. 4.15). Furthermore, the abundance dmrtton from amphipods was negligible (< 5
%), with densities less than 100 ind/rapproximately ten times less than at EImer Be&ch.
contrast, the lower landward communities at ClingpBeach were very similar to those in the
bays at Elmer (Fig. 4.13b); this was because ofsthmlar high abundance contributions from
copepods (35 %)C. goodsiri (31 %) and the polychaet8, filicornis (32%). Felpham showed
dissimilarities at this shore level to the othemtWweaches because of the high abundance
contributions of the amphipoB. arenarius (20 %) andC. goodsiri (57 %); the latter, with
densities of 2,010 ind/Mmwhich was more than twice as great as at EImergd. similarities
were seen between seaward communities of all hwatshore locations. All the communities

were dominated by the speci&sfilicornis, C. goodsiri, and harpacticoid copepods.

4.3.3.5 Temporal patterns of the benthic infauahmunities

The structure of communities significantly changmebr time at each of the beaches when
vertical shore levels were combined (Table 4.8 greatest changes were experienced in the
communities adjacent to the granite groynes at lfagtip and wooden groynes at Climping;
greater than across the Elmer bay and tombolo conti@st The largest temporal changes did
not occur between the same months at each of thehbgpes. The largest change in
community composition at Climping Beach occurreahfrAugust to November (Fig. 4.15c),

where the communities were almost completely diffiéfrom each other (Table 4.8).
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Table 4.8ANOSIM GlobalR and pair-wise tests for temporal differences dauinal community structure for
the horizontal shore locations at three beacheacadf to different types of CDS (differences foydhand
tombolos at EImer were separated). Analyses peddron square-root transformed daiaet to 0.017p <
0.05,** p< 0.01,*** p< 0.001,NS = not significant|f > 0.05). Largest significant temporal changb&afd.

Felpham Elmer: Elmer: Climping
Tombolos Bays

R R R R
Global test 0.436**  0.108** 0.204** 0.438**
Levels compared
Mar 05 - May 05 0.469* 0.043 0.094** 0.428**
May 05-Jun05 0.146  —0.022NS 0.243* 0.434**
Jun 05 - Aug 05 0.657** —0.044NS —0.024NS  0.508**
Aug 05-Nov 05 0.26 0.133** 0.127** 0.95T**
Nov05-Jan 06 0.308 0.006NS 0.073* 0.156*

The temporal community changes at Felpham wereasdarge (as judged By values) as at
Climping, and occurred at a different time, betweime to August (Fig. 4.16a). The
communities at Elmer were the most similar overeti(Table 4.8). The bay communities
changed more than tombolo communities, but onlygmatfly, with the largest community
temporal changes between May and June in the bayncaities (ANOSIMR = 0.243), and
between August and November in the tombolo asseabléANOSIMR = 0.133) (Fig. 4.15b,
Table 4.8).
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Figure 4.15MDS ordination plots of changes in community stuoe over time (Mar, May, June, Aug, Nov
2005, and Jan 2006) at a) Felpham, b) Elmer beysufd tombolosd), and c) Climping beaches. Contour
line (dotted line) from cluster analysis: a) 40 fikarity, b) and c) 60% similarity contour line.

MDS ordination analysis showed that in June andustighe communities at Climping Beach,
and Elmer bays and tombolos were separated at §tnharity (Fig. 4.14a), whilst, at Felpham,
communities in June and May were grouped, but witly 40 % similarity, with communities

in August showing dissimilarity. The benthic comnii@s adjacent to the wooden groynes at
Climping Beach had the greatest changes in comgnatitcture over time because of changes

in both species composition and densities of illigls.
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Figure 4.16 Mean densities of dominant species influencing téraporal changes in benthic community

structure in Felpham, Climping, Elmer bay and Elnembolo sedimentsAttention: y-axis scales are
different.

Harpacticoid copepods were the main abundanceibatdr in March (59 %) and May (46 %),
this then changed t&. filicornis in June (40 %), with little contribution (< 10 %)pm the
copepods. In August the high abundance contribigpegies, changed completely to tubificids
(59 %), Phyllodoce maculata (Linnaeus)(19 %) andGlycera tridactyla Schmarda(15 %).
Whilst in November and Januar§, goodsiri were the highest abundance contributors (60 %
and 42 %, respectively), witB filicornis (21 % and 25 %, respectively) and harpacticoid

copepods (15 % and 27 %, respectively) also carttrip significantly to the community
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structure at that timeC. goodsiri was the only species to be consistently domirtaough time,
with the exception of August, when they were natorded to have been present in the
sediments; this was followed by a large increasédnsities in November, from 0 to 4,026
ind/m? (Fig. 4.16), this dramatic change accounts fo%4bf the dissimilarity in community
structures between August to November when the aamtras were the most different.

There were also considerable changes in the beotmumunities on the beach with granite
groynes at Felpham, because in each season thealdrspecies was not often present in other
seasons, similar to Climping. For example, in Marébntocrates arenarius was the main
abundance contributor (45 %), and otherwise wag ionsignificant abundance to contribute to
the community structure in June (17 9%).goodsiri was then the main abundance contributor in
the May (40 %) and June (57 %), as the abundanees ever 6 times as high as in any of the
other months (Fig. 4.16). In Augu&, sars (50 %)dominated, with harpacticoid copepods (30
%) also in high abundance contribution. In Noveml@rgoodsiri contributed to 90 % of the
community structure, whereas it was tubificids ¢pin January, which were also only present
in the March (13 %).

When differences in the shore level communitiesaath beach were investigated separately for
each month sampled (except June), the communigtetes were not significantly dissimilar

(p > 0.05) at either Climping or Felpham for any bé tmonths sampled (Table 4.9). There
were, on the other hand, significant differenceshim community structure between the shore
levels for both bays and tombolos at EImer in Maidiay, August, and November, but not in

January (Table 4.10). This showed that the tempzhahges seen at Felpham and Climping
occurred across all shore levels, whilst at Elrherihteractions with shore level and time were

more complicated.

There were small temporal changes in the bay amtébao communities at each vertical shore
level (Fig. 4.17). The overall trend seen for tlag sommunities were that the upper landward
communities were very different from those in tbeér landward and seaward areas. The latter
two communities were shown to be aggregated togetheimilarity (Fig. 4.17), with no
significant differences in August, November and u#ay, but in March and May the

communities had overlapping similarities and diskgirities (Table 4.9).
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Table 4.9 ANOSIM pair-wiseR tests for each month (excluding June) for spatifierences on infaunal
community structure between vertical shore level®ss Elmer bays and tombolos. Analyses perfornmed o
square-root transformed dafaset to 0.01Fp <0.05,** p<0.01,*** p<0.001. Felpham and Climping results
not shown as none were significant. Levels of diffee or similarity is given): different; O: overlapping;

S: similar).

Elmer: Elmer:
Bays Tombolos
Month R R
(GlobalR) Levels compared

Mar-05 LW (U) - LW (L) 0.51 o] NS -
(0.56%**) LW (U) - SW 0.99 D 0.84 D
LW (L) - SW 0.52 o] 0.8Z D
May-05 LW (U) - LW (L) 1* D NS -
(0.472*%) LW (U) - SW 1* D 0.68 o]
LW (L) - SW 0.29 S 0.62 o]
Aug-05 LW (U) - LW (L) 0.37 S NS -
(0.367**) LW (U) - SW 0.59 o] 0.57 @)
LW (L) - SW NS - 0.5% o]
Nov-05 LW (U) - LW (L) 0.32 S NS -
(0.345) LW (U) - SW 0.93 D 0.56 o]
LW (L) - SW NS - NS -
Jan-06 LW (U) - LW (L) NS - NS -
(NS) LW (U) - SW NS - NS -
LW (L) - SW NS - NS -

The largest significant difference in shore levalcwrred in May; the lower landward
communities were completely different (ANOSIRI= 1, p = 0.02) from the upper landward
and seaward communities. The landward tombolo comnities were very similar to each other
across all the time periods (Table 4.9); but b apper and lower landward communities
showed overlap in similarities and differences witle seaward communities (Table 4.9) for
March, May, and August (Fig. 4.17). There were eatical shore differences in January for

either the bays or the tombolos.

Table 4.10 shows the similarities and dissimilagsitbetween the bays and tombolos at each
shore level for each time period (Figure 4.17). Tdey and tombolo communities were
consistently similar over time in the upper landivand seaward sides of the breakwaters. In
contrast, in the lower landward levels, the bay wmmities showed significantp(< 0.05)

overlapping with as many differences as similagit@ tombolos communities.
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Table 4.10 ANOSIM pair-wiseR tests for each month (excluding June) for spatifiences on infaunal
community structure between bays and tombolos ¢t gartical shore level (upper landward: LW (U )y
landward: LW (L), and seaward: SW). Analyses penied on square-root transformed dgtaet to 0.01Fp
< 0.05,**p < 0.01,** p < 0.001; The largest significant spatial differeigé bold. “shows difference when

p<0.1
LW (U) LW (L) SW
R R R
Mar NS 0.4% NS
May NS 0.54 NS
Aug NS NS NS
Nov NS 0.44 NS
Jan NS 0.30 NS
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Figure 4.17 MDS ordination plots of differences in communityustures between horizontal shore levels
(upper landward (LW (L)), lower landward (LW (UBnd seaward (SW)) for bays)(and tombolos 4) at
Elmer for each time period (Mar, May, June, Aug,vNaD05, and Jan 2006). Cluster analysis contoasiin

60% similarity (dotted line), 80% similarity (solithe). See Figures 4.9 and 4.10 for ANOSIM GloBand
pairwise test results that correlate to these MDSp
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These differences were seen in March and May, butAuigust (Table 4.10). The strongest
difference was seen in May when the communitiesevasrsimilar as they were dissimilar. The
upper landward communities were different from thas the lower landward and seaward
levels in the bays for the majority of the monthkis was because the densities of individuals
(F 2, 252= 107,p < 0.001) and number of species,(ks, = 33.7,p < 0.001) were significantly
lower (< 5000 ind/rfy < 3 species) in the upper sections of the belich 4.18), particularly in
March, May and June, than either the lower landvearseaward communities (> 5,000 ind/m
> 3 species). SIMPER analyses showed ®Bahyporeia spp. were dominantly abundant
(37 - 63 %) in the upper landward communities Imadnths, except August. Their dominance
was less in the lower landward (25 - 33 %) and sedw< 12 %) becaus& filicornis,
harpacticoid copepods, afdgoodsiri became more typically abundant.
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Figure 4.18 Temporal changes in total mean (a) densities Bjpdumber of species in different vertical shore
levels (upper landward: LW (U), lower landward: L), and seaward: SW) for (1) bays and (2) tombalbs
Elmer beach.

In contrast, the landward communities on the tormbalere significantly similar (Table 4.9),
because although there were differences in theittensf individuals and number of species
(Fig. 4.18), the differences were not as largehasd in the bays, and importantly the species

compositions were very similaB. pilosa was consistently dominantly abundant in most ef th
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months in both the upper (except January) and Idaredward (except August) communities,
and only present in May and January in the seas@mimunities, but then only contributing to
less than 10 % of the densities of individuals. Beaward communities, as with in front of
bays, were typically dominated by filicornis in all months, also withC. goodsiri and

harpacticoid copepods being dominant (Fig. 4.19).

The most obvious difference in the compositiona¥eér landward communities between bays
and tombolos was in the amphipods, wih pilosa abundantly dominant in the tombolo
communities, an®. sars in the bay communities (Fig. 4.19). There were di$ferences in the
numbers ofS filicornis, which was only dominant in the bays and not theldolos, and
furthermore there were greater abundances of cajgejpothe bays than tombolos. The other
main difference was in the densities Af marina, which was more abundant in the upper and
lower landward tombolo communities, and upper lasmdirbay communities, but in far lower
densities in the lower landward bay communitiesoakimilar to that in the seaward

communities.

The changes in communities over time were relatigdiilar at all vertical shore levels for
both the bays and tombolos, for example the ineréagotal densities in May was seen at all
levels (Fig. 4.18). There were similar changes betwthe two horizontal shore locations (bays
and tombolos). For example, in August there waparticular dominating species in any of the
communities, but rather an increase in the numlberoatributing species, particularly from
carnivorous polychaetes, such Bspicta, G. tridactyla, and Phyllodoce maculata. In May,
when the densities of individuals were the greatestays and tombolos (Fig. 4.18), the upper
and lower landward tombolo communities were dona@daly B. pilosa (74 % and 53 %,
respectively), with the lower landward densitiesesding averages of 14,000 ind/rin the
bays, althouglB. sars were extremely dominantly abundant (lower landwaverage of >
7,000 ind/m), harpacticoid copepods were the most dominatiyndant in both the upper and
lower landward communities (36 % and 38 %, respebkt), with average densities of > 19,000

ind/m? in the latter communities.
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The upper landward communities of the bays wereptetaly different (ANOSIMR = 1) from
the lower landward and seaward levels in May (Tdb®. This was because of the increase in
A. marina densities, from less than 20 ind/to more than 100 indfmin May and June, whilst,

they remained below 35 indfrin the latter communities.

Following the extreme increase in densities in Mhgre were acute decreases of some species
by June, for exampleBathyporeia spp. (ca. —80 %), harpacticoid copepods (ca. -85 %
tubificids (ca. —89 %), an@. goodsiri (ca. —70 %). Coinciding with these decreasesgethare
increases in densities of other species from Majutee, for example, polychaetes, such as the
surface deposit feed& filicornis (ca. +65 %) and the carnivord®, maculata (ca. +75 %) in

seaward communities afd picta (ca. +75 %) in lower landward communities (Fid9).

These species dominance changes were particuleely & the lower landward and seaward
communities. In the colder months of November, danand March, a vertical shift up the
shore was seen in some species, which is why there no differences between communities
in January and little in NovembeC. goodsiri was abundantly dominant in these months, they
were typically dominant in the seaward and lowedlaard bay communities, but in January
they were also found to be dominantly abundanthenupper landward of tombolos and bays,

along withS filicornis.

4.3.4 Influence of environmental parameters and decaying macroalgae deposits on

macrofaunal communities

4.3.4.1 Environmental influences on spatial fawwmehmunity patterns

There were several measurable environmental vasathat could have influenced the
community structures of the three beaches samphetlyding sediment grain size, carbon
content of sediment, sediment temperature, amotimater in the sediment, depth of oxic
layer, beach elevation, decaying macroalgae depd%tt cover and biomass), and beach
exposure to waves and tides (Beach State Indexselanvironmental variables showed spatial
variation both vertically and horizontally acrobe three beaches in this study. These variables
were used in BIO-ENV and LINKTREE analysis (PRIMHEB, further information see Clarke
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& Warwick 2001) to determine to what degree theseiables could explain the faunal

community spatial differences that have been oleserv

The optimum combination of environmental variahiesulting from the BIO-ENV analysis to
match the faunal community spatial variation inisezhts on the seaward and landward (lower
and upper) levels of shore at Felpham and Climpnegches, and the bays and tombolos at
Elmer were the depth of the oxic layer, sedimeainiing efficiency, beach elevation (above
ODN) and amount of decaying macroalgae copér= 0.822). These four variables together
explained 82 % of the variation, with beach elevatbeing the best single environmental
predictor, explaining 78 % of the spatial chandég.(4.20). The decaying macroalgae cover

only explained 6% of the spatial changes.
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Figure 4.20 MDS ordination plots of spatial changes a&f the optimum combination of environmental
variables (depth of oxic layer, sediment drainifficency, beach elevation and decaying macroalyaeer;
pw = 0.810) to predict the benthic faunal communttyctures for the upper landward §, lower landward
(®) and seawardm( sections of bay (solid shape) areas of FelphaimeE and Climping, and tombolo
(hollow shape) areas of Elmer. Cluster analysisilaiity lines for environmental variable plot (Eid#an
distance: 1.1) and benthic faunal communities (BZaytis similarity: 40% (dotted), 60% (solidp) the
optimum combination of environmental variables (radgrain size, v fine gravel, v fine sand, v ceast,
depth of oxic layer, sediment draining efficiensgdiment carbon content, and decaying macroalganasis;
pw = 0.859) to predict communities in different horital shore locations (bay®)(and tombolos 4)).
Euclidean distance: 1.3 and 80 % Bray-Curtis sirityla
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LINKTREE analysis showed that when linking the falncommunities and optimum
environmental variables together, there were saugs, although three of these were relatively
closely linked. The most separated communities (SNDR = 0.92, LINKTREE B % = 97)
were the upper landward sections of the bays amtdatos at EImer, as well as lower landward
tombolo communities (Fig. 4.20). They were the nedsvated (> 1.8 m above ODN) areas of
the beach (Chapter 2), with high sediment draimffigiency. The upper and lower landward
levels of Felpham Beach were aggregated togeth@érnaeme separate from the other groups
(ANOSIM R = 0.84; LINKTREE B % = 61) because the sedimentyewvery oxic in
comparison (> 13.3 cm deep). The beach areas camther divided into the upper landward of
Climping beach and the lower landward level of baty&lmer (ANOSIMR = 0.55; LINKTREE

B % = 33), and the seaward sides of the structafesl the beaches (ANOSINR = 0.83;
LINKTREE B % = 23). The division between these |agb groups is because the former
retained less water than the latter sediments. separation of the seaward community at
Felpham from the other seaward communities seen @&20) was because the sediments at

Felpham were more oxic (> 13.3 cm deep) than therst(< 9.19 cm deep).

The differences observed between the vertical sleweds of different bays at Elmer (Fig. 4.14
& 4.20), where the communities in the lower landivand seaward areas of the beach were
tightly aggregated could not be explained by the lgagth between breakwaters, their exposure
to waves and tides (Dean’s Paramefy ¢r BSI) or current speeds. Instead, a combinatfon
nine variables explained 71 % of this variation dme grain size, amount of v fine gravel, v
fine sand, and v coarse silt, depth of oxic lagediment draining efficiency, sediment carbon
content, beach elevation, and macroalgae depasit® and biomass)). These variables may,
however, have been correlated with or influencedyay length and exposure to waves and
tides. There was not one single variable that éxpththese community structure differences.
The amount of very coarse silt (47 %), beach elenad5 %) and carbon content (44 %)
together were the main explanatory variables, witlcaying macroalgae cover and biomass
explaining a reasonable amount (26 and 12 %, réspBg. The main cause for the aggregation
of communities seen in Fig. 4.20 was because tiperuandward sections were significantly
(SIMPROFp < 0.01) more elevated (> 1.36 m above ODN) than|tweer landward and
seaward. The communities in the upper landward lef/Bay 2-3 was slightly separated from

the other bays of the same vertical shore leviis,was because the elevation was marginally
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less (< 1.36 m in comparison to > 2 m above ODN)wall as there being half the amount of

decaying macroalgae deposited (< 0.32 Bysompared to the other bays (> 0.65 kg/m

The small differences between the tombolo commemitFig. 4.10) could not be explained by
either the length of the breakwaters or their distafrom the shore. The different vertical shore
levels of the tombolos were aggregated differefiyn the bays, with differences between the
landward and seaward communities. These differeraaes be 72 % accounted for by
differences in the median grain size, amount of Viele gravel, very coarse sand, and fine sand
in the sediments, depth of oxic layer, sedimentewaetention, and decaying macroalgae
biomass, but not elevation as with bays. There weee significant groupings (SIMPRO#<
0.01) for the horizontal shore positions of diffréombolos. The upper and lower landward
communities of Tombolo 8 were the most differenN@SIM R = 0.88, LINKTREE B % =
95). This was because the sediment grain sizeawvgsrl(> 907 um), with more very fine gravel
(> 23 %) and less fine sand (< 59 %) than the sedlisnof all the other communities
(< 824 pm, < 13 %, and > 67 %, respectively). Teawsard communities were significantly
different from the landward communities (ANOSI= 0.80, LINKTREE B % = 59) because

more water was retained in the sediments.

The very small differences in community structurtween the horizontal shore locations
(Felpham, Climping, Elmer bays (2-3, 3-4, 4-5 and)6and Elmer tombolos (2, 4, 6 and 8))
seen in Fig. 4.10 (ANOSIM, Glob& = 0.094,p < 0.01) can be explained very well (86 %) by
the differences in the median grain size, amounteoy fine gravel, very fine sand, and very
coarse silt, depth of oxic layer, sediment drairefficiency, carbon content of sediment and the
biomass of decaying macroalgae deposited on thehbeaf” = 0.859). The single best
environmental variable to determine the small sddferences in community structure between
each section was the median grain size (67 %pvi@t by the amount of very fine sand (66 %)
and very fine gravel (63 %). The carbon content alas an important variable explaining 31%
of the variation, whereas macroalgae biomass engilaa small amount of variation (8 %). The
communities and environmental variables at Felplg®ach and Tombolo 8 at Elmer Beach
were different from the other shore locations (ANK@SR = 0.84; LINKTREE B % = 94), due
to the median grain size being larger than 745 whereas the median grain size of the other
locations was less than 395 mm (Fig. 4.20). A lgygdion (25 %) of the sediment was made

up of very fine gravel (2-4 mm) and very little wéry fine sand (< 5.7 %) and silt (< 0.07 %).
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Although, the other groupings seen in Fig. 4.20ewvenly marginally different, it is worth
mentioning the environmental differences observetiveen them. Tombolo 6 and Climping
Beach were separated from the other remainingitotabecause they received less macroalgae
deposits (< 0.597 kg/fnthan the other tombolos and bays at EImer (extpuéfelpham and
tombolo 8), where more than an average 1.15 kgfrdecaying macroalgae was deposited. The
grouping of Bays 3-4 and 4-5, which have been presly discussed (Fig. 4.10) had more
average carbon content (> 0.67 %) than Bays 2-3an¢ 0.62 %).

4.3.4.2 Environmental influences on temporal faweahmunity patterns

A seasonal pattern was shown in the sediment emwvieot (Fig. 4.4) and the in amount of
decaying macroalgae deposits (Chapter 3: Fig. 3. P¢se variables could potentially give
some explanation of the temporal biotic patteremse the benthic communities at the different
sites (Fig. 4.17).

Felpham

The optimum combination of variables to explain theporal community changes adjacent to
the granite groynes at Felpham Beach were changé ipercentage contribution of very fine
gravel, very coarse, coarse, medium and fine sagth of oxic layer, sediment temperature,
sediment draining efficiency, and macroalgae c@»€r= 0.507). These nine variables together
accounted for 51 % of a ranked match to the bip#tterns (Fig. 4.21). LINKTREE analysis
showed that when linking the faunal communities amlimum environmental variables
together there were two very distinct groupings%B= 95). The first was November and
January, these two months showed differences fitwnother months (ANOSIMR = 0.82)
because the sediment temperature was beloWC6ad the sediment grain size was larger and
less well sorted, with more very coarse sand (>%)4and very fine gravel (> 33.7 %). The
other months, March, June, May and August showéatther split (B % = 49) with March
being different from the latter three months b differences were not as great (ANOSRW
0.56). The reasons for this were because the satbmere more oxic in March (> 20cm deep)

than the other three months.
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Climping
At Climping, only three environmental variables weaneeded to account for 73 % of the
temporal variation in the faunal assemblages (Bigl); these were the median grain size,

amount of fine sand and biomass of decaying magaeadieposits(’ = 0.725).
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Figure 4.21 MDS ordination plots of the temporal changes @& tptimum combination of environmental
variables (left column — red symbols) to predia tienthic faunal community structures for Felphaery
fine gravel, very coarse, coarse, medium and farelsdepth of oxic layer, sediment temperatureinseuat
draining efficiency, and decaying macroalgae copgrs 0.507), EImer (median grain size, very fine glav
medium sand, depth of oxic layer, sediment tempegabeach elevation, and decaying macroalgae coyer
= 0.761), and Climping (median grain size, finedsaand decaying macroalgae biomags= 0.725). MDS
plots for the benthic faunal community structurgt{t column — black symbols) with cluster analysis
percentage similarity lines (Felpham: 40% (soliél), % (dotted); Elmer: 60 % (dotted); Climping: 60 %
(dotted)). Cluster analysis Euclidean distanceslifte environmental variable plots (Felpham: 2; &tml.8;
Climping: 0.63).
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Linking the environmental variables and communi@terns observed in the MDS plots (Fig.
4.21), there were three different aggregations ohtims. The first was August, which was
shown to be completely different from the other thenB % = 100 %; ANOSIMR = 1), this
was because the average median grain size wadargey (> 1000um) in comparison to the
other months (< 384 um), with less portions of fa@d (August: < 58 %, others: > 68 %).

The other split in months was between May and Jarmme group, and March, November and
January in the other (B % = 54; ANOSIRI= 0.75), this was because of differences in the
average amount of decaying macroalgae biomass itkgphas the beach, with May and June (>
0.494 kg/m) experiencing greater quantities than the lattenp, with less than 0.177 kgim

A combination of seven environmental variablg¥ € 0.761) best explained the temporal
changes seen by faunal communities surroundingttbee parallel breakwaters at Elmer Beach
(Fig. 4.21). These were median grain size, the amnotivery fine gravel and medium sand,

depth of oxic layer, sediment temperature, the bbedevation (above ODN) of the sampled

community, and finally the decaying macroalgae coVlere were two distinct groups (B % =

90), although the differences between them wassatrong as seen with Felpham (ANOSIM
R = 0.63). March, November and January (winter meniere grouped together, as were May,
June and August (summer months); this was becdwseambination of differences, where the

winter months had colder sediments (< 2Z%, less algal cover (< 10.6 %) and more oxic
sediments (> 11.1 cm), whilst in the summer mortthes sediment was warmer (>°18), with

more algal cover (> 12.3 %) and the oxic layer alzalower (< 9.95 cm).

There were complex vertical shore level communitanges over time for the bays and
tombolos at Elmer (Fig. 4.22). The environmentalaldes that explain the vertical community
differences in March for bays and tombolos werded#inces in the current speed, sorting,
skewness, and kurtosis of sediments, depth of layer, sediment water retention and beach
elevation. These seven variables together accouate®d.3% of the differences in the biotic
patterns (Fig. 4.22). LINKTREE analysis showed thhen linking the faunal communities and
these environmental variables together, there wavadistinct significant groups (SIMPROE,

< 0.05; ANOSIMR = 1). The upper landward communities of both bagyd tombolos and
lower landward tombolo communities were groupecttogr (Group A), whilst the seaward and
lower landward bay communities were grouped togetBeoup B). These groupings occurred

because in the former the beach elevation wasegrédan 1.8 m above ODN, the depth of the
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sediment oxic layer was deeper (> 10 cm), were ablestain less water, and the sediments
were better sorted (> 342 mm). These groupings weresistent for most months except in
August and November (Fig. 4.22). In May, the optimuariables to explain the differences
changed slightly, with the differences accountedbfp Beach State Index (BSI), current speed,
the median grain size and sediment water retergigain these accounted for a high percentage
of the biotic pattern (98.6 %). The median gragesias greater (> 186 pum) in Group A than
Group B (< 178 pum), with a BSI lower (< 2.68) tithe more exposed sections of the beach (>
2.7).
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Figure 4.22 MDS ordination plots for differences in verticalosd levels (upper landwardA(), lower
landward ¢) and seawarda() for bays (solid symbols) and tombolos (empty bgis) at ElImer fora) benthic
faunal community structure afj the optimum combination of environmental varialilegredict the benthic
faunal community structures for Elmer (current shesorting, skewness, and kurtosis of sedimenisthdef
oxic layer, sediment water retention and beachatien; p,, = 0.993). Cluster analysis percentage similarity
lines for benthic fauna (Elmer: 60 % (dotted). @usanalysis Euclidean distance lines for environtale
variable plots (1.8).
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In August, the optimum variables to match the bipatterns were the sediment sorting, amount
of very coarse sand, depth of oxic layer, sedimentperature and decaying macroalgae
biomass, accounting for 82 % of the variation. Eheariables grouped the communities into
three significantly differentp(> 0.05) groups, Group B remained the same but iSfowas
split, with the upper landward of the bays diffaréem the upper and lower landward of the
tombolos (ANOSIMR = 0.68, B % = 88). This was because the uppemiardi of the bays had
more very coarse, less well sorted sand (> 2.1 %d4>mm) than the other communities (< 1.2
%, < 344 pm). The differences between the landwandbolo communities from the both
seaward and lower landward bay communities wasusecthe temperature was greater in the
former (> 19 C), with slightly deeper oxic layers (> 3.8 cm)rihihe latter (< 17C and < 1.8
cm, respectively).

In November, seven combined variables accounte8¥d@ % of the spatial differences in biotic
pattern, dividing the stations in three signifidardifferent groups: Group A (upper landward
bay and tombolo communities), Group B (lower landiM@mbolo communities), and Group C
(lower landward bay and seaward communities), tlvasebe seen in Fig. 4.22. Group A had
less TOM (< 0.75 %) in the sediments than Groug B ¢> 0.82 %), as well as having greater
amounts of fine well sorted sand (> 77 % and > 338). The lower landward tombolo
communities (Group B) were different from Group €cause there was the most TOM in the
sediments (> 0.91 %), but sediments were lesssgetéd, with a large median grain size (> 802
pm), because there was more than 1.6 % very csars® compared to less than 0.8 % and a
median grain size of 167 um (Group C). In Janudhg beach was divided into two
significantly different groups, the same as Mareid @May, with only one environmental
variable needed to account for the community dsifees. This was the BSI, which accounted
for 86 % of the match. The BSI was greater (> 2fé2the seaward and lower landward bay
communities than the communities in the upper laardwand behind the tombolos (lower
landward) (< 2.65).
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4.3.4.3 Environmental influences on community measuand dominant
species

Relationships between the optimum variables disaa/en the community analysis, the overall
community measures (total densities of individuatgal species and species diversity), and
dominant species were also investigated. Positlationships existed between the sediment
temperature and the total numbers of individualBedpham = 0.54), Elmer (= 0.49) and
Climping ( = 0.64) beaches, where, as the temperature imttetds total densities increased.
However, only some of the temporal variation ingiges of individuals at Felpham and Elmer
was explained, whereas, 64% of the variation intémeporal changes in densities at Climping
was explained. Pearson’s correlation analysis sHoweat there were extremely strong
significant p < 0.01) correlations between the total densitiesndividuals and both the
decaying macroalgae cover and biomass at ElmeriBgae 0.95 andr = 0.93, respectively)
The algal cover could explain 89% of the variapilit the faunal densities at Elmer, and the
biomass 81% of the variability (Fig. 4.23). Therasmo significant relationship for Climping (

= 0.07), but a reasonably strong relationship betw#e faunal densities and decaying
macroalgal cover at Felpham= 0.60).
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Figure 4.23 The influence of decaying macroalgae deposits emthic communities. Average total faunal
densities (ind/rf) for each month sampled against the average momthimacroalgae cover (%) and b)
macroalgae biomass (kg/wet) of deposits at Elmer beach. Scatterplot Wikt fit line and 95 % confidence
intervals. Strength of correlation is given withsRuared value.
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There were no significant correlations betweenatm®unt of decaying macroalgae (cover and
biomass) and the sediment environment (e.g. seditaerperature, carbon content or depth of
oxic layer) at Elmer over time. It is, therefor@, iadependent environmental variable and any
correlations between dominant fauna and the degayercroalgae deposits can be interpreted to
be influenced directly by the deposits. At EImesm@ageBathyporeia pilosa densities over time
were significantly (p < 0.05) and strongly correthtwith the amount of algal covar £ 0.94)
and biomassr(= 0.93), as well as the densitiesBofsars (r = 0.93,p < 0.01). There were not,
however, any significant relationships between #raphipod species and the sediment
temperature, depth of oxic layer, carbon contergescentage content of sand in the sediment.
There were relationships between Bathyporeia spp. densities at Felpham and the amount of
algal deposits (low quantities e.g. < 10 % coveg,well as the sediment temperature and
carbon content. However, the overall densities weve (Fig. 4.19), and because there was
collinearity between the decaying macroalgae déeposiediment temperature and other
variables, it is impossible to ascertain what cduee temporal changes in abundances. At
Climping Beach,B. pilosa was correlated with algal deposits Witsarss was not. Neither
species were correlated with any of the sedimeniabkes. The densities of copepods had
significantly correlated relationships with botlgal cover and biomass; like the amphipods,
there were no correlations with the sediment véembThe copepod densities were inter-
correlated with théathyporeia spp. andPontocrates arenarius, all of which had density peaks
when the decaying macroalgae deposits were greatiekty 2005 (Fig. 4.20).

Soio filicornis appears to have had a threshold relationship téBathyporeia spp., when the
latter was high in abundance the former was notvacelversa (Fig. 4.20); this was particularly
noticeable at Elmer Beach (Fig. 4.22). There wereetationships between this polychaete and
the amount of algal deposits or sediment envirorieanables. There were two carnivorous
polychaetes that were positively correlatpd(0.01) withS filicornis densities, these wefe
maculata (r = 0.92), and. picta (r = 0.85) At Climping, G. tridactyla densities were correlated
with S filicornis (r = 0.81), with peaks in their densities in Augusg(4.19).
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4.5 Discussion

The presence of the breakwaters at EImer has calnseatcumulation of sediment (referred to
as ‘tombolos’) on the landward sides of these stnes, thus raising the beach and/or tidal
elevation. On the landward side of the scheme bmtwhe breakwaters, there is no sediment
accretion, but some erosion (Plomaritis 2006); ¢leeas are like ‘bays’, and have much lower
tidal elevations. The beach profiles at Felpham @lwhping beaches are similar to the bays at
Elmer, not the tombolos. The main findings of thiady were that this difference in vertical
shore elevation (bays and tombolos) has led to mdifterences in benthic faunal densities
between groynes and breakwaters because shordi@belevel (or tidal height) is the most
important determinant of species distribution (Gi£81). Changes in tidal height over the
intertidal zone creates less predictable envirorigmesere there are more extreme changes in
temperature, salinity, dissolved oxygen and wabatent in the upper intertidal than the lower
intertidal (Hayward 2004).

When considering the different horizontal shoreatans (with the vertical shore levels pooled)
the sediment environments of Felpham, Elmer andhfig beaches were similar, probably
because these locations were proximate and consgéyexposed to the same wave and
longshore current regime. The minor sedimentariedifices between the three beaches were
paralleled by only minor differences in the faunaimmunity species composition. There were
also similar average total densities per shoretimeaThe average faunal densities ranged from
5,302 to 6,943 ind/Mmfor Elmer, Climping and Felpham, with the totalnmher of species
ranging from 16 to 27 species. Degraer et al. (R@@&ied out a study on eight beaches along
the Belgian coast with similar morphodynamic (3.5maximum wave height, 7 s maximum
wave period) and tidal environments (5 - 3.7 mdhis study. The total number of species was
similar among the beaches they sampled; with betvi®eand 23 species per beach Degraer et
al. (2003), which was also similar to many othardsts (Jaramillo et al. 1993, James &
Fairweather 1996). However, the infaunal densitigbe present study were on average 7 times
greater than those found by Degraer et al. (208Bjilarities in the total number of species
were observed between Felpham and Elmer beachesea#) Climping had marginally less.
Species richness and densities generally increlagedMHWS to MLWS. The three beaches
were similarly dominated by crustaceans and polE®sin terms of species composition,

which is typical of dissipative beaches (Rodil Et2007). The most dominant species were
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harpacticoid copepods, the amphipoBsathyporeia pilosa and Bathyporeia sarsia, the

polychaetespio filicornis, and the cumaceaumopsis goodsiri.

The division of the beach at Elmer into elevatadliolos and concave bays has influenced the
vertical distribution of the benthic fauna. Therera differences in the community composition
per vertical shore level (landward (upper & lowand seaward) both within and between the
bays and tombolos at Elmer, but not adjacent t@theite and wooden groynes at Felpham and
Climping. Two infaunal zones could be defined amé&tl: (1) the upper beach zone, which
consisted of the upper landward of both bays ambabos, as well as the lower landward area
of the tombolos; this zone was dominatedBypilosa; and (2) the lower beach zone, which
consisted of the lower landward of the bays andseéeward sides of both the bays and the
tombolos: the dominant species in this zone vigersarsi, S filicornis, harpacticoid copepods
andC. goodsiri. These community differences were primarily acdedrior by the difference in
beach elevation; the upper beach zones have wahett sediments with deeper oxic layers
than the lower beach zones. The ®Bathyporeia species showed clearly differentiated zonation
patterns between the upper and lower beach zotithsBwpilosa living higher on the shore than
B. sarsi. This zonation is because the two species haverelift preferences and tolerances to
tidal elevation (e.g. Nicolaisen & Kanneworff 1969 eece 1971, Coosen et al. 1994, Degraer et
al. 1999).

Species that inhabit more exposed sites, su@athyporeia spp., can give an indication of the
extent to which the hydrodynamics properties of toastal defence scheme influence the
habitat for benthic organisms (Coosen et al. 1994)e arrangement and layout of the
breakwaters at Elmer has created areas of fasslamdcurrents on the landward side of the
structures (Plomaritis 2006); this study has fothrat this has led to localised differences in the
sediment environment, particularly in the sedimgnatin size, and variation in the densities of
some of the numerically dominant species was pigbisgely caused by this localised
variation in environmental conditions. For exampule, the landward side of structure 6 where
there were relatively strong currents and high reedi deposition rates (Plomaritis 2006)
highest tidal elevation point in the scheme, witdrywfine, well sorted, and extremely well
drained sediments. The greatest average densitiBs mlosa (ca. 3,500 ind/f) were found
here, twice as great as other upper beach zornk2%6 ind/m). B. pilosa are found high on the

shore in dry fine sediments because the sandy satsnare unstable, providing enough water
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movement and oxygen supply that enables then taddyfeed in their typical way (Preece
1974).In comparison, the sediments in bay 3-4 and 4-%ewviee least drained, and the most
organically rich, probably because the largest arhofidecaying macroalgae was deposited in
these bays. Large densities of harpacticoid copeffca. 4000 ind/R) and the tube-building
spionid polychaet&. filicornis (ca. 1500 ind/f) were found here. These two infaunal taxa are
predominantly found in areas of organically richt\wediments where they may feed directly on
suspended and settled detritus (Ferner & Jumar8, T¥raer et al. 2003, Pagano et al. 2006).

The sediment environment at Climping Beach was siraatirely like the lower beach zone of
the Elmer bays, and dominated 6y goodsiri, harpacticoid copepods and polychaetes all in
similar proportions (ca. 1,500 indfm The sediments there drained poorly at low tidethe
beach profile was flat and long and with a shallomeline in comparison with the landward
sides of the breakwaters at Elmer (author’'s pdrs.)oOn beaches with flat slopes, the surf
zone is wide (> 10 m) and the wave energy is massighted, creating hydrodynamically
benign conditions for the benthos, and thus favguthe more fragile macrobenthic organisms
(Degraer et al. 2003), such as spionid polychaétesScolepsis squamata (O. F. Miiller) and
Soio filicornis. This would explain the vertical shift in the ztipa of species within
communities at Climping. Lower shore species (8.dilicornis, C. goodsiri and harpacticoid
copepodskxisted further up the beach, extending into theeufpeach zone. The sediments at
Climping were not suitable for amphipods suchBathyporeia spp. (av. 350 ind/f), as they
were too wetBathyporeia amphipods prefer fine and dry sediments (KhayhaflaJones 1980)
like those found in the upper beach zones at E{sger2,000 ind/f). The sediment conditions
were also unfavourable fdBathyporeia spp. at Felpham beach (ca. 650 in/mwhere the
sediments were coarse, poorly sorted, highly oxid eetained reasonable amounts of water.
The benthic infaunal communities at Felpham weséeizd dominated by high average densities
(ca. 2,000 ind/f) of C. goodsiri and the amphipo®ontocrates arenarius (av. 318 ind/),
which reached much lower abundances at the otherbeaches (ca. 1,000 and < 27 ind/m
respectively).

The three beaches in this study, with the differgmes of CDSs, will affect sediment
deposition and the resulting morphology will befeliént: sediment deposition adjacent to
groynes generate a concave sloping shore profitel. 6Ss cause even more complex localised

hydrodynamic conditions, which generate ‘lower ghdrays in areas between structures and
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higher shore tombolos behind structures. This édgd important implications on a local scale
for the benthic infaunal communities, because sletegation here was found to be the most
important determinant of species densities andoatrzonation patterns. Martin et al. (2005)
suggested that the potential impacts of breakwaters mainly determined by changes in the
hydrodynamic conditions and sediment transporterathan changes in tidal elevation. More
profound impacts on the benthic infaunal commusitigere observed in this study in

comparison with the study by Martin et al. (200B)is was because Martin et al. (2005) only
sampled the tombolo areas and not the bays. Cygritvasome of the conclusions of Martin et
al. (2005), the results from this study would sigjgbat the observed differences in faunal
densities and species zonation patterns were mdirgyto differences in tidal elevation, as seen
in the zonation of communities in the bays and tolodé Bertasi et al. (2007) carried out a very
detailed study on the impact of the breakwater mehat Lido di Dante in Italy, following the

study by Martin et al. (2005). The findings of tlegidy support the results of Bertasi et al.
(2007) in that they found a marked change in cdrfeow, which changes the sediment

dynamics on the landward side of the breakwatbts &ffecting the composition and densities

of species within the benthic infaunal communities.

The combination of sediment characteristics and tamh@f decaying macroalgae deposits
appeared to strongly influence the densities otisge When there were large amounts of
detritus available in the spring months infaungdydations increased probably taking advantage
of the extra food resource. Bolam et al. (2000ntbthat after six weeks, presence of seaweed
mats significantly increased macrofaunal diversiy the species in this study that experienced
population fluctuations in accordance with the getg macroalgae deposits in the spring were
deposit or detrital feeders (e Bathyporeia spp. andS filicornis). Levinton & Stewart (1988)
and Cheng et al. (1993) described similar sprimpils in the abundances of deposit feeders,
initiated by the high deposition of algal detritis.the months following the spring bloom, |
found rapid declines iBathyporeia spp. and harpacticoid copepods. This might be Isecau
heavy macroalgae deposition makes sediments mahecing, leading to anoxia and the
accumulation of toxic hydrogen sulphide (Bolamle2800, Eklund et al. 2005), which are not
ideal conditions forBathyporeia spp. and harpacticoid copepods. The decrease itattes
species enabled more hardy opportunistic speaieb, & the spionid polychaet&s f{licornis)

to colonize in a spasmodic manner. This algal besydependent trend has been seen by other
studies (Hull 1987, Everett 1994, Kelaher & Levimt®003). For example, Hull (1987) found
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the effect onPygospio elegans was algal biomass-dependent; at lower biomaBsestegans
increased, presumably as a result of increasedadiétrod supply, whilst at higher biomasdes
elegans declined, probably due to interference with thedfag behaviour of the polychaete
(Hull 1987, Everett 1994). Here, the excess algabgits declined by the late summer (August),
and combined with high sediment temperatures anéhemrease in carnivorous polychaetes,
which led to crashes in populations of the oppastimmdeposit feeders (e.§. filicornis). This
temporal response by deposit feeders to decayingaalgae deposits was also similarly
observed by Marsh and Tenore (1990) and Cheng €t943).

The domination by deposit feeders because of isece&rapping of organic matter within the

breakwater scheme was also hypothesised by Mattad. 2005), suggesting that it would

further enhance secondary productivity of juverigd and crustaceans. The benthic infaunal
communities were never numerically dominated byutepons ofCapitella capitata (< 0.01 %

of the community population), which are indicatafsextremely enriched anoxic sediments
(Bolam 2000, Kelaher & Levinton 2003). This suggdkat the amount of decaying macroalgae
at the three beaches, in particular Elmer, did hreote a particularly negative impact on the
benthic communities, but rather provided an impurfaod resource. Many other studies have
shown that inputs of algal detritus clearly inflaerpatterns of spatial and temporal variation of
micro- and macro -faunal assemblages in soft-settihabitats (Tenore 1977, Cheng et al.
1993, Raffaelli et al. 1998, Rossi & Underwood 20@verall, my findings have shown that

detrital enrichment by trapped macroalgae depasiE&mer were probably the driving force in

altering the abundances of deposit feeders, suBathgporeia spp. Furthermore, the degree of

population increases of deposit feeders over tinas wot seen at Felpham and Climping

beaches, probably because far less macroalgaeaepasited on these two beaches.

4.6 Conclusions and Further Research

Exposed sandy beaches are mainly physically coettrdRodil et al. 2007). The addition of
CDSs changes the local hydrodynamics and sedimarggort pathways (Plomaritis 2006). The
breakwater scheme appeared to have changed theorameintal conditions more than the
groynes have, creating a more complex spatial enment to inhabit. The presence of the
breakwaters has changed the beach morphologslioge elevation height), and this study has

shown that this shore elevation is the greatekiante on the zonation patterns of the benthic
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communities across the beach. The detrital enrichrftem the trapped decaying macroalgae
deposits appeared to influence the population amres of dominating deposit feeders
seasonally, such aBathyporeia spp., and subsequently the carnivores. Dugan ef2603)
stated that organic matter plays a major role isitpely affecting benthic communities and
benthic metabolism. The deposition of decaying walgae within breakwater scheme at Elmer

has been shown to be beneficial to the benthic comimes.

Further research is clearly required to clarify thgortance of this organic input before
conclusions can be completely drawn. Algal depasiat Elmer is unusually high and of long
duration for an exposed/dissipative beach. Theosehspeak and troughs in some species
densities, in response to temporal patterns inl algposition, implies there are population
thresholds to algal biomass. Such thresholds haes mbserved in other studies (e.g. Hull
1987), and have implications for the managementlexfaying macroalgae deposits. Firstly,
repeat studies over several years should be caaetb further investigate the direct effects of
the varying biomasses of decaying macroalgae dsposithe underlying benthic infauna; to
eliminate whether temporal fluctuations in the atamces of deposit feeders were due to
temperature, or were in fact the detritus avaiighibr a combination of both. Secondly, factors
that influence the nutritional value of deposit®dd be examined: the influence of the algal
decay environment, the species of algae depositddizeir value to different faunal groups:
some of these aspects are dealt with in Chaptemsl@. Experiments and surveys are needed to
determine what mobile fauna utilise the macroalgaethe beach; whether this is for food,
shelter from predators, or if it is un-utilized bese it is indigestible. The last experimental
chapter (Chapter 7) attempts to find out what ssedtilise this organic resource and whether a

foodweb can be mapped.
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Chapter 5: Communities Colonising CDSs

5.1 Introduction

Coastlines are increasingly being protected fromesien and flooding through the
deployment of hard coastal defence structures (EDBsere needs not only to be an
understanding of the hydrodynamics and sedimenyabddghe coastal location, but it is also
imperative to have sound scientific knowledge & tommunities that will colonise the
structures. Knowledge of the biology and ecologytledse man-made structures aids the
enhancement of biodiversity, by working with theyeers in the design process. Although
breakwaters and artificial structures have longnbébe subject of study (e.g. Southward &
Orton 1954, Houghton 1978, Hawkins & Hartnoll 19&3rter et al. 1985, Reggio 1987,
Fabi & Fiorentini 1994, Jensen et al. 1994, Seaf®87) there has been renewed interest in
recent years, particularly in urban areas suchoats,pmarinas and docks (e.g. Connell &
Glasby 1999, Glasby 1999a, Glasby & Connell 200iapginan 2003, Bulleri & Chapman
2004, Blockley 2007). In comparison, there has h@nebeen less research on CDSs (e.g.
Davis et al. 2002, Bacchiocchi & Airoldi 2003, Mdstla et al. 2005, Pinn et al. 2005). What
research there has been in the last 20 years, badyntoncentrated on the engineering
design and the resulting hydrodynamics and sedimransport around CDSs (Barber &
Davies 1985, Bull et al. 1998, Black & Andrews 200Omhomalla & Vincent 2003,
Ranasinghe & Turner 2006, Birben et al. 2007). Raitmn of the need to understand the
ecology and impacts of CDSs has become more impoirfa.g. Davis et al. 2002,
Bacchiocchi & Airoldi 2003, Martin et al. 2005, Mdwella et al. 2005, Pinn et al. 2005),
particularly, with the ever increasing requiremetastomply with European environmental
legislation during the construction of CDS; withopedures such as Environmental Impact
Assessments (85/337/EEC).

Low crested breakwater structures (LCSs) are dediga reduce the wave energy in their
lee, thereby reducing the sediment erosive capaditthe waves reaching the shore. The
construction of these breakwaters and other codsfahce structures result in considerable
changes to the coastal landscape and natural envenat, and consequently to the ecology.

These consequences occur at local scale, but nsay salle up to the whole coastline
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(Airoldi et al. 2005). Effects may be site specifieflecting the variability of natural systems
(Burcharth et al. 2007). Quantifying the scale afiation of populations and communities is
important to understand better ecological pattent processes (Levin 1992, Underwood et
al. 2000, Jackson et al. 2006). The scale of obsiens may influence perceptions of the
community patterns and processes (Levin 1992), hirersrchical spatial and temporal scale
investigations are needed to understand how sdafessnce community structure in
complex systems. The structure of rocky shore conities is highly variable both in time
and space (Balata et al. 2006), whereby differpatial scales may hold different levels of
importance in determining community structure (letti992, Blanchard & Bourget 1999).
Environmental variables at the coastal level, sash wave climate and sea surface
temperature may effect temporal variations in themunities colonising CDSs (Jenkins &
Hartnoll 2001, Bourget et al. 2003), whilst the imegring design of the coastal defence
schemes (e.g. structure length, distance from libees crest height) may have an influence
on these communities , as well as changing thd logdrodynamics of the site (Plomaritis
2006).

Exposure to wave energy plays a role in the stracth communities in rocky, open-coast
systems (e.g. Stephenson & Stephenson 1949, L&8K, Bustamante & Branch 1996, see
Raffaelli & Hawkins 1996 for a review, Jonsson le2806). Species richness has been found
to be higher in exposed rather than sheltered @iasis et al. 2002, Bacchiocchi & Airoldi
2003). In the same way, this factor may serve toctire communities on artificial hard
substrata in bays and estuaries. Higher wave engrggsociated with increased water flow
and circulation; these patterns of water flow amtbuilence are likely to vary among rocky
shores, breakwaters and groynes. Organisms andapiops may be affected by these flow
patterns negatively and positively (Davis et al020 Higher flow can provide a greater rate
of nutrient, food, and recruit delivery (Leonard &t 1998), enhancing growth and
survivorship of individuals and populations (Debt890). However, higher energy can lead
to decreased handling efficiency of food partic(Bavis et al. 2002), lower settlement
success (Mullineaux & Garland 1993), higher enexgst necessary to maintain position on
the substratum (Boulding et al. 1999), and damagpdiota by debris (Debrot 1990).
Although CDSs are associated with regions of higivevand water flow energy: the reason

for their placement (Jonsson et al. 2006), theserammental variables have not been
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specifically investigated and correlated with tipats-temporal distribution patterns of the

colonizing communities.

A variety of factors have been observed to detesntlmre composition and structure of
intertidal communities inhabiting man-made struesur The vertical and horizontal
distribution patterns have been investigated wetatron to man-made structures, in order to
determine the more important spatial scale (Glasigyonnell 1999, Connell 2001, Knott et
al. 2004, Pinn et al. 2005). Communities on rodkgres vary with tidal height resulting in
zonation patterns (Stephenson & Stephenson 1948isL¥964, Raffaelli & Hawkins 1996,
Balata et al. 2006), which is also seen on groyisn et al. 2005) and other artificial
structures (Southward & Orton 1954, Knott et al0£0 Little has been done on comparing
horizontal and vertical CDS with respect to spatioporal patterns (e.g. Bacchiocchi &
Airoldi 2003).

The communities on the different sides of CDSsd\leerd, seaward and the ends) may
experience differences in wave exposure, sunlightperature and sediment scouring, which
can influence community structure (Dobson & Frid8P Communities may be different
between the different types of CDSs (e.g. breakwatad groynes), as the LCSs (situated in
the mid-intertidal) are not exposed to the vertishdre range of tidal heights that shore-
connected groynes are. Vertical shore level isrgortant factor in determining the species
composition of a community in temperate intertidadions in relation to air exposure and
related factors such as temperature and desico@ignRaffaelli & Hawkins 1996). The low
crested breakwater scheme at Elmer (south coadEngfand) experiences a complex
hydrodynamic regime as a result of its design (Rlatis 2006); whereby the distance from
the shoreline (MHWS), length and crest height afhestructure, together with the varying
length of gaps between each structure has chahgezlitrent speed and direction (Plomaritis
2006).

The overall aim was to the identify the temporahmye (monthly) in the assemblages
colonising four LCSs within the breakwater schemé&lmer Beach, taking into account the
physical design of structure placement (e.g. ddffiérstructures, sides of structures, distance
from shore, crest height, structure length andwigith between structures) in relation to the

physical environmental variables (e.g. wave climakecal hydrodynamics and sea
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temperature). Furthermore, to compare the comnasnitiat colonised the breakwaters with
those on two groynes at Felpham Beach on the neadstline.
There were four specific objectives:
1. To identify the differences in epifaunal assemblagenposition on the LCSs at
Elmer and the granite groynes at Felpham, in aalérst the following hypotheses:
a. Assemblages will be different on each structuréwithe breakwater scheme
at ElImer and groyne field at Felpham;
b. Assemblages will be different between differenesidf the structures on the
CDSs;
2. To examine the epifaunal assemblages on diffe@miping occasions and how the
spatial variation in these assemblages changedgimiéh
3. To identify the spatial differences in epifaunasemblages at different vertical shore
levels on the granite groynes at Felpham; and
4. To determine which engineering design features andhvironmental parameters

influenced the community structures on the CDSs.

5.2 Methods

521 Sudy Stes

The study sites are on the south coast of Englamddst Sussex, between Bognor Regis and
Littlehampton (Chapter 2: Fig. 2.1). There were tstady sites for this investigation; the
primary site was on the LCSs within the schemel@ieE Beach, and the second site was on
the groynes at Felpham Beach (Fig. 5.1). No dicentparisons were made with local natural
rocky habitat because of the absence of any natocdy shores along this stretch of
coastline. Therefore, it was of more use to compae CSs at Elmer with other man-made
CDSs within the same geographical cell; subsegueh# rock groynes at Felpham were
studied. These groynes were created from the samberial, granite rock, and of similar age
(approximately 10 years old); therefore becausesthEstratum was the same, comparisons
could be made.

This coastline has been heavily protected for #e two hundred years because of its

exposure to strong southwesterly winds and elevatae action (see Chapter 2 for in detail
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description). There is an array of structure tyjpestecting this coastline, with granite
groynes protecting the frontage of Bognor Regis Bapham, LCSs at Elmer and wooden
groynes to the east protecting the beach from GhghBeach through to Littlehampton. The
CDSs at both sites consist of 4 - 8 tonne Norwegiamite blocks, of approximately 1.5 m
across. There are eight LCSs within the schemelraeiEof varying length, width apart,
distance from the backshore and crest elevatiaa Tadle 5.1), and are located in the lower
intertidal foreshore. The presence of the breakwaeheme has caused the local
hydrodynamics of the beach to change from what tene, and are now more complex than
they were (Plomaritis 2006). The groynes at Felplaaenperpendicular to the shore and are
attached to the concrete wall that backs the sHidrey extend down to the mean low water
neap mark and are totally exposed on a spring Tithe. local hydrodynamics around the
groynes has not been studied to date and so thenefodata could be used when assessing

this environmental parameter.

5.2.2 Sampling Design

The sampling design involved sampling from two sit@th different CDSs: low crested
breakwater structures at Elmer (Fig. 5.1a), andtiagdlly, groynes at Felpham (Fig. 5.1b).
Four structures at Elmer (2, 4, 6 and 8) and twactires at Felpham (A and B) were
investigated for the study (Fig.s 5.1a & b). At Elmneach structure had 4 sides (seaward
(SW) and landward (LW) sides, and westward (WW) aadtward (EW) ends) and at
Felpham there were three sides (seaward (SW), \aedttWW) and eastward (EW) sides).
In addition, four vertical shore levels (1, 2, &dad) were sampled at Felpham; where 1 was
at mean low water (MLW), and 4 was at mean highew@HW) (Fig. 5.1b). The lowest
shore levels 1 and 2 were comparable with the slomation of the breakwaters at Elmer.
The same shore level (mid-upper intertidal) was @adon both types of structures, as

determined by the zonation of the different species

The assemblages colonising the different sideh@fstructures were sampled using digital
photography with eight random replicate quadrat84& 0.24 crf) on each side. Sampling
was carried out one five occasions from 2005 te62@xing different seasons; in 2005 these
were: 24" March (Winter), 11 May (Spring), 28 July (Summer), 3t Nov (Autumn), and in
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2006: 2 February (Winter). This resulted in 960 photogsa#0 from Elmer and 320 from
Felpham over the course of the study.

a) Elmer Beach Sample design:

Spatial:

4 low crested structures (2, 4, 6 and 8

4 sides [seaward, landward, eastward & westward ends)
& random replicate samples/side

Temporal:
Manthly (x5)

Temporal:

Monthly {x5)

Fig. 5.1The spatio-temporal sampling design of the assegeblaampled on the CDSs at (a) Elmer and the
groynes at Felpham (b).
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5.2.3 The Engineering Features of the EImer Breakwater Scheme

There were several specific design features (bratwlength, distance of the structures
from the high water mark (MHWS), breakwater cresight and angle of the breakwater
sides to the oncoming waves) which define the sehatrElmer Beach (Table 5.1 and Fig.
2.4 in Chapter 2).

Table 5.1Environmental measures for structures in the Eloffshore breakwater scheme

Structure Breakwater Distance from Crest Current Direction ? Current
Length (m) MHWS (m) Elevation (m) Strength ?
2 90 79 4.5 Circular (anti-clockwise) Weak
4 140 77 4.5 Linear (west-east) Strong
6 80 54 4.5 Linear (west-east) Strong
8 80 38 3 Circular (clockwise) Weak

2 Data taken from hydrodynamic studies previouslyiedrout at EImer (Plomaritis 2006)

These measurable features were used to assesfetieoé the design of the scheme on
whether and how they influenced the assemblagethe@CDSs (Table 5.1). These design
features changed the hydrodynamics of the systedmeas studied in detail by Plomaritis
(2006; see Chapter 2 for further details). The bdglginamic variables used in this study were
current direction and strength. The angle that eside of the structures (groynes and
breakwaters) faced relative to magnetic north weosrded, as this angle is a measurable
variable, specific for each side and helps detezrhmw exposed these sides are to the typical
oncoming waves (Table 5.2).

Table 5.2The angles relative to N (degrees) that eacheéitles faces for each of the coastal defence
structures at both Elmer and Felpham.

Felpham Elmer
A B Structure Structure Structure  Structure
Aspect 2 4 6 8
Landward - - 358 359 337 338
Eastward 90 88 88 92 79 74
Seaward 190 159 178 181 157 158

Westward 270 252 268 272 240 254
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5.24 Environmental Variables

Elmer Beach and Felpham Beach are in the same a@ugal cell (Chapter 2: Fig. 2.1). The
influence of the wave climate variables: significéifds) and maximum (K. wave height,
wave length (), zero crossing period grand wave direction (dir), as well as sea surface
temperature (SST), sea level and surge (for furtetail of wave climate variables see
Chapter 2) were selectadoriori for analysis with community data. The seasonal sean
maximums of these variables were calculated (T&I8¢ and used to see if they correlated

with seasonal variability in the assemblages or0D&s.

Table 5.3 Seasonal averages of wave climate (maximum waighthéHmax), significant wave height
(Hs), wave length (Tp), zero up crossing period) (Zmd wave direction (Dir)) and sea environmental
variables (sea surface temperature (SST), sea kvel tidal surge (residual surge)) recorded from
Rushington WaveRider buoy. Maximum & (m) and significant (f (m) wave heights are the
maximum seasonal heights reached; all other vasadnle the seasonal means.

H max Hs Tp Tz Dir SST Sea Level Surge (Residual)

Season (m) (m) () (5) O W) (m) (m)
Winter 05 6.07 337 626 3.69 197.6 7.96 3.56 -0.06
Spring 05 3.81 209 678 3.69 1949 857 3.58 -0.01
Summer 05  4.13 242 521 336 199.7 17.75 3.62 0.02
Autumn05 590 3.64 6.34 3.68 193.3 15.94 3.69 1-0.0
Winter 06 6.63 3.84 754 390 1853  7.69 3.56 -0.06

525 Measurement of CDS Assemblages

The assemblages colonising the rock faces on thesGiere sampled photographically; this
enabled the extensive sampling design chosen tabe&d out, enabling large amounts of
data to be collected quickly. In contrast, taxoromesolution was sacrificed; species
identification was more difficult for individualsraller than 0.1 cm, as the images were only
2-dimensional. Quadrats (0.24 x 0.24%mvere photographed using a Canon 300D camera
(6 mega pixels), which was attached to a tripodhwitfixed distance from the quadrat; this
ensured the accurate positioning of the camerattveeplots, and kept the focal distance and
sample area fixed. The photographic equipment a@tbwonitoring of areas 610 émAll
mobile fauna were measured as number of individpatsunit area (610 ¢ they were
identified and the abundance counted from eachognaph. Sessile species, algal cover and

bare rock were identified and quantified using ap6t method for each quadrat (Glasby
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1999a, 2000, Connell 2001, Glashy & Connell 20@h4gn converted to percentage cover
after correction for points that could not be sadle.g. they lay over a large limpet).

5.2.6 Analyssof Data

5.2.6.1 Differences in assemblages

Non-parametric multivariate techniques (PRIMER wafe package, version 6; Plymouth
Marine Laboratory, U.K.) were used to assess diffees in assemblages between and within
the two sites, and determine which spatial and teaipvariables were the most influential
factors. For multivariate analyses, sessile coa¢a dnd motile species abundance count data
were transformed using a square root transforma8guoare root transformation was chosen
for the analysis as this study did not focus oe pecies, but rather the overall assemblage
patterns. The assemblages at Felpham and Elmer ev@mined separately due to the
different sampling designs; in addition, it was possible to pool the vertical shore levels
from Felpham as they were at different verticalrehtevels (i.e. tidal heights) and the

communities were different due to tidal height z@rapatterns.

A matrix of similarities between each replicate wiast calculated for each site using the
Bray Curtis similarity matrices (Bray & Curtis 195 Multivariate community structure was
compared using 2-way crossed analyses of simédar(tANOSIM). These similarity matrices
were then used to construct non-metric multidimemei scaling (nMDS, Clarke 1993) plots
to visually evaluate variation in community struetu MDS plots were two-dimensional
ordinations of the rank orders of similarity with@ach site across all structures, sides of
structures and sampling occasion. Further nMDS natins were performed on data
averaged for each time period at each site andajectory plot added to show the
chronological changes in assemblages. The pereeptagribution of each taxon to patterns
of similarity and dissimilarity within and betweestructures, sides of structures, sampling
occasion and vertical shore levels within eachthalwas calculated using SIMPER (Clarke,
1993). Taxa contributing at least 10% to dissintyarwere considered important

differentiators.
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5.2.6.2 Abundances of dominant taxa

Analysis of variance (ANOVA) was used to test fdfedences in the following community
variables: i) total number of taxa, ii) total numlzgé individuals, iii) total cover of sessile
taxa, iv) total cover of bare rock, and v) covemamber of the dominant taxa between and
within different spatial scales for different timefsthe year. Firstly, a 3-way fixed-factor split
plot analysis of variance (SPANOVA, SPSS 2005), waed to test for differences in
community variables between structures, sidesratsires and time at each site (ElImer and
Felpham). There was one between subjects factate’ ‘&ith two levels (Elmer and
Felpham) and three within subjects factors: Fatt{$tructure) had four levels for Elmer (2,
4, 6 and 8) and two levels for Felpham (A and Bj¢tbr 2 (Sides of Structures) had four
levels for EImer (seawards, landwards, and westwadleastward ends) and three levels for
Felpham (seawards, westward and eastward sidesphrRa (Time) had five levels (March
2005, May 2005, July 2005, November 2005 and Fepr2806) for both Elmer and
Felpham. Secondly, a 2-way fixed-factor ANOVA wased to test for differences in
community variables between vertical shore leval$ sampling occasion at Felpham, where
Factor 1 (Vertical Shore Level) had four levely[ALW), 2, 3 and 4 (MHW)) and Factor 2
(Time) had five levels (March 2005, May 2005, JAR05, November 2005 and February
2006).

All the analyses were done on log (x + 1) transfdnapart from percentage data, which
were transformed using arcsine percentage squatréramsformation). Prior to analysis, data
were tested for homogeneity of variances using Kglonov-Smirnov and Shapiro-Wilks
normality tests and homogeneity of inter-correladiausing Box’sM statistic. Where data
remained non-normal following transformations, there stringent criterion g = 0.01 was
used to reject null hypotheses, since ANOVA is siliar the departure from this assumption
when there are many independent replicates and sizsamples are equal (Underwood
1997). Significant results were, however, interpdetvith caution. When ANOVA indicated
significant differences among means, the Tukey' ®HbBst hoc test was used to distinguish
between them (gt = 0.01). All parametric ANOVAs were done using SRSPSS 2005).
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5.2.6.3 Correlation with environmental variables

The BIOENV procedure (PRIMER v6.0, Clarke & Warwi2R01) was used to assess and
distinguish which, if any, engineering design featu influenced the structure and
composition of assemblages on the CDSs at ElmeciBeand also which the environmental
variables were influencing factors on the assendsla@t Elmer and Felpham beaches. A
matrix of similarities between each replicate foe design and environmental variables was
calculated for each site using the Euclidean destasimilarity matrices (Bray & Curtis
1957), where data was square root transformed andaiised. These matrices along with
the Bray-Curtis matrices for biotic data were ugegroduce dendrogram and MDS plots for
visual assessment of dissimilarities in the stmeguof assemblages by the optimum

combination of variables from the BIO-ENV procedure

5.3 Results

A total of 15 taxa were found on the breakwates gnoynes (Table 5.4).

Table 5.4Taxa sampled on the breakwaters (Elmer) and gsogfelpham)

Phylum Class Family Species Species groupings

Animal  Molluscs Gastropoda Murididae  Nucella lapillus (Linnaeus)
Trochidae  Gibbula umbilicalis (da Costa)
Littorinidae Littorina obtusata (Linnaeus)
Littorina saxatilis (Olivia)} Littorina saxatilis
Littorina neglecta (Linnaeus)} group
Littorina littorea (Linnaeus)
Patella vulgata Linnaeus

Bivalvia Mytilidae Mytilus edulis Linnaeus
Crustacea Cirripedia  Balanidae  Elminius modestus Darwin .
) ] . Balanidae spp.

Semibalanus balanoides (Linnaeus)

Cnidaria Anthozoa  Actiniidae  Actinia equine (Linnaeus)

Algae Chlorophyta Ulvaceae Ulva lactuca Linnaeus

Ulva enteromorpha var.intestinalis Ulva spp.
(Linaeus) Le Jolis

Phaeophyta Fucaceae  FucusspiralisLinnaeus

Rhodophyta Bangiaceae Porphyra spp

(Blue = motile species; yellow = sessile).
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53.1 Spatial Patterns of Assemblages on Different CDSs

5.3.1.1 Assemblages on the breakwaters at ElImer

A two-way crossed ANOSIM performed on assemblaga daElmer for between structures
and structure sides showed that the assemblagessiggrificantly p < 0.001) very similar
(R = 0.11). The difference between assemblages dareiift sides of the structures was
greater R = 0.31,p < 0.001), but still with around 70 % overlap betwesssemblages.
Assemblages differed the most between the eastwad$ and landward sides of the
breakwatersi = 0.61,p < 0.001) (Fig. 5.2), with more differences thanitaniies, followed
by landward and seaward assemblades (0.46,p < 0.001), with as many similarities as

differences.

2D Stress: 0.02

Figure 5.2MDS ordination of the assemblages on differerésiQ¥y = seaward side; = eastward endy =
westward end,A = landward side) of the four breakwaters (2 (westnd of the scheme), 4, 6 and 8
(eastern end of the scheme)) at Elmer. Data dispeveeighted and transformed (Stress = 0.02). Contour
line from cluster analysis: 60% (red solid lineJl&@0% (black dotted line).

The assemblages on the westward ends and seawasivgere the most similaR & 0.05).
The landward assemblages showed the most assensitagture differences compared to
the other sides of the breakwaters (Table 5.5).rél'lweas no single contributor to these
differences in between assemblages from differedessof the breakwaters, although
barnacle cover accounted for more than 20 % ofltb€milarities. Overall, the two grazing
species,Littorina saxatilis species complex anéatella vulgata were the only species
accountable for approximately 10 % of the dissintilss between assemblages on the four

structure sides (Table 5.59j. spiralis accounted for more than 10 % of the dissimilarities
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observed for between westward and landward, anslssdaand landward sides.

Table 5.5 Average dissimilarity (%) and variables that cdntted to measures of dissimilarity between
pairings of assemblages between structure sidesfUswdward, EW = eastward, SW = seaward, WW =
westward) at Elmer. Data are the percentage caipifis a species contributed to measures of
dissimilarity (SIMPER). Greatest contributor (unlitexd) and important contributor (> 10 98 dld).

Structure Sides

WWvSW WWVEW SWVEW WWvLW SWvLW EWvLW
Av. Dissimilarity (%) 37.87 43.08 42.4 61.63 61.2 69.4
Bare rock 18 19 21 14 15 15
Barnacle 20 16 17 23 25 23
Dead barnacles 17 19 20 11 12 17
Detritus
Ulva spp. 5 5 4
Fucus spiralis 3 2 12 12 9
Littorina saxatilis complex 19 18 16 14 11 12
Littorina littorea 3 4 2 3
Patella vulgata 16 14 14 13 12 10
Porphyra spp.

Within the assemblages on the eastward, seaward/esitvard sides of the breakwaters (62,
65 and 64 % similarity, respectively) there wererensimilarities than differences, this was
the opposite for landward assemblages (38 % siyjlaiThe landward assemblages were
different from the other sides because of the amofibare rock (> 70 %) and barnacle cover
(< 5 %), and furthermore, it was the only commumvith a contribution of more than 10 %

from F. spiralis (Fig. 5.3).

20 - Live Barnacles
Dead Barnacles
Fatella vilgata

Littoring saxatilis species complex
S Fucus spiralis

Bare Rock

OEEOOMN

40 -

20

R I 01 il

Landwiard Eastward Seaward Westward
Side End Side End

Similarity Abundance Contribution (%)

Structure Sides

Figure 5.3 Percentage contributions (>90%) from the domiriar& and bare rock for average similarity
(SIMPER) tests within assemblages on differentcstmes sides of the breakwaters at Elmer. (X anes+
10 % contribution).
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The within assemblage structure for each of therotlieakwater sides showed similarities,
whereP. vulgata contributed to the similarity in all assemblageslQ %) andL. saxatilis
species complex only accounted for similaritiesMeetn assemblages on the eastward end (>
10 %) but not particularly to the westward endd.(<%). Barnacles contributed more to the
within assemblage similarities on the eastward erfidee breakwaters than the westward or

seaward sides and less contribution from bare (leick 5.3).

5.3.1.2 Assemblages on the groynes at Felpham

There were no significant differencgsX 0.05) in the assemblages between the two groynes
at Felpham, and a significant similarit® € 0.08,p < 0.001) in the assemblages occurred
between the different sides (westward, seawardeastivard), with 98.12% overlap in the
assemblage composition. The assemblages at theredhtf vertical shore levels showed
overlap in their compositiorR(= 0.43,p < 0.001), with slightly more similarities (57 %)t
dissimilarities (43 %), there is a gradient of afpann the assemblage patterns with vertical

shore level, with level 1 and 2 grouped togeth&086 similarity (Fig. 5.4).

2D Stress: 0.03

Lo 1 2
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Figure 5.4 MDS ordination of the assemblages at differentivalrshore levels& = level 1 (lower shore),

® —|evel 2,m = level 3,V = level 4 (upper shore)) averaged for the diffemedes of the two breakwaters
(1 (western groyne) and 2 (eastern groyne)) atHeeip Data dispersion weighted andransformed.
Contour line from cluster analysis: 80% (black ddtline). Level 1 is equivalent to mean low water
(MLW) and level 4 is equivalent to mean high watdHW) (Stress = 0.03)

The greatest assemblage differences between threaleshore levels at Felpham were
between vertical level MLW (level 1) and MHW (lev&l R = 0.70), and 2 and R(= 0.66),
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and the least were between vertical shore levelswiere adjacent (e.g. levels 1 andR2;
0.112). This was because there was a gradual chanige assemblage composition from the
low water end of the groynes to the high water eear the shore.

Rock cover was dominated by barnacles (> 35 % aiity) on vertical shore levels 1, 2 and
3 (Fig. 5.5). In contrast, assemblages in shorel léwere dominated Wy. spiralis and bare
rock (> 80 % similarity), and not by barnacles @ % similarity).P. vulgata abundances
contributed to 23 % of the assemblage similaritytio low water end of the groynes (level
1) and had decreasing contributions (< 10 %) towé#nd upper shore (Fig. 5.5). The amount
of bare rock increased towards the upper shordribating to only 11 % of the assemblage
similarity on the low shore (level 1) but 27 % dmetupper shore (level 4); whilst the
contribution from barnacles and dead barnaclesedsed (Fig. 5.5)L. saxatilis species
complex only made a small abundance contributio?)3owards the assemblage similarity
in level 3. This was the most abundant motile geéound on the groynes at Felpham, but
level 3 was the only area that it has made a reftieeabundance contribution in comparison

with other sessile cover and motile species.
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Dead Barnacles
Fatella vilgata

Littoring saxatilis species complex
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Figure 5.5 Abundance contributions (>90%) of the dominantcggse and bare rock to average similarity
(SIMPER) within vertical shore level assemblage§elpham (MLW = mean low water; MHW = mean
high water). (X axis line = 10% contribution).
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There were 6 taxa that were responsible for thé@&srehces and overlaps in vertical shore
assemblages on the groynes at Felpham Beach (3&)lelhe sessile taxa of barnacle cover
was the most influential on the lower shore (leYednd 2) and algad=( spiralis) on the
upper shore (level 4). The influence of bare rockrtaps the entire vertical shore sampled
and accounts most for the spread seen in the MD&(Blg. 5.4) for levels 2, 3 and 4.
Grazers were not as influential to the similaritesl dissimilarities in assemblages along the
vertical shore as sessile cover was; only the mabsindant specied,. saxatilis species
complex andP. vulgata made significant contributiond?. vulgata contributed most to
patterns in the lowest shore level (1 and 2), whilsaxatilis species complex contributed to

the assemblage structure higher on the shore @b BfFig. 5.5).

Table 5.6 Variables that contributed > 10 % to measuresisdichilarity between pairings of assemblages
at different shore levels (1 = MLW; 4 = MHW) on theoynes at Felpham Beach. Data are the number of
times (months: out of five) a species contributednbre than 10% of the dissimilarity. The rangeafties

of dissimilarity is reported in brackets; greatesntributor {talics); consistency over time_(underline)
important contributorkold)

Vertical Shore Level

Variables lvs.2 1lvs.3 2vs.3 1lvs. 4 2vs. 4 3vs. 4
Bare Rock 4(8-19) 3(8-15) 5 (10-16) 1 (4-15) 3(5-15) 4 (6-17)
Dead Barnacles 5(11-19) 3(9-13) 5(15-18) 5(10-16) 5(13-19) 4(9-18)
Detritus 0 (4-8) 0(5.7-6.3) 0(2-5) 0 (3-4) 0R.8 0(5-7)
Ulva spp. 0 (4-9) 0 (5-7) 1(8-11) 0 (3-8) 0 (4-9) 1(4-11)
Fucus spiralis 0 (3-7) 4 (11-16) 4 (12-18) _5(11-16) 5(11-20) 5 (15-21)
Littorina littorea 0 (2-4) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

L. saxatilis species complex 3 (14-22) 3 (10-17) 3 (12-15) 2 (6-17) 3 (11-13) (7413)
Barnacles 4 (6-17) 4 (5-23) 5(10-24) 5(19-27) 5(19-26) 5(20-29)
Nucella lapillus 0 (5.27) 0 (4.44) 0 (0) 0(2.42) 0 (0) 0 (0)
Patella vulgata 5(20-23) 5(15-26) 4 (8-16) 5(14-21) 4(8-23) 1(4-21)
Porphyra spp. 0 (4) 0 (5-6) 0 (7-9) 0 (5.33) 0 (4.98) 0 (1-7)

5.3.2 Temporal Patterns of Assemblages on Different CDSs

5.3.2.1 Temporal change issemblages on the Elmer breakwaters

There were significant temporal differencps<(0.001) in the composition of assemblages on
the breakwaters at Elmer between the five monthar¢hl 2005, May 2005, July 2005,
November 2005 and February 2006). Overall, thenaBkges showed more differences than
similarities R = 0.658); the change in the amount of unoccupaak mainly caused the
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observed temporal differences in the assemblagiswed by the amount of live and dead
barnacle cover (Table 5.7). The greatest differancprogression over time was between
March 2005 and May 2009R(= 0.76,p < 0.05) (Fig 5.6). This was due to the change in
percentage cover of bare rock and barnacles (Figy;, Where bare rock decreased (53 to 25
% contribution, respectively) and barnacle covecreased (21 to 43 % contribution,

respectively).

2D Stress: 0

May 05

Figure 5.6 MDS ordination plot of average monthly changesssesnblages on the breakwaters at Elmer.
Datav transformed (Stress = 0).

Analysis of the assemblages on the breakwatersna¢rEduring May, July and November
2005 showed that the composition did change ovee,twith an averagR statistic of 0.5,
showing that there were as many similarities asimidarities in the changing assemblages
(Fig 5.6). The species composition of the assemalslagere similar for each sampling

occasion, it was the abundances of the dominaattteat changed with time (Fig. 5.7).

The large differences observed between the sampimgs was because the assemblages in
both winter periods (March 2005 and February 2006je very different from the other
months; combinations with the other sampling ocrasshowed dissimilarities ranging from
R = 0.635 for between November 2005 and Februarg 2@R = 0.865 for between March
2005 and February 2006. This was because the avataghdances of the saxatilis species
complex were the lowest in March 2005 (2.7 ind/qatd 0.5). The winter sampling times
were the only time where there were no signifiamindance contributions from saxatilis
species complex to the assemblages (as definedIMPER analysis; Fig. 5.7), and in
February 2006, the average abundances were twatertiMarch 2005 (4.9 ind/quadrat *
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0.7). Of the grazers, the seasonal chandre wlgata abundances was consistently important
(ca. 14 %) in explaining the differences in assemélstructure on the breakwaters (Table
5.7). In contrast, macroalgal species did not domte a significant (< 10 %) amount to the

temporal differences in the assemblages on thé&Wwegars at Elmer (Table 5.7).

Table 5.7 Average dissimilarity and variables that contrémitto measures of dissimilarity between
pairings of assemblages between months (Mar = Maé¢ts, May = May 2005, Jul = July 2005, Nov =
November 2005, Feb = February 2006) at Elmer. Cata the percentage contributions a species

contributed to measures of dissimilarity (SIMPERGreatest contributor_(underlineand important
contributor > 10 %lk{old).

Mar Mar May Mar May Su5 Mar May  Jul Nov

VS, VS. VS. VS. VS, VS. VS, VS. VS. VS,
Variables May  Jul Jul Nov Nov Nov Feb Feb Feb Feb
Av. Dissimilarity (%) 463 446 426 432 431 396 424 458 439 426
Bare rock 22 20 19 18 19 18 17 21 19 17
Barnacle 17 18 14 15 13 15 17 17 18 15
Dead barnacles 12 15 15 13 12 13 14 11 15 13
Detritus

Ulva spp. 5 6 4 6 5 5 4
Fucus spiralis 7 7 8 7 8 9 8 8 8 9
Littorina littorea 6 5 4 5 4

Littorina saxatilis complex 10 12 12 14 18 16 _ 19 17 16 21
Patella vulgata 13 14 14 14 13 15 15 14 15 14
Porphyra spp.
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Figure 5.7 Percentage abundance contributions (>90%) of epilaspecies towards average similarity

(SIMPER) of assemblages within seasons on gramiekiwvaters at Elmer Beach. (X axis line = 10%
contribution).
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5.3.2.2 Temporal change issemblages on the Felpham groynes

The composition of groyne assemblages showed tiea¢ twere less temporal changes from
March 2005 to February 2006 in the assemblageb@groynes at FelpharR € 0.233p <
0.001) than on the breakwaters at Elnfer=(0.658, < 0.001). Two monthly groupings were
observed for the small changes in groyne assenblégg. 5.8). The first consisted of
similar assemblages in March and May 2005, andsdwe®end in July and November 2005,
and February 2006. The greatest change in asseendffagture with progression of time was
between May and JulyR(= 0.345,p < 0.001), and the greatest overall difference was
between March and JulRE= 0.51,p < 0.001), which shows there was as much the ovedap
there was difference in assemblages. There weresigoificant differences between

November and Februarp € 0.10).

2D Stress: 0

May 05

Mar 05

Jul @5

Nov 05

Feb 06

Figure 5.8 MDS ordination of the average monthly changes geawblages on the groynes at Felpham.
Data dispersion weighted,transformed. Stress = 0.

The average assemblage similarity within each sagpiccasion ranged between May (50.4
%) and July (70.9 %), being highest in July anddsirin May. Barnacle cover contributed
most to the similarity within all sampling occasspithe highest abundance contribution was
in the May (47.3 %). The large average abundanted (thd/quadrat + 3.9) df. saxatilis
species in July largely accounted for the diffeeeirt assemblage structure from the other
sampling occasions (Fig. 5.9), as the average amoad were considerably lower (< 9
ind/quadrat) during the other times. The contritmutof unoccupied space (bare rock) was
also an important factor in determining tempordfetiences in assemblage structure; the

greatest contribution was in March 2005 (27 %) relasing to 8 % abundance contribution in
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July and then increasing again to 17 % in Febr2af6 (Fig. 5.9). The temporal changes in
the amount of barnacle cover, unoccupied space Fangpiralis cover were the main
differences for the dissimilarities seen betweeseadlages over the time sampled (Table
5.8). The strong change in assemblage structune flay to July can be accounted for by an
increase in average abundancek.@bxatilis species (0.13 to 21.9 ind/quadrat).

Table 5.8 Average dissimilarity and variables that contrémlitto measures of dissimilarity between
pairings of assemblages between months (Mar = Maééb, May = May 2005, Jul = July 2005, Nov =
November 2005, Feb = February 2006) at FelphamBdaata are the percentage contributions a species

contributed to measures of dissimilarity (SIMPER3reatest contributor_(underlineand important
contributor > 10%/lfold).

Mar Mar  May Mar May Su5 Mar May Jul Nov

VS. VS. VS. VS. VS. VS. VS. VS. VS. VS.
Variables May Jul Jul Nov Nov Nov Feb Feb Feb Feb
Av. Dissimilarity (%) 52.5 573 499 53.5 49.1 36.7 538 50.2 379 38.0
Bare rock 18 14 10 14 15 17 16 16 19 20
Barnacle 20 18 14 19 15 10 19 16 12 11
Dead barnacles 12 14 14 13 12 12 15 14 12 13
Detritus 3 4 5 5 4 4 5
Ulva spp. 7 5 9 4 8 8 3 8 8 5
Fucus spiralis 11 11 10 12 13 10 12 12 11 15
L. saxatilis sp. complex 3 18 16 13 13 18 9 9 13 14
Patella vulgata 13 11 8 13 9 8 13 9 8 9
Porphyra spp. 5 4 5 3 4 6 3 4 5
Live Barnacles
e E Dead Barnacles
[ Fatelia vuigata
B Fucus spiralis
40 D Bare Rock
. Littorina saxatilis species complex

30+

20

Similarity Abundance Contribution (%)

War 2005 Way 2005 Jduly 2005 Mo 2005 Feb 2006
Time {Months)

Figure 5.9 Percentage abundance contributions (>90%) of epilaspecies towards average similarity

(SIMPER) of assemblages within months on graniteyiges at Felpham Beach. (X axis line = 10%
contribution).
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5.3.3 Spatio-temporal Patterns of Community Measures of CDS Assemblages

5.3.3.1 Differences in assemblage structure betwessikwaters and groynes

A 3-factor SPANOVA was performed on the communigrigbles: abundance of motile
species, number of taxa, cover of sessile spea@siaoccupied rock to test for differences
between structure types, between structures anuinwgtructures (sides of structures) at
different times (Table 5.9). Total sessile coved amoccupied rock mirrored each other,
being significantly affected by the same factorshi® same degree, so this section will only
describe total cover from now on. The abundancadatile species and sessile cover (Table
5.10) were significantly differenp(< 0.01) between the two different structure tydelsner
breakwaters and Felpham groynes) (Table 5.10)swthie number of different taxa did not
differ (atp > 0.05).

Table 5.9Results from a split-plot design analysis of vace for abundance of motile species, number of
taxa and also sessile cover. Split-plot designdasesites, Elmer and Felpham with three factastor 1,
‘structure’ had 4 levels at Elmer (2/4/6/8) andeXdls at Felpham (A/B), both were fixed; factor 2,
‘structure sides’ had 4 levels at Elmer (landwaadtesard/seaward/westward) and 3 levels at Felpham
(eastward/seaward/westward), both are fixed; faBtdtime’ was fixed and had 5 levels (March 05,\Ma
05, July 05, November 05, February 06). Elmer 640, Felphamm = 320.*p < 0.05,** p < 0.01,*** p <
0.001,NS = not significantf > 0.05).

Abundances of

Motile Species Taxa Abundance Sessile Cover
df MS F MS F MS F
Site? 1 1471.7 7.5% 4.13 2.69 139242.2 136.34
Elmer
St 3 564.46  7.48* 9.44 8.09** 5712.66 6.75*
Si 3 2865.65 38.02* 39.07 33.48* 32852.21 38.84*
T 4 1006.78 13.36* 7.88 6.75*  21097.93  24.94*
St * Si 9 173.04 23 4.06 3.48** 6317.52 7.47*
St*T 12 238.49 3.16* 3.74 3.206%* 1179.55 1.ANS
Si*T 12 241.53 3.2+ 3.84 3.29** 1190.39 1.4NS
St*Si*T 36 190.44 2.53* 1.71 1.468 852.855 1.0NS
Felpham

St 1 327.72 168S 0.15 0.1NS 353.08 0.7NS
Si 2 7930.41 40.86* 12.75 10.05* 342.57 0.68NS
T 4 6958.78 35.85* 9.1 7.18** 6110.38 12.19*
St * Si 2 656.64 3.38 0.59 0.46NS  2302.84 4.6%
St*T 4 553.37 2.85 0.07 0.05NS 1176.802 2.35
Si*T 8 2097.34 10.8%* 1.6 1.26NS  305.917 0.61NS
St*Si*T 8 528.74 2.72 1.13 0.8INS 674.455 1.35NS
2 One-way ANOVA, Factor = site, fixed, 2 levels (Enmand Felpham) = 960.
St = Structure, Si = Structure Sides, T = Time.
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Within sites, the abundance, cover and numberxaf taried, with larger variability on the
breakwaters than on the groynes (Table 5.10). Dhedances of motile species and number
of taxa were overall significantly more variableathtotal cover. All three community
variables at Elmer significantly (p < 0.001) di#er between structures, structure sides and
season (Table 5.9). Tukeysst hoc test showed no differences between structuresl 4 at
Elmer, but they were both significantly differenmdrin the similar pairing of structures 2 and 8

for number of taxa and percentage cover of sesgéeies (Table 5.10).

Table 5.10The mean values for the number of motile individugler quadrat), cover of sessile species and
number of taxa (per quadrat) between two diffe@Ds types (Elmer breakwaters and Felpham groynes),
and within the different CDS schemes on the diffestructures and sides of structures.

Abundances of Taxa

Motile Species Sessile Cover Abundance
Structures
Elmer 8.1 56.3 2.5
2 7.1 58.8 2.2
4 8.9 53.1 2.7
6 10.4 50.0 2.7
8 6.2 63.4 2.4
Felpham 12.2 81.9 2.7
A 10.1 80.9 2.6
B 11.4 82.8 2.7
Sides of Structures
Elmer
Eastward 12.8 76.3 3.1
Seaward 8.6 53.4 2.4
Westward 8.7 53.3 2.7
Landward 2.5 42.2 1.9
Felpham
Eastward 7.0 82.9 25
Seaward 23.0 83.1 3.2
Westward 6.4 80.0 2.5

Structures 2 and 8 had significanfy< 0.001) less taxa, less motile species and maslse
cover than structures 4 and 6 (Table 5.10). Forsthecture sides, the eastern end of the
breakwaters supported the highest significank (0.001) number of taxa, abundances of
motile species and sessile cover and the leasteotahdward side of the breakwaters, whilst
there were no differences between the seaward asidewestward end. There were no
significant differences (p > 0.05) in abundancemaftile species, number of taxa or sessile
cover between the two groynes at Felpham, but theme differences for the number of

motile individuals and sessile cover between stmgcsides (Tables 5.9 & 5.10). Tukey's
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post hoc test showed significantlyp(< 0.001) higher abundances of motile species axal ta
on the seaward sides of the groynes at Felphamttieaeastward or westward sides; the
groyne sides (westward and eastward) had approgiynagual mean abundances of motile
species (Table 5.10). The abundances of motiledespea the seaward sides of the groynes at
Felpham were larger than on the breakwaters atiH[hable 5.10).

The abundances of motile species, numbers of tadasassile cover showed significant
monthly differencespy< 0.001) at both Elmer and Felpham (Tables 5.9 56.The average
number of taxa on both structure types on all stinecsides was significantly greater in July
2005 (3.35 + 0.14) compared to in March 2005 (24814), May 2005 (2.52 + 0.14) and
February 2006 (2.52 + 0.14). In contrast, this grattwas the opposite at Elmer, with
significantly @ < 0.001) less taxa in July (2.20 + 0.1) comparenh tdlay (2.73 £ 0.1) and in
November (2.78 + 0.1). The abundances of motilecisgeat Felpham followed the same
pattern as with sessile taxa, with significantly € 0.001) larger abundances in July,
particularly on the seaward side (Table 5.6). Imparison, EImer had considerably smaller
abundances in July, with peak abundances in Novenoe both Felpham and Elmer, the
largest significant{ < 0.001) incremental difference in sessile coves ivatween March and
May, with a 21 % increase for Felpham and a 29 éteimse for ElImer. May and July sessile
cover did not differg > 0.05) at either site.

5.3.3.2 Spatio-temporal patterns of the dominaatigs at Elmer

A 3-factor ANOVA (Table 5.12) showed that the fasttstructure’ and ‘time’ were variable
in their influence on the distribution of dominat#xa, whereas ‘structure sides’ was
consistent and often the strongest influence. Wthenfactors structure and structure sides
were considered together, there were significart .001) differences for all dominant taxa
at Elmer Beach. The cover of barnacles was onlyifstgntly (p < 0.001) different between
structure sides and with time (Table 5.12), butbetiveen different structures; whilst dead
barnacle cover showed significapt{ 0.001) differences between structures, strucides,
time and all interactions (Table 5.12); common tihbwas that structure sides had the

strongest impact.
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Table 5.11The temporal mean values for the number of motitBviduals (per quadrat), cover of sessile
species and number of taxa (per quadrat) at twierdiit CDS types (Elmer breakwaters and Felpham
groynes) on the different sides of the CDSs. Valndmld denote the greatest temporal value.

Eastward Seaward Westward Landward

Taxa Abundance

Felpham

Mar 2005 25 2.8 2.0

May 2005 2.2 2.8 25

Jul 2005 3.0 4.2 29

Nov 2005 2.6 3.2 2.6

Feb 2006 2.1 2.8 2.5

Elmer

Mar 2005 2.8 1.9 2.7 2.1
May 2005 3.3 2.2 3.3 2.2
Jul 2005 2.9 2.6 1.8 1.4
Nov 2005 3.3 2.9 2.9 2.1
Feb 2006 3.3 2.4 2.7 1.8
Abundances of Motile Species

Felpham

Mar 2005 3.0 5.5 2.2

May 2005 1.9 5.1 2.3

Jul 2005 155 61.3 111

Nov 2005 7.0 22.1 7.7

Feb 2006 7.3 20.8 8.9

Elmer

Mar 2005 9.1 3.5 5.3 2.4
May 2005 9.8 4.8 9.8 1.8
Jul 2005 11.0 13.3 6.9 15
Nov 2005 20.0 14.8 10.4 4.9
Feb 2006 13.8 6.8 11.1 1.9
Sessile Cover

Felpham

Mar 2005 76.1 66.6 62.4

May 2005 90.0 89.6 90.2

Jul 2005 91.5 95.4 93.1

Nov 2005 80.5 83.7 76.5

Feb 2006 76.4 80.1 77.7

Elmer

Mar 2005 57.9 32.2 35.7 31.0
May 2005 83.9 59.9 76.8 53.9
Jul 2005 88.7 70.9 59.7 52.9
Nov 2005 83.8 60.8 50.2 36.8
Feb 2006 67.2 43.1 44.0 36.4

The distribution of barnacle cover between struetsides had the same pattern as total
sessile cover (Table 5.10), whereby the eastwaddhed the highest percentage cover (61.2

% +1.8) and the landward sides the least (7.91 %)+$tructure and structure sides and their
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interaction significantly affected the percentageer of F. spiralis on the breakwaters at
Elmer. Structure 8 (13.5 % * 1.5) had significarflyc 0.001) higher mean percentage cover
than on structures 4 (5.1 + 1.5) and 6 (4.2 + Wh)st there was significantly higher cover
on the landward sides of the breakwaters than atheoother sides (Fig. 5.10).
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Figure 5.10Mean (a) cover (%) of sessile and (b) abundamz¥duadrat) of motile taxa on different sides
of the groyne structures at Felpham (diagonaletiipars) and breakwater structures at EImer (balid).

L. saxatilis species complex was influenced by structure sidestiane and their interactions
but not structure, whereas the abundande. etilgata was significantly p < 0.001) affected
by structure and structure sides and their intemast but not time (Table 5.12). The
structures at Elmer were separated into 3 sigmfigaoups for the abundanceshPoivulgata,
with structures 2 and 8 having the lowest mean dénces (1.2 ind/quadrat £ 0.17 and 0.8
ind/quadrat = 0.17 respectively), followed by stwre 4 (2.2 ind/quadrat £ 0.17), with the
greatest mean abundances on structure 6 (3.0 eudigu+ 0.17). The eastward ends of the
breakwaters harboured significantly € 0.001) greater abundances lofsaxatilis species

complex than other sides of the breakwaters, vighleéast on the landward sides (Fig. 5.10).
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Overall, there were no differencgsX 0.05) in the abundances Bf vulgata between either
breakwater ends (westward or eastward) or the geaside but were significantly less on the

landward sides of the structures.

There were also significant interactions betweeuncsiire and structure sides for both grazers
(Table 5.12); of particular interest, was the diacypattern inP. vulgata abundances with
relation to structure side across the breakwateerse at Elmer (Fig. 5.11). On structures 2
and 4 (western end of scheme), there was a cloekdgsrease iR. vulgata abundances with
movement around the breakwaters; the eastward leadishe greatest mean abundances,
followed by the seaward sides, then the westwad] and then least on the landward sides.
In contrast, on structures 6 and 8 (eastern endchéme) there was an anti-clockwise
decrease inP. vulgata abundances with movement round the breakwatergrewthe
westward end had the highest mean abundances &ulltwy the seaward side, eastward end,

and again the least on the landward sides (Fig.)5.1

Abundance (ind./quadrat)

Westwards

Eastwards

Seaward Sides |
Structure Ends %
Landward Sides

Figure 5.11Patella vulgata mean abundances (ind/quadrat) on different bretgtvedructures (2, 4, 6 and
8) and structure sides (eastward ends, seawarsl sigstward ends and landward sides) at Elmer.

L. saxatilis species complex abundances varied temporally §ifb), with an interaction
with structure side (Fig. 5.13b). There was a gahdhcrease in the abundance from March
to peak in November 2005 before declining agaiRetbruary 2006.
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Table 5.12Results split-plot design analysis of variaficealues for species abundances and cover. Sptigpkign based on sites, ElImer and Felpham witgethr
factors; factor 1, ‘structure’ had 4 levels at Eim@/4/6/8) and 2 at Felpham (A/B), both were fixddctor 2, ‘structure sides’ had 4 levels at Elmer
(landward/eastward/seaward/westward) and 3 levdtelpham (eastward/seaward/westward), both wgeslfifactor 3, ‘time’ (sampling occasions) was éand
had 5 levels (March 05, May 05, July 05, Novembgrfebruary 06). Elmer = 640, Felpham = 320.*p < 0.05,** p < 0.01,*** p < 0.001,NS = not significant

(p > 0.05).

Barnacles F. spiralis L. saxatilis sp. Patella vulgata
complex
df MS F MS F MS F MS F
Site? 1 13640.54 11.55* 37169.88 48.24* 876.33 5.53 60.92 8.04*
Elmer
St 3 0.00 0.6S 0.67 12.04* 0.24 1.6NS 3.07 38.69**
Si 3 4.36 220.55* 421 75.54* 13.90 94.07* 252  31.72*
T 4 0.27 26.76* 0.03 0.5NS 2.84  19.21** 0.16 2.0(NS
St* As 9 0.20 7.8+ 0.36 6.40** 0.62 4,22 0.45 5.69**
St*T 12 0.10 1.43S 0.04 0.7NS 0.17 1LANS 0.08 0.99NS
Si*T 12 0.06 3.19+ 0.07 1.2NS 0.56 3.81* 0.09 1.0MNS
St*Si*T 36 0.03 1.9%+ 0.05 0.86NS 0.28 1.88* 0.07 0.88N\S
Felpham
St 1 0.04 0.0S 0.01 0.04NS 0.55 2.9MNS 1.23 1414
Si 2 13.20 28.59* 4.10 23.93* 265 14.16** 8.41  96.55**
T 4 1.60 1.76NS 0.21 12NS 10.97 58.66* 0.07 0.8(NS
St* As 2 0.47 1.2%S 0.00 0.0INS 0.90 4.82* 0.13 1.46NS
St*T 4 0.09 0.6'NS 0.02 0.0NS 0.41 2.18\S 0.05 0.55NS
Si*T 8 0.19 0.4NS 0.09 0.5NS 0.92 4,91 0.25 2.88*
St*Si*T 8 0.11 0.2NS 0.03 0.15NS 0.42 2.22 0.06 0.6NS

& One-way ANOVA, Factor = site, fixed, 2 levels (Emand Felpham) n = 960.
St = Structure, Si = Structure sides, T = Time.
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The temporal pattern was rather variable on differ@des of the breakwaters (Fig. 5.13b);
individuals on the landward sides showed littleiaton in abundances temporally, perhaps due
to the small abundances that occurred there, whereandances on the seaward sides showed
an earlier increase in abundances from spring tonger than on the eastward side when it

happened between the July and November 2005.
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Figure 5.12 Temporal mean (x SE) (a) cover (%) of dead bagswahnd (b) abundance (ind/quadrat)Lof
saxatilis species complex on both groynes at Felpham andckWegers at Elmer. Attention: y-axis scales
different).
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Figure 5.13 Temporal mean (+ SE) abundances (ind/quadrat)Litiorina saxatilis species complex on
different sides of the structures on both (a) deagioynes as Felpham and (b) granite breakwatétkreer.
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5.3.3.3 Spatio-temporal patterns of the dominaatigs at Felpham

The 3-way fixed-factor ANOVA (Table 5.12) shows ttRavulgata was the only dominant taxa

to be significantly |§ < 0.001) different between the two groynes at Faphwhereas the sides
of the groynes consistently had significant diffexes on the abundances and cover of dominant
taxa. Statistical differencep < 0.001) between sampling occasions only occurredead
barnacles and.. saxatilis species complex (Table 5.12, Fig. 5.10). The factdr structure,
structure sides and time had less variability @dloynes at Felpham than at Elmer, although
L. saxatilis spp. complex showed the highest variability of tleeninant taxa on the groynes
(Table 5.12).

The significant differences in the abundanceB.ofulgata between the two groynes was due to
the westerly groyne (B) (3.3 ind/quadrat + 0.19yihg greater mean abundances than the
easterly groyne (1) (2 ind/quadrat = 0.19). Thensed sides had higher percentage cover and
abundances than either on the eastward or wesstiged of the groynes for all taxa (Fig. 5.10).
The percentage cover of dead barnacles was higirlghle between sampling occasions (Fig.
5.12a): July 2005 had the highest percentage qdet = 0.9 %); this was significantlp €
0.001) greater than other times but simifar(0.05) to February 2006 (8.2 £ 0.9 %). The mean
abundance df. saxatilis spp. complex was similarlyp( 0.05) low in March and May 2005 (<

1 ind/quadrat), but significantly less than in thely (25.1 ind/quadrat £ 1.7), this high
abundance increase was followed by a decrease werMzer 2005 (7.4 ind/quadrat +1.7).
There was a significanp(< 0.001) interaction of spatial patternsLotaxatilis spp. complex
over time, with the large increases in July aburdaronly occurring on the seaward sides
of the groynes (Fig. 5.13a).

A two-way ANOVA with vertical shore levels and tinas factors was performed (Table 5.13);
this was to test if there were differences in theldgical measures (abundances of motile
species, number of taxa, sessile cover, bare rao#f)the dominant species on the groynes at
Felpham (Table 5.)3Vertical shore significantlyp(< 0.001) affected all biological measures
tested with the exception of sessile coyepr (0.05) and bare rockp & 0.05); this was also the
pattern for the interaction between vertical shane time, however time alone significantly

effected p < 0.001) sessile cover and the amount of bare Mo&.abundance of motile species,



Chapter 5: Community Assemblages of CDSs

196

number of taxal.. saxatilis species compleX. vulgata, and barnacles was higher on the low

shore (level 1) and decreased with vertical shewel] so on the upper shore (level 4) their

abundances and cover was low (Fig. 5.14a). Whetieagover of. spiralis was the opposite,
with cover increasing further up the shore (Fig4a).

Table 5.13ANOVA for total individuals, taxa and cover ancesfes abundances and cover (log transformed)
at Felpham with 2 factors: factor 1, ‘vertical stiowas fixed and has 4 levels (1 (MLW), 2, 3 an@WHW));
factor 2, ‘time’ was fixed and has 5 levels (Ma@f) May05, July 05, November 05, February ©63.320.
*p <0.05**p<0.01,*** p< 0.001,NS = not significant |§ > 0.05).

Total Individuals Total taxa Total Cover
df MS F MS F MS F
Vs 3 6975.98 38.58* 21.75 21.88* 94.83 0.18NS
T 4 5291.83 29.27* 8.145 8.19+* 6218.46 11.83*
Vs*T 12 1728.22 9.56* 4.456 4.48* 481.913 0.917NS
Barnacles F. spiralis L. neglecta
df MS F MS F MS F
Vs 3 8.223 109.19* 7.944 85.79* 6.533 55.12*
T 4 0.284 3.77  0.277 2.99 9.966  84.08*
Vs*T 12 0.602 7.99** 0.6 6.48** 1.501 12.66*
Patella spp. Bare rock
df MS F MS F
Vs 3 6.892 104.96* 0.031 0.43NNS
T 4 0.066 1.004NS 0.972 13.69**
Vs*T 12 0.48 7.3F* 0.088 1.24NS
Vs = Vertical Shore, T = Time.
{a) Motile Species (b} Sessile Cover
Dead Barmacles
[l Live Bamacles
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Figure 5.14 Spatial distributions of the mean (+ SE) domin@x@a on the granite groynes at Felpham along
the vertical shore levels from mean low water (MLYY:to mean high water (MHW: 4) for (a) motile sigsc

and (b) sessile cover.
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5.3.4 Influence of Environmental Variables on CDS Assemblages

There were several engineering design features ¢batd have influenced the spatial
assemblage variation on the breakwaters at Elnmmluding breakwater crest elevation,
breakwater length and distance from the shore (MVES well as the hydrodynamic regime
(current direction and strength) (Table 5.1). Themgables were used in BIO-ENV analysis to
determine what degree these variables could explhén observed spatial patterns in
assemblages on the breakwaters (Table 5.1). Thewpt combination of design features and
hydrodynamic (abiotic) variables to match the bveater assemblages were crest elevation of
the structures, current direction and strenggh=0.07). These three variables were only able to
account for 7 % of the pattern. The assemblage stadaved that assemblages on structure 8
were the most dissimilar in comparison with theesottinree structures, with structure 2 being the
closest in similarity. The optimum variables showsedelatively good match to this pattern,
ranking structure 8 to be different from 4 and &jck were in turn were extremely similar. In
contrast, the abiotic variables ranked structuees 2ather more dissimilar to 4 and 6, with the
greatest distance in dissimilarity for structureagsemblages; 93% of the variation in the

assemblages still remained unexplained.

The wave climate changed seasonally, as would pected (Table 5.3); larger wave height and
longer wave periods were experienced in the autanthwinter months, with wave direction
varying from 188 to 200. The average sea surface temperature ranged ft@rirBthe winter

to 18 C in the summer, with greater sea levels in tharsar and less residual surge (Table
5.3). The coastal sea climate could potentialllegwme explanation of the assemblage patterns
(Fig. 5.6). The optimum combination of coastal gaaables to match the temporal assemblage
patterns on the breakwaters at EImer was signifiesave height (&), sea surface temperature
(SST) and maximum surgew = 0.059). These three variables only accountedfét of a
temporal variation in the assemblage patterns. éipltam, the matching of the coastal sea
climate variables to the temporal assemblage pattagain only accounted for 7 %, (=
0.069). The optimum combination of variables waghsly different from that at Elmer, with
five of the variables; these were, Hnaximum wave height k), wave length (J), wave
direction (dir) and SST.
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Overall, the optimum combination of variables t@lain the assemblages on the breakwaters at
Elmer when all spatial and temporal environmengalables were considered was the angle of
the structure sides relative to magnetic north |§#&h2). This variable accounted for 35 % of
the overall matchp(, = 0.354). There were three environmental variakhes explained the
spatio-temporal assemblage patterns on the gragn€elpham, but only 9% of the variation
was explained, much lower than that explained ateEl The optimum environmental variables
were maximum significant wave height, sea surfasaperature and the angle the structure

sides relative to magnetic norih,(= 0.090).

5.4 Discussion

Intertidal assemblages on the defence structures w@nmposed of few species, with only 15
taxa represented. This remarkably low diversityntértidal assemblages on defence structures
has also been confirmed by several studies (e.gctBacchi & Airoldi 2003, Moschella et al.
2005, Jonsson et al. 2006, Burcharth et al. 200jch of the space on the groynes and
breakwaters was occupied by sessile filter-feedeasnaclesP. vulgata andL. saxatilis spp.
complexwere the dominant grazers presddhe possible explanation for the lack of species
diversity is that only the flat boulder faces o€ thtructures were surveyed. These are rather
more exposed to desiccation and wave action dfnassthe small boulders and rockpools at the
base of the breakwaters and groynes, which have Seewn to have rather more diversity
(Burcharth et al. 2007). In addition, the locatiainthe breakwaters and extension of groynes
was only on the mid-intertidal foreshore, and thbselder faces surveyed were mid- to upper-
intertidal. Diversity can be greatly increased whee CDSs border the intertidal/subtidal

boundary, similar to that of the structure on H@git, Hampshire (Lynas 2005).

54.1 Spatial Assemblage Patterns

Generally, there were only small differences incsg® composition between assemblages
among and between different structures at both Ebnd Felpham CDSs. The results of this
study are in agreement with those of Underwood @hdpman (1998), who observed that
variations at the replicate scale, sites on theeshad among shores were due to the relative
importance of a few dominant species rather thaangés in the overall composition of the

assemblage. This was further confirmed by Bullad &hapman (2004), showing that, the mix



Chapter 5: Community Assemblages of CDSs 199

of species contributing to differences in man-mattactures was consistent from location to

location and through time.

In the current study, the small variability in asdédages within and between structures varied
differently between groynes and breakwaters; véiatbeing larger and more complex on the
breakwaters. The greatest differences were obsebetdeen the different sides of the
structures (landward and seaward sides, eastwardvastward ends) at Elmer, with complex
interactions between structures and structure sttleswas mostly attributable to variation in
the relative abundances and cover of the domingefiss rather than differences in
composition of taxa. The magnitude and nature ofatians between structure sides through
time were different for between breakwaters andymges. This contrasted to the findings of
Bacchiocchi and Airoldi (2003) in the Adriatic, whatated that there were little differences
observed in the distribution of species at difféneositions around groynes and breakwaters.
There were indeed little differences in the corecggs of the assemblages at Elmer, however,
the abundances and cover of species were verybla@aad often specific species were different
on different structure sides (efg. spiralis on the sheltered landward sides of breakwaters and
nowhere else). It is relatively common for a fewnpmnents of intertidal assemblages to
dominate spatial patterns of variation (Chapman @dérwood 1998, Underwood & Chapman
1998).

There are many explanations in the literature fpatial variations seen in community
assemblages associated with man made structuresmajority of the studies have, however,
examined the direct and indirect influences of $is@dle substratum physical attributes such as
complexity, orientation and slope (e.g. Glasby 1998lasby 2000, Glasby & Connell 2001,
Chapman & Bulleri 2003, Knott et al. 2004), rattiean larger scale abiotic variables such as
wave exposure, water flow and sedimentation (eayiPet al. 2002). The orientation to wave
attack was shown to be the most important driveasueed of assemblages at both EImer and

Felpham.

Wave exposure and patterns of water transportgots) are potent agents determining species
composition, abundance, and distribution of thecstre of intertidal epibenthic assemblages
on rocky shore (Lewis 1964, Jones & Demetropoul®88]1 Menge 1978, Underwood 1981,
Hartnoll & Hawkins 1985) and on man-made surfa@suthward & Orton 1954, Davis et al.
2002). In very exposed systems, the intensity ofevexposure may be the most important
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factor affecting the spatial distribution pattemisassemblages (Underwood 1981, Hawkins
1983, Davis et al. 2002), disabling the identificatof clear distribution patterns in relation to
shore height or to small-scale spatial variabilAyaujo et al. 2005). The sheltered nature of the
landward sides of the breakwaters compared to Hpowsed westward and seaward sides
explains the differences between the assemblagss éhch supported. Exposed conditions
generally benefit suspension feeders, like barsasiace water movement enhances their food
supply (Bustamante & Branch 1996, Hammond & Gh#it2004) and larval supply
(Mullineaux & Garland 1993). This trend was alsersén this study, where the low regime of
water flow and wave attack on the north sides efdnuctures at EImer, and higher up the shore
on the groynes at Felpham, compared to other pasitiaccounted for the low cover in
barnacles and presence of macroalgae, whilst ngepce of macroalgae was found on the
exposed sides (seaward side and westward end)evlaenacles dominated (see Jonsson et al.
2006).

One of the most important effects of wave exposi@n the ability of organisms to attach and

stay attached. For other more fragile or mobilecigse attachment or foraging activities can be
compromised by high wave-exposure conditions. Assalt, grazers have been found to reach
maximal abundances on sheltered and moderatelysegpshores; so that species diversity
peaks on moderately exposed shores (Bustamantea&cBr1996). In this study, the highest

number of taxa, individuals and cover of sessilecgs were found on the eastward ends of
breakwaters at Elmer. In terms of wave exposurewhs moderately exposed, being somewhat
sheltered from the dominant prevailing south-wdgtevave direction (Fig. 2.1) but still

experiencing reasonable water flow from currenig. (5.3).

The assemblages were very similar between thereliftestructures at Elmer, there were a few
small interesting differences; these differencesy ne accounted for by the complex
hydrodynamics of the schemB. vulgata were most abundant on structures 4 and 6, these
structures experience increased water flow speewnisnd the structures during tidal cycles
(Plomaritis 2006), and exposure to wave attackpdita are well known for their presence in
exposed areas of rocky shores (Southward & Ort&4 19ewis 1964, Jenkins & Hartnoll 2001,
Pinn et al. 2005). The western end of the breakwstieme experiences the slowest currents
(Fig. 2.4); the interaction of slow currents, gezagxposure to wave attack and reduced grazing
is apparent aB. spiralisis more dominant than on the other breakwaterQWd&id and Branch
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(1985) reported that algae were more abundantosqied sites, as exposed areas present very
harsh conditions for algae to settle (Dalhoff & Njeri996).

In conjunction with wave exposure and water floveexts, orientation with respect to sunlight
may well play an important role in determining thleundance of grazers and sessile species.
Animals on intertidal shores have been shown taffeeted by shading (Denley & Underwood
1979), with greater recruitment or survival whehere is shade (Glasby 1999b, Glasby &
Connell 2001). Glasby (1999b) and Blockley (2000)rid that the degree of shading may be
important in structuring assemblages of epibiotsswiotidal pier pilings. The amount of shade
can influence the surface temperature of rockyriick® areas, with unshaded areas having
much greater surface temperatures than adjacemnteghareas during low-tide leading to
physiological affects (e.g. greater mortality thgbudesiccation or thermal stress) (Blockley
2007). In this study, westward ends and seawask sid the breakwaters would be subject to
more direct sunlight than those on the landwaréssiand eastward ends, resulting in greater
surface temperatures. Blockley (2007) reported that difference in temperature between
shaded and unshaded sections of seawall was up°t6 in Sydney Harbour. The reduced
temperatures experienced on the eastward endsedbrdrekwaters would reduce the risk of
desiccation and can be correlated with the obsemiglder faunal abundances. However, this
theory cannot solely explain the increased aburetan€ species on the eastward ends, as this
was not the case on the groynes at Felpham or @t KBinn et al. 2005); there were no
differences between the east and west aspectseRatletter explanation is a combination of

physical factors influencing the complex variatiocommunities seen at Elmer.

Vertical shore level was an important factor inedlgtining abundance and distribution patterns
on the groynes at Felpham. There were distinceidifices between the assemblage species
composition at the boundary extremes, with barnaoker dominating the lower limits and
fucoids dominating the upper limits (Fig. 5.21),ilshgrazers such &2. vulgata andLittorina
littorea had higher in abundances in the lower half of tte/iges. In addition, not only is it risk

of desiccation that determines the species zonabiointhat the exposure of the upper parts of
the groynes to wave attack is also minimal, therekglaining the high percentage cover of

algae, similar to that found on the north (shettemdes of the breakwaters.
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5.4.2 Temporal Patterns

The temporal results of this study showed thatrabtsges were complexly variable among
sampling occasions on both the groynes and breaksvafThe temporal variability of
assemblages on man-made structures, including CBe&sbeen somewhat understudied in
conjunction with spatial variability; the recena®ment by Balata et al. (2006) suggested that
temporal variability of these organisms may be mongortant than previously thought.

Complex patterns were exhibited spatially througtet particularly on the different sides of the
breakwaters at Elmer. Of particular interest, wire differences in the number of taxa and
individuals, cover, and abundances of dominantispdeetween the two different CDSs types.
These spatio-temporal results contradict the figslimbserved by Bacchiocchi & Airoldi
(2003); they compared groynes and offshore breawassemblages at different spatial scales,
finding that there were fewer differences than expe at different positions on both groynes
and breakwaters. The percentage cover of sessfleiespwas highly variable at Elmer on
different sides of the structures in comparisorhwat Felpham. This was also the case for
number of taxa. The spatio-temporal pattern iniles®ver observed at Elmer, could be
explained through a variety of factors. For exampéeluced larval and food supplies on the
landward sides of the structures could explain ceducover of sessile species; scouring from
wave action and sedimentation, and increased surtengreratures on the seaward sides and
westward ends; whilst, the eastward ends exhilgtediual changes in sessile species cover
after an initial increase in May, possibly explalres a result from the shelter from wave attack
and high temperatures, added to by the reasonatal land food supply. It should be noted
that the underlying variable for all these factoase the currents and wave exposure, as
mentioned before, with regards to the spatial ithstion. The correlation of physical
environmental variables of wave height, currentespm relation to the angle of the structure
sides was shown to be complex, and the most inflelem the temporal changes of the
assemblages. The fact that there is high spatipdesh variability between the two sites,
suggests that the complexity of the hydrodynamgime already shown at Elmer (Plomaritis
2006) is one of the main driving factors in thismeral pattern. In addition, at both sites the

percentage cover of sessile organisms was signtfychigher in February 2006 than in March



Chapter 5: Community Assemblages of CDSs 203

2005. This could be either explained by the indrepage of the structures, or rather the sea

surface temperature, which saw significant elevatio temperature between the two years.

At Felpham, the species diversity (number of tao@}the three sides of the groynes, increased
from March to July, and decreased by the followangter in February as expected. In contrast,
at Elmer, the species diversity decreased sevameluly from the diversity in May, before
returning to same diversity in November as in M&ig( 5.5), with the exception of on the
seaward side of the breakwaters, where it slowdyeiased to a peak in November. This pattern,
may potentially be as a result of predation, thenalances oNucella lapillus inhabiting the
crevices and rock pools in the small boulders adlaine base of the structures at Elmer (these
are not present at Felpham) dramatically increaseday and July (author’s pers. obs.). This
follows the findings of Brown & Swearingen (199&)daHawkins & Hartnoll (1983), who
observed that species recruitment to artificial stutta varied with season, and was also
influenced by predation of the recruited individialhis should be researched further, to see if
abundances of predators and this decline are atettl and preferentially carried out
experimentally, as well as observationally. Addiadly, this decrease in diversity at EImer may
be due to the combination in the increase in sunieraperatures and decrease in wave action,
thereby increasing desiccation risk. The more valbke motile species (e.. saxatilis species
complex) may subsequently move vertically in acaamt to height of the splash zone
(Underwood 1981, Dalhoff & Menge 1996, Araujo et2005). However, the latter explanation
does not explain why this does not occur at Felphasnthe same physical environmental

factors are experienced being in the same geogr@dbcation.

5.5 Conclusions and Further Research

In conclusion, this study has shown that the aoglstructure sides to wave exposure had the
strongest influence on differences among assemblagebreakwaters. The breakwaters at
Elmer are complex three-dimensional habitats, pbssnore multifaceted than the groynes at
Felpham due to the complex hydrodynamics that etkiste, thus providing a variety of
intertidal habitats differing in orientation, coreglty and wave exposure.
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There is scope for further study into the effedtsedimentation on the assemblages of these
structures. A strong correlation between sedimemtand wave exposure and water flow has
been observed (Borja et al. 2006), suggesting sedimentation is an important physical
variable to affect community structure. Coarse reedit such as sand and gravel can abrade
tissue from organisms or remove them from reefsrelty affecting community structure.
Plomaritis (2006) investigated the sediment trartspiod hydrodynamics at Elmer, West Sussex
and described their complexity within the breakwaeheme; the study site experiences high
sediment mobility (author’s pers. obs.) with thagmial to strongly influence the community
structure, through the scouring of rocks. Undeditamhow sedimentation may affect the early
life stages, in particular, of benthic organismsymeove to be crucial in elucidating influences
on community structure and the interaction of wax@osure gradients (Schiel 2004). The
influence of sedimentation can only be assumedrardlie breakwaters at Elmer in correlation
with wave exposure, and it is an important variathlat requires further study in order to
understand its impact on CDS. Elmer would be aalidudy site for such research, due to the
extensive research into the hydrodynamics and ggolbat have been carried out to date.
Finally, there are often large deposits of detritedcroalgae on and around the toe of the
breakwaters at Elmer, the importance of this allechous source to the assemblages has not

been studied and may influence the abundance® afdiminant taxa on these structures.

Further more, with respect to tidal height on CBf&re is scope for further research into the
splash zone and tidal heights on the breakwaterstder to compare the interactions of wave
exposure and tidal height between breakwaters anogngs, with a balanced hierarchical

design.
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Chapter 6: Macroalgae Decay Processes

6.1 Introduction

6.1.1 Macroalgal Decay

Macroalgal detritus is deposited on shores worléwiidavery et al. 1999) and is an important
component of energy flow in coastal ecosystemsintartidal habitats (e.g. sandflats, salt-
marshes, beaches), decaying macroalgae can betddgbsoughout the entire intertidal range,
and is dependent on subtidal sources and envira@meariables such as time of the year (e.qg.
storm frequency, tidal cycle, sea temperature).ifguthis period the decaying macroalgae
deposits are subjected to different processes asictiehydration, ageing, fragmentation, burial
by sand, and decomposition. These processes dngy hgriable and are influenced by both
site- and time-specific environmental conditionsl am most cases depend on the taxonomic
composition of the algae (Colombini & Chelazzi 2p08acroalgae-derived detritus has been
shown to provide food and habitat to a diverse ahdndant cross-section of macrofaunal
assemblages (Inglis 1989, Colombini et al. 2000gdduet al. 2003). Food availability is a
potentially important determinant of consumer alanmg® in natural communities and the
densities and growth rates of consumers may beiyelgiassociated with food supply (in situ
or allochthonous) in a variety of habitats (Dugaale2003).

There is growing evidence that low crested stres(LCSs) influence decaying macroalgae
deposition. This has been observed in coastal asédsoth Spain (pers. comm. DELOS
scientists) and the UK (Elmer, West Sussex: Chaptewhere large amounts (e.g. 518 t/y of
wwt for the 1.75 km beach at Elmer) of decaying roalgae is seen to be regularly deposited
around the LCSs. In this chapter, | aimed to urtdacsthe decay processes of some of the
dominant macroalgae deposited on the beaches arEbuth aerobically and anaerobically,
using carbon and nitrogen stable isotope analysissamples from field and laboratory

experiments.

At Elmer, macroalgae are pushed inshore by coastsaes, tidal currents and inshore winds.

The constricted circulation of water and varyingrehelevation levels within the breakwater
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scheme results in the majority of algae being dégbsnd trapped behind the breakwaters on
the landward side (see Chapter 3). The results frgnstudy on this phenomenon (Chapter 3)
showed that the biomass of decaying macroalgaegeldaon a daily basis due to the exchange
of material between the beach and the surf zon& monthly basis due to the influence of the
spring neap tidal cycle, and on a seasonal bagstauhe influence of sea temperature and
storm events. On each receding tide, the algaedejpssited and left to decay, removed on the
following incoming tide and mechanically broken dgvand then deposited again on the next

receding tide.

6.1.2 Use of Isotopes for Sudying Macroalgal Decay

The understanding of the detailed mechanisms Igadm nitrogen fixation in primary
producers, especially marine algae, is even legslaiged than that of the processes involved in
carbon fractionation. However, it is understood thacrophyte species show different isotopic
values due to differential isotope fractionatio@ding to their photosynthetic pathway (Fry
1996, Wang & Yeh 2003). The carbon isotope valueasured in marine algae range between
—8.8 and —-34.7 %o (Raven et al. 1982, Stephensah 984, Dunton & Schell 1987). Most
macrophyte production passes through a detritabghmefore it is consumed by animals. If
carbon and nitrogen isotope ratios undergo fraation as the macrophyte tissues decompose,
then changes i6™C andd'®N values of the macrophyte tissue could be refteaiethe tissues

of consumers, and thus influence the local food.wEbnton and Ritz (1988) investigated the
changes in stable isotope ratios in carbon and dggr, but not nitrogen, during the
decomposition of a representative range of commacroalgae in Southern Tasmania
(Australia), both in situ and in the laboratory augjgested that there is little fractionation ia th
case of carbon. However, a noteworthy fractionatioh hydrogen isotopes during
decomposition oUlva sp. was reported. Furthermore, studies on higlagtgand angiosperms
have shown that after decomposition and the bremkdd lignin, the plants become depleted in
13C by 2 to 6 %o (Benner et al. 1987, Middleburg etl@97).

Multiple stable isotope analyses such &SC and 8'°N have been used in ecological
investigations (e.g. Peterson et al. 1986, Curtial.€1995, Hsieh et al. 2002) as they provide
two variables by which to determine differencesngein primary producers and in resolving

food web structures. Studies concerning the floworganic matter and food web structures in
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freshwater and marine ecosystems include papeebiro & Epstein (1978), McConnaughey
& McRoy (1979), Rau et al. (1983), Lajtha & Micher{@994), Hobbie et al. (1990), Gartner et
al. (2002) and Gauthier et al. (2007). The impartaof particulate detritus derived from
benthic macrophytes, and its subsequent utilizabipnconsumer organisms as a source of
organic carbon and nitrogen in the subtidal regibmarine and freshwater habitats was studied
by Stuart et al. (1982), Mann et al. (1988) anddiig & Davis (1989). However, none of these
studies used stable isotope analyses as a techoigesolve food web pathways as it was not a
widely available technique until more recently. Time of macrophyte detritus in food-webs
was investigated using stable isotopes by Frang@8)]1 Hsieh et al. (2002) and Adin & Riera
(2003); and for example Bustamante & Branch (198&umented the usage of subtidal kelp
detritus by intertidal consumers by using b&tfC and3**N. As a result, it has been recognized
that macroalgal detritus is a significant sourcenafrients to grazers, deposit feeders and
suspension feeders in food-web linkages in thetidtd region (Stuart et al. 1982, Duggins &
Eckman 1997, Adin & Riera 2003, Riera & Hubas 2008any food-web studies have focused
on the detritus produced by marine angiospermsh s saltmarsh (Peterson et al. 1986,
Middleburg et al. 1997), eel grasses (Zieman €t384, Loneragan et al. 1997, Wainright et al.
2000, Fourqurean & Schrlau 2003) and mangroves1gera998, Chong et al. 2001, Hsieh et al.

2002) rather than the focus of my study, which &roalgae.

In my study stable isotope analys&5’C and3*°N) obtained values for a range of macroalgal
species, with particular emphasis on four domiryaalundant species deposited at Elmer and
chosen for the distinct isotope values they exédbdfter a period of decay. The general aim of
the study was to understand the breakdown and demesses of the mid-shore deposited
decaying macroalgae within the low crested brea&watheme at Elmer through field and

laboratory experiments and the use of stable isotoglysis.

The specific objectives were:

1. To study the decay of macroalgae through biomass doer time, for mixed decaying
macroalgae deposited within the bays at Elmer. Aonddetermine the macrofaunal

colonisation of the macroalgae over time;

2. To determine the carbon and nitrogen stable isot@bees of the dominant seaweed

species deposited at Elmer;
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3. To compare the elemental composition changes duheglecay process of different
macroalgae species breakdown in both anaerobi@arabic conditions, as well as the
changes in leachate medium (seawater) during aniaetecay; and

4. To compare changes in the stable isotope ratiategfaded macroalgae species over

time in both anaerobic and aerobic conditions.

6.2 Methods

6.2.1 Study Stes

The fieldwork was carried out within the coastafeshee systems at Elmer and Felpham
Beaches in West Sussex (for more details of thessibns see Chapter 2). Macroalgae samples
were also taken from Poole Harbour training banbarset (Fig. 6.1). The training bank is a
1,500 m long training wall made of stone blocks aitdated in the shallow sublittoral (2-5 m).
The wall was built to maintain the stability of stiane behind it (Studland Bay) and entrain the
water leaving Poole Harbour, so that it scouredimnal channel and minimised the need for
dredging. The currents in the channel adjacentstmeng because of the exchange of tidal
waters between the Bay and the Harbour. It provatedeal site to collect subtidal seaweeds,
particularly, Rhodophyta, due the similarity in wead species deposited on the beaches at

Elmer and Felpham, and its occasional exposuraglaxtreme spring tides.

6.2.2 Macroalgae Decay Experiments

The decay of deposited macroalgae at Elmer beashinvastigated using two experimental
designs: the first was a simple field experimend &me second was based on a field and
laboratory experiment designed to provide natueablsic conditions and controlled anaerobic
conditions. The field experiments used a ‘litterlmagthod’. The first field experiment was run
to quantify the time it took for a set weight ofxad macroalgae species to decay in the field
and to determine the colonisation and successiomaxrofaunal species associated with the
decaying macroalgae. The second set of experinusets stable isotope analysis to investigate
how the elemental carb@nd nitrogen, and carbon and nitrogeable isotope values of four

dominant algal species, and a mixed batch, chawgfadrogressive tissue decay.
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Figure 6.1 Locations of sample sites: (a) Map of the UK; Rmole Harbour Training Bank; (c) EImer Beach;
and (d) Felpham Beaches. Maps from Google Eartagen® 2007 Digital Globe.

6.2.2.1 ‘Litterbag method’

This method was chosen based upon a study thatavasd out in the subtidal zone using a
similar method (Thrush 1986). The experimentalgtesonsisted of burying 6 concrete breeze
blocks in the sediment, so that the top of the kdday flush with the sediment (Fig. 6.3). The
blocks were laid 10 m apart along a horizontaldeah at the mid-intertidal level (~ 50 m from

MHWS), across bay 3-4 at Elmer (for location seg Bil). Each breeze block had 6 pre-drilled
holes, so that mesh litterbags could be securétetblocks with zip ties and left for the desired

length of time.

6.2.2.2 Macroalgae decay: rates of decay and nmeamaf colonisation

There is much debate in the literature with regéodsrrestrial leaf litter decay experiments and
the mesh sizes used (Gartner & Cardon 2004); shisth respect to the accessibility of the leaf
litter to mobile detritivores. With this in mindwbo mesh sizes were chosen for the field
experiments: 5 mm and 10 mm. The aim was to profadéhe optional inclusion (10 mm) and

exclusion (5 mm) of mobile faunal species (e.g. kippds and isopods) and observe what
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impact this had on the decay time of the macroal§jae mesh bags measured approximately

200 cnt and could contain up to 500 g of mixed macroalgae.

Ten living specimens of the most dominantly demakimacroalgae species at Elmedva
lactuca, Chondrus crispus, Laminaria saccharina, Fucus vesiculosus, Halopteris sp.,
Cladostephus spongiosus, Calliblepharis ciliata, Plocamium cartilagineum, Halidrys siliquosa
andCeramium sp.) were collected from Poole Harbour Training B#&Ffig. 6.1). The collected
macroalgae was cleaned and rinsed of any epifaealies, so that there were no fauna on the
macroalgae when the experiment started. Equal piiops of each algal species, making ca.

5009 of macroalgae in total, were put into the expental mesh bags € 24).

The experiment was run over 12 weeks, with colbei every two weeks, starting at the
beginning of June 2004. For each time period (ederydays) three 5 mm and three 10 mm
mesh sized bags were collected; two of the three fied with macroalgaen(= 24) and one

was filled with shredded inert material (bin linefsr the control bagsn(= 12) that controlled

for hibernation effects but did not provide nutntal properties (Figs. 6.2 & 6.3). The mesh
bags were randomly secured across the six buriedrete blocks. Every 14 days six mesh
bags, three 5 mm and three 10 mm mesh size (twooadgee of each mesh size and one
control of each mesh size) were randomly taken fagnoss the six blocks. On collection, each
mesh bag was placed in a large plastic bag, toeptethe loss of any faunal species, and

returned to the laboratory for analysis (see below)

10mm mesh bag

Figure 6.2 Litterbag experiment design: two different mestedi(5 and 10 mm) litterbags filled with
macroalgae and inert material attached to a bimiedze block.
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Sampled bags were brought back to the laboratoaydool box, and the wet weight (following
excess water drainage) of each bag was measuredcdrftents of the mesh bags were rinsed
over a 0.5 mm sieve so that all mobile fauna wetaimed for species identification and
abundance counts. After drying the sample bags4®&irs at 60C, the dry mass of the
separated algae was determined.

Terminal Groyne

Rock Revglrne
—

Location of
Litterbag decay
experiment

Arun District{Council

T~

% Key
6 mesh bags / block ﬂ 10 mm mesh bags
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»
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Figure 6.3 Elmer low crested breakwater scheme in West Sud$i€y, with the location (lower landward of
bay 3_4) and experimental design of the litterbelgl fexperiment (see section 6.2.2.2).

6.2.2.3 Stable isotope values of macroalgae atiElme

Initially, eighteen macroalgal species (Table &v&ye sampled for carbon and nitrogen isotope
analysis. These species were chosen from the tsh dooninantly observed species from five
sampled months (October 2004 to July 2006; see t€h&) in the decaying macroalgae
deposits at Elmer (sampled in July 2005). Samp#so(nting to ca. 1 kg) of deposited
decaying macroalgae were collected from randombseh locations on Elmer Beach, as part of

the spatio-temporal survey of the decaying macemlgeposits, and assessed for their species
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composition (see sections 3.2.2.2 and 3.3.3); expes#ions of the samples were kept frozen
(ca. —=30C) until they were required for SIA analysis in Sspber 2006.

Table 6.1The naturally decaying seaweed species from ElneacB used for stable isotope analysis

Chlorophyta Phaeophyta Rhodophyta

Cladophera pellucida  Fucus vesiculosus Calliblepharisciliata

Ulva intestinalis Furcellaria lumbricalis Ceramium sp.

Ulva lactuca Halidrys siliquosa Chondrus crispus
Halopterisfilicina Corallina officinalis
Laminaria sp. (fragments) Gracilaria sp.
Sargassum muticum Griffithsia sp.

Mastocar pus stellatus
Osmundea pinnatifida
Plocamium cartilagineum

Three months were chosen for their differencespgcies composition: May 2005, July 2005
and September 2006 (eight 100 g samples for eaahthinoln May 2005, the dominant
macroalgae deposited on the beach weckocarpus sp. (56%), Ceramium sp. (13.5%),
Polysiphonia sp. (13.1%), antdlva sp. (5.9%), the remaining species were subtidakpaties
such asPlocamium cartilagineum, Griffithsia sp. andCryptopleura ramosa. In July 2005, an
average 67 % of the decaying macroalgae deposites ige macroalgae, 23.5 % brown algae,
and 8.7 % green algae. The dominant red alga @&amium sp. (33.5 %), followed by
Polysiphonia sp. (19.9 %),Laminaria sp. (12.1 %), andUlva sp. (7.3 %). The dominant
macroalgal species in September 2006 &etscarpus sp. (59 = 4.5 %), similar to that in May
2005. Chondrus crispus (25 £3.8 %), andJlva sp. (3 £ 0.2 %) were also dominant, whilst the
remaining macroalgae were filamentous reds and tede.g.Calliblepharis ciliata, Halopteris

scoparia, Griffithsia sp.).

6.2.2.41sotope values of macroalgae during aerobic decay

A 30-day field decomposition experiment in the dielas carried out in February 2005 using
four macroalgae speciedlla intestinalis, Osmundea pinnatifida, Sargassum muticum, and
Chondrus crispus). These species were chosen based upon theiofgdgisal make-up, for
example,C. crispus is a very tough species, potentially with a sloecaly time, whilstS
muticum is the opposite with very soft tissues. Approxietgt500 grams of each of the species
was collected from the Poole Training Bank, and edrately stored in plastic bags on ice, and
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on return to the laboratory, where they were froier24 hrs to ensure photosynthesis had been
stopped so that they would enter a decaying statkey are in the field. Following this, all the
macroalgae were rinsed (distilled water) of anwndted fauna, stored on ice, transported to
Elmer Beach and placed in the 5 mm litterbags (sarathod as in 6.2.2.1), which were then
each attached to a different buried breeze blocthémid-intertidal at Elmer. Initially, the
experimental design was for the decaying seaweedsetsampled every 2 days; this time
interval was apparently too short as the decayga®in February was slower than anticipated
(based on observations made in the summer) bedanggeratures were lower. The revised

sampling collections were made on days 2, 7, 1538nd

6.2.2.5 Isotope values of macroalgae during anaedstay

The first laboratory decay experiment was desigoeclarify the processes which had resulted
in changes to the carbon and nitrogen isotope safuthe decaying seaweeds of the field study
(see section 6.2.2.4), including, variability iretlsotope ratios of a single species as sampled
over the period of the decay experiment. The sarue rhacroalgal species were chosen as in
the field study C. crispus, O. pinnatifida, U. intestinalis, and S muticum) allowing a
comparison to be made between aerobically-decayedtraphytes in the field and
anaerobically-decayed macroalgae in the laboratorgddition, a sample which comprised of a
proportional mix of the four algal species was gedato determine if the mixing of different
species affected relative decay rates or the isotafues of individual speciels the laboratory
experiment, daily abiotic measurements were madefactors which were thought likely to
result in carbon and nitrogen isotope ratio vatigbi(based on field observations) were

controlled.

Approximately 1kg of each species was collecteanfi®oole Training Bank, Dorset in May
2006. The experimental design consisted of thrpkcege quantities (200 g) of each of the four
seaweed specie€.(crispus, O. pinnatifida, U. intestinalis andS. muticum) being placed in a 1L
acid-washed container with 800 ml of filtered sewnaresulting in twelve 1L containers (Fig.
6.4). In addition there were three replicates oequnal mixture (50 g each) of the four seaweed

species €. crispus, O. pinnatifida, U. intestinalis and S. muticum) and 800 ml of filtered
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seawater, and finally three controls: with only 8@Dof filtered seawater (no seaweed). All 18
containers had seal-tight lids and were storedastant 20.2C.

Sub-samples of the seaweed and seawater (leaclasteiat) were taken from each container
for isotope analysis on days 0, 2, 4, 10, 14, 2a#l, 20. In addition, the temperature and pH of
each container were recorded on these days. Thexigxgnt was run in a constant temperature
room to allow detection of any temperature chargeeyrring within the containers) due to

bacterially mediated / induced decay. The pH wasnded to determine processes relating to
tissue breakdown, leaching of compounds, and battsetivity. The control containers were

used to monitor changes in the pH and temperafuteediltered seawater water and the results

were used to calibrate the experimental containers.

X 3 replicates
(buckets 1-8)

Timeling when samples of algae and leachate were taken (Days)

Figure 6.4 The experimental design of the final macroalgaeagexxperiment for the 4 macroalgal species
over a 30-day period.

6.2.3 Collection and Preparation of Samples for Stable | sotope Analysis
6.2.3.1 Macroalgae samples
The samples of mixed decaying macroalgae from Elene collected in individual plastic
bags and transported back to the laboratory inch lbax. The macroalgae were sifted through

for any macrofaunal species present, and subsdguemoved. They were then frozen (ca.
-30C C) and freeze-dried in separate acidified plastigsh they were not rinsed in distilled
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water, as the samples in the decaying experimerd (gee below), as this way they were kept

in the state that they are found on the beach owitremoving, for example, the bacteria.

Macroalgae samples from the decay experiments placed in individually sealed plastic bags
(acid cleaned) on collection from the field or aféxperimental manipulation. Where possible
the samples were cleaned immediately, if not theyewrozen until there was time to do so.
The samples were cleaned of all epiphytes andwemfdy adding 50 ml of distilled water to the
bag the seaweed had been collected in and thenougjy shaking for 30 seconds, the water
was drained off and the process repeated four tifrflesseaweed sample was then placed under
a microscope and any further epiphytes or epifanaee either picked or scraped off. The
samples were then placed on pre-combusted WhatnkdR @ass fibre filter, wrapped in a
piece of pre-combusted tin foil, placed in a ptastag and frozen for an hour before being

freeze-dried for 48 hours. The samples were thehikea dessicator until they could be ground

up.

6.2.3.2 Leachate medium samples

The leachate mediums from the anaerobic decay expetr were filtered to obtain the
particulate organic matter (POM) for SIA. On cotlen, the water samples were immediately
filtered through pre-combusted Whatman GF/F gléas® ffilters to collect the POM for SIA.
Each of the filters were then acidified with HCD(%) in order to remove carbonates, rinsed
thoroughly with distilled water, wrapped in tinfofrozen for 1 hour, freeze-dried and finally,
kept in a dessicator until analysis.

6.2.4 Pulverisation and De-calcification of Samples

The final stage in the preparation was to grind #aenples into very small particles to
homogenise the samples and to assist combustitreiklemental Analyser. Then to remove
any carbonates present in the samples as theyiasanthie results of the organic carbon isotope
ratios (giving higher values) due to the inclusadnnorganic carbon (as carbonate) which has a
distinct isotope signature (Fry 1988). Dried matgaa samples were pulverized in a ceramic

pestle with a mortar and stored in acid washed (ACH glass vials until analysis. The pestle
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and mortar was washed in 10 % ethanol and rinsex twith distilled water between samples

to prevent contamination.

Carbonate-containing samples (e@orallina officinalis) were pre-treated to remove the
carbonates. Each of the powdered samples wastpu ih.5ml centrifuge tube and treated with
300 ml of hydrochloric acid (10 %) for 24 hours,uwrtil the effervescence stopped. Then 600
ml of MQ water was added to the completely dec@disamples and the samples were then
centrifuged in a Sigma 1-15K micro-centrifuge fentminutes at 2,000 RPM and @. The
liquid was then carefully decanted off and anot6@0® ml was added to each sample and
centrifuged again. This procedure was repeatec threre times, between each procedure the
decanted liquid was tested for acidity with WhatiegsH paper and once the samples were no
longer acidic the water was carefully pipetted with a clean pipette and the sample residue
placed in an 60C oven for 24 hours. The ground samples were theighed into tin capsules
(5 x 3.5 mm) using a Mettler Toledo MXBicro balance prior to carbon and nitrogen analyses
Table 6.2 shows the weights of powdered materiatled for successful SIA (determined by

preliminary runs).

Table 6.2Weight of powdered samples in tin capsules (55x3m) for SIA.

Samples Weight (mg)
Macroalgae 1.3-15
Exceptions:

Fucus vesiculosus 1.95-2.25
Corallina officinalis 1.95-2.25

6.2.5 Sable Isotope Analysis Technique

Stable isotope analysis on all the samples fromfitld assessment of decaying macroalgae
species and decay experiments were carried ouheatEast Kilbride node of the Natural
Environment Research Council Life Sciences Masstspmetry Facility. Carbon and nitrogen
isotope measurements were carried out simultangassig continuous-flow isotope ratio mass
spectrometry (CF-IRMS), using a Costech (Milanlylt&eCS 4010 elemental analyser (EA)
combined with a Thermo Finnigan (Bremen, Germabg)ta Plus XP mass spectrometer.
Three internal laboratory standards (Sigma-AldrggHatine and two Sigma-Aldrich alanine

solutions, one of which is labelled witfiN) were analysed after every 10 samples in each
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analytical sequence, assuring good matching oftseand allowing for any instrument drift to
be corrected. Actual mass, and hence percentalgercand nitrogen were also recorded. Stable
isotope ratios were expressed dnnotation as parts per thousand (%o) deviation fritwe
international standards V-Pee dee belemnite (carbod AIR (nitrogen), according to the

following equation:
Equatlon 6.1 6X = [(R Samp|e/ Rstandara - 1] X 1000

where, X is'®N or °C and R is the corresponding rattdl/*N or *C/*C. Where Riampleis the
ratio in the sample and RandarqiS the ratio in the corresponding internationalndtads.

Measurement precision was estimated t& Be2 %o ford™°N and< 0.04 %o for3"C.
6.2.6 Satistical Analysis

Several null hypotheses were tested using fiveyaigabf variance (ANOVA) tests. The first
null hypothesis tested that there were no diffeesnio the rate of decay of macroalgae over
time nor were there differences in the rate of geafamacroalgae decaying in two different
mesh sized bags. A two-way ANOVA was carried outtba percentage initial weight of
macroalgae, where factor one (decay time) had texedds (12, 23 and 35 days), and factor two

(mesh size) had two levels (5mm and 10mm). Alldestvere fixed and orthogonal.

The second null hypothesis tested that there werdifferences in the number of individuals,
number of species and species diversity (Simpdonex) associated with biomass of decaying
macroalgae over time nor were there differenceth@se faunal measures between the two
different mesh sizes (5 mm and 10 mm) of the magaesfilled bags. A two-way ANOVA was
carried out on three dependent variables (numbéawfal individuals, number of species and
faunal species diversity) using factor one (dedae}, which had three levels (12, 23 and 35
days), and factor two (mesh size), which had twele (5mm and 10mm). All factors were

fixed and orthogonal.

The third null hypothesis tested that there werediffi@rences in the number of amphipods,
decapods and isopods associated with biomass dyithgc macroalgae nor were there
differences in the numbers of these taxa betweenrvtlo different mesh sizes (5 mm and 10
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mm) of the macroalgae-filled bags. A two-way ANOW#as carried out on three dependent
variables (number of Amphipoda, Decapoda and Isapading factor one (decay time), which
had three levels (12, 23 and 35 days), and faator(mesh size), which had two levels (5mm

and 10mm). All factors were fixed and orthogonal.

The fourth null hypothesis tested that there wesedifferences in thé**C and'N values
between three different months of random mixestgksn from the beach) of algal species in
the deposits of decaying macroalgae. A one-way ARMAs used to test this null hypothesis,
with two dependent variables*{C and5'®N values of mixed decaying macroalgae deposits),
using time as the factor, which had three levelay(K005, July 2005 and September 2006) and

was fixed and orthogonal.

The fifth and final null hypothesis tested thatréthevere no differences in ti&>C and&™N
values between living and 30 day anaerobically ogised Sargassum muticum, Ulva
intestinalis, Chondrus crispus, Osmundea pinnatifida and mixed species. Again a one-way
ANOVA was used to test this null hypothesis, withefdependent variable$'fC and&™N
values ofS muticum, U. intestinalis, C. crispus, O. pinnatifida and mixed species), using decay
time as the factor, which had two levels (livingdaBO-day decayed) and was fixed and

orthogonal.

All data were tested for normality using the Kolmogy-Smirnov test, and where necessary
data were log (x + 1) transformed for abundancestammasses and arcsine percentage square
root transformed for the diversity index data amdtope ratios. When ANOVA indicated
significant differences among the means for derag Tukey's HSDpost hoc tests was used to

distinguish between therp € 0.05).
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6.3 Results
6.3.1 Macroalgae Biomass Decomposition Rates and Faunal Colonisation
6.3.1.1 Macroalgae decomposition rates
There were significant differences (F = 34.865 0.001, Table 6.3) in the amount of decaying
macroalgae lost during the course of the litterbggeriment; the weight lost after 12 days was
significantly greater than that lost after 23 arid days, with no significant differencep €

0.05) between the latter time points.

Table 6.3Analysis of the decomposition of macroalgal defsogercentage of initial weight) in litterbags of
different mesh size through time, n = 1p,< 0.05,** p < 0.001,NS = not significant§ > 0.05).

Source df MS F ratio
DT 2 1591.89 34.356
MS 1 331.49 7.154
DT x MS 2 97.29 2.NS

DT = Decay Time, MS = Mesh Size.

The exponential pattern of algae decompositiorhe litterbags was similar between the two
mesh types (Fig. 6.5), but the rate of algae decaitipn was significantlyg < 0.05) different
between them (Table 6.3, Fig. 6.5). The 10 mm mkabs showed a higher rate of
decomposition than the 5 mm bags through time.

a) 10 mm mesh litterbags b} 5§ mm mesh litterbags
= 120 ® Macroalgae
€ 100 l —e— Control l
] .
Se 807 T . 5,
= y = 105637047
o @ 001 F 0.0892x | *. 2
e g 8 y = 106340706 R2=0.928
S 40 2 : i
£ RZ=07514
@ ey
20 4 T [ ] i -8
g R T .
. 0 e —— . —e — . & .
0 10 20 30 40 0 10 20 30 40
Days Days

Figure 6.5Changes in dry weight (g) of mixed decaying malgaa species in (a) 10 mm and (b) 5 mm mesh
litterbags with inert material filled control batigough time. Curves show an exponential decay imode
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Decomposition was initially very rapid (i.e. by dag); following this, the loss slowed more
rapidly in the 5 mm rather than the 10 mm bags.(€ig). By day 12, all the litterbags had lost
~ 50 % of their contents and by day 23, the litigbowere between ~ 80 % and ~ 60 % of their
initial dry weight for 10 mm and 5 mm bags, respaty. The control bags (filled with
shredded bin liners) remained empty of macroaldi@e 42 days, however, after 23 days small
quantities (~ 1 g dry weight) of algae debris wlrend in the litterbags (Fig. 6.5); greater
guantities in the 10 mm than the 5 mm bags (Fig). 6.

6.3.1.2 Faunal abundances

A total of 4,165 individuals belonging to 27 spestiaxa, from 8 orders were collected from
litterbags over the course of the decay experint@anmarus locusta accounted for 89 % of the
total abundancen(= 3,656), withCarcinus maenas juveniles found in reasonable numbars=(
379), accounting for 9 % of the abundance, andrthdu 2 % from six isopod species (Table
6.4). The remaining < 1 % of the total abundance made up from sporadic occurrences of
different species (Table 6.4).

6.3.1.3 Colonisation of decaying macroalgae

The faunal assemblages colonising the litterbageddetween the control and macroalgae-
filled litterbags, both among mesh sizes and wittet There were significant variations in the
number of species (fr 13= 5.38,p < 0.05), individuals (f, 13y= 44.25,p < 0.001) and species
diversity (Simpson’s: ki, 13= 7.21,p < 0.05) across time for assemblages within maceaealg
filled litterbags (Table 6.5). There were more uduals after 12 days than later on in the
experiment (Tukey’'s HSD testp; < 0.001), with significantly (F = 10.52) < 0.05) greater
abundances in smaller mesh bags (Fig. 6.6ai).

There were significant interactions between megk aind decay for the average number of
species (k1,13 = 16.13,p < 0.05); species numbers gradually decreased fran® 60 2.5 + 0.5

in 10 mm bags over time, whereas the number ofiepean 5 mm bags showed an initial
decrease from 5.5 + 0.5 to 2.5 + 0.5 species fgsd& to 23, respectively, followed by an
increase to 6 + 1 species after 35 days (Fig. B.6aecay time but not mesh size had a

significant effect on Simpson’s diversity index Pl@6.5; Fig. 6.7).
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Table 6.4Total number and percentage composition of faooad in the litterbags

Number of %
Order Species Individuals Community
Amphipoda 3,690 88.60
*Amphithoe sp. 1 0.02
'Bathyporeia sp. 6 0.14
Corophium arenarium 1 0.02
Ericthonus sp. 1 0.02
‘Gammarus locusta 3,656 87.78
Unidentifiable species 1 2 0.05
'Unidentifiable species 2 23 0.55
Bivalvia 1 0.02
'Donacidae/Veneridae (Juvenile) 1 0.02
Cumacea 2 0.05
'Bodotria scorpioides 2 0.05
Decapoda 384 9.22
Pisa tetradon (Juvenile) 1 0.02
Carcinus maenas (Juvenile) 379 9.10
Decapod (Juvenile) 3 0.07
UnidentifiableMajidae sp. 1 0.02
Gastropoda 6 0.14
Gibbula umbilicalis 3 0.07
ILittorina saxatilis species complex 2 0.04
Littorina littorea. 1 0.02
Rissoa guerni 2 0.05
'Rissoa parva 2 0.05
Isopoda 70 1.68
Gnathia sp. (Pranzo Juvenile) 1 0.02
Idotea baltica 9 0.22
Idotea granulosa 38 0.91
!|dotea neglecta 5 0.12
!|dotea pelagica 17 0.41
Lekaneshaera sp. 1 0.02
Polychaeta 1 0.02
Phyllodoce sp. 1 0.02
Pycnogonida 1 0.02
Achelia longipes 1 0.02
Unidentified 5 0.12

Numbers are the pooled samples from all litterlzagess the course of the experiment.
'Species found in experimental and control samples.

The diversity of the assemblages found in the dagaypacroalgae was initially small (after 12
days), primarily because they were dominated@aynmarus locusta and Carcinus maenas

(Table. 6.4), contributing 78 % and 13.5 %, regpebt to the average similarity (82.45)
between litterbags (across both mesh sizes; ANOSINte diversity of the assemblages
increased with time; the 10 mm bags showed to tmgker diversity; however, there was

considerable variability (Fig. 6.8). The controlgsaillustrated an opposite pattern with a high
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diversity after 12 days (Fig. 6.8), representedabgmall number of individuals (Fig. 6.6a),

followed by an increase in individuals, which cepended to a decrease in diversity.

Table 6.5Summary of analysis of variance for number of gmaumber of individuals and species diversity
(Simpson'’s diversity indices}p < 0.05,** p < 0.001,NS = not significant§ > 0.05).

Source Number of Species ‘Number of Individuals
df MS F ratio MS F ratio

DT 2 3.58 5.38 2.50 44.25

MS 1 0.00 0.0NS 0.59 10.52

DT *MS 2 10.75 16.18 0.13 2.2NS

Simpson's Diversity Index

DT 2 0.33 7.21

MS 1 0.15 3.3WNS

DT * MS 2 0.08 1.8NS

'Data transformation required to meet the assumputiorormality [log (x+1)].
Df = degrees of freedom; DT = decay time; MS = mézh s

a) macroalgae-filled litterbags

IRU;

No. of individuals (per litterbag)

No. of species (per litterbag)

b) bin liner-filled litterbags

)

Days

40

20
Days

30 40

Figure 6.6 Number of (i) faunal individuals and (ii) speciedonising the decaying macroalgae in the 5 mm
and 10 mm litterbags at different times during ¢berse of the experiment (35 days) for (a) macediijled
litterbags and (b) control litterbags. Error bapresent + SE for mean values for (a).
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The overall faunal abundance was positively coteelavith the wet weight (g) of decaying
macroalgae in the litterbags € 0.824,p<0.001, n = 12), whilst dry weight (g) of the
macroalgae was nop & 0.05). There were strong positive correlatioeasMeen the wet weight
of algae (g) in the litterbags and the overall alantes ofs. locusta (r = 0.797, p < 0.00In =
12) and isopods (= 0.893, p < 0.00In = 12) (Fig. 6.8), but not the juveni& maenas.

—&——5mm —e—10mm
--==f----Control (5mm) ---<0----Centrol (10mm)

Diversity

0 10 20 30 40

Days
Figure 6.7 Simpson’s Diversity Index for the fauna in the meedgae-filled and bin liner-filled (control) 5
mm and 10mm litterbags during the course of theegrgent. Error bars represent + SE.

Multiple linear regression was performed with wet(0.797,p < 0.001) and dry weights €
0.498,p < 0.05) of decaying macroalgae in the litterbagpraslictors ofG. locusta; together i
= 0.848,p < 0.05) they explained a large amount (71.9 %)hef variation inG. locusta
abundances, with wet weight explaining most of tlaiation (63.5 %). There was no

significant collinearity between the predictorserfore, there were measuring different things.
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Figure 6.8 Scatter plot and regression with 95 % confidenwelteof (a)Gammarus locusta, and (b) Isopoda
as a function of the wet weight of decaying maayaal(wrack) in the litterbags.= 12.NB: y axis scales are
different.
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No relationship between the amount of decaying oegee in the litterbags and the number of
species was observed, however, there were negativelations for between wet weight (g) of
decaying macroalgae and Simpson’s diversity index£0.651p < 0.05,n = 12). The greater
the biomass of macroalgae, the lower the speciesdily; this relationship was also shown by
the much higher diversity in the control bags, vehdrere was little macroalgae (Fig. 6.7). In
general, the macroalgae-filled litterbags were esked rapidly. The community assemblages
colonising the decaying macroalgae showed veryngtreignificant differencesp(< 0.05)
between decay time&E 0.944, ANOSIM) and mesh sizéR £ 0.667, ANOSIM). The pattern

of colonisation of the most abundant species vadss time.

G. locusta (F (1, 13 = 43.12,p < 0.001), the most abundant species over the caafrsbe
experiment (3,656 ind.), and juvenile maenas (F (1, 13y = 20.49,p < 0.002), the second most
abundant species (379 indhowed significant differences in abundances veiigth of time. In
addition, the former species was significantly etiéel by mesh size (f 13 = 6.18,p < 0.047)
(Table 6.7). After 12 days;. locusta (94.8 %) were the most dominant taxon (Fig. 6\9ih
small occurrences of juvenile decapods (3.1 %)isopdods (2 %); this corresponded with the

largest decrease in macroalgae in the litterbaigs §F5).

Table 6.6 Summary of analysis of variance for number ofwidlials of Amphipoda, Decapoda and Isopoda.
*p < 0.05,* p< 0.001,NS = not significant§ > 0.05).

Source 'Amphipoda
df MS F ratio
DT 2 434 43.1%
MS 1 0.62 6.18
DT * MS 2 0.23 2.2NS
'Decapoda
DT 2 0.48 20.49
MS 1 0.10 4.4mNS
DT *MS 2 0.04 1.8NS
Isopods
DT 2 330.75 11.61
MS 1 48.00 1.68S
DT *MS 2 48.25 1.6NS

bata transformation required to meet the assumpmtiorormality [log(x+1)].
Df = degrees of freedom, DT = Decay Time, MS = MegeSi

After 23 days, the dominant species switched tenile C. maenas (75.3 %) with a fall in
abundances of amphipods (21 %) and isopods (0.®bydhis time the macroalgae in the bags
was a fifth of its original biomass. After 35 dayise amphipod abundances increased and the

decapod abundances decreased (Fig. 6.9a,b); thissponded also with an increase in
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decaying macroalgae in the 10mm bags after 35 (figs 6.5a). It is also worth noting the

large numbers of amphipods found in the contralstat time period (Fig.6.9d).

Macroalgae-filled litterbags Bin liner-filled litterbags
(d)

(a)

Gammarus locusta Gammarus locusta

Number (+S.E.) of individuals

T - 0- T T L—

] (e)

Carcinus maenas Carcinus maenas

Number (£S.E.) of individuals

60 () 4@

Isopoda Isopoda

Number (£S.E.) of individuals

I ] 1
12 days 23 days 35 days 12 days 23 days 35 days
Time Time

Figure 6.9 The influence of mesh siza% mm & m10mm) on the mean number (x S.E.) of individuals
through time. (a) — (c) macroalgae-filled litterbagn = 2); (d) — (f) control litterbags (n = 1).) (& (d)
Gammarus locusta, (b) & (e) Isopoda, (¢) & (fCarcinus maenas. NB: Scale different in (a) & (d).
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6.3.2 Macroalgae I sotope Values

A preliminary study was carried out to determine tisotope values of the consistently
dominant species within the decaying macroalga@sitpat Elmer. Theis'*C vs.3"N values
are shown in Figure 6.10, as well as the valueth@®fmixture of decaying macroalgae from
deposits in May 2005, July 2005 and September 2006.

¢+ Phaeophyta ~ A8
# Chlorophyta
A Rhodophyta L 14
® \Wrack
il i %
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£
H - 10 =
w
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G
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5'°C (%o)

Figure 6.108"°C vs.5"°N values (means + SD) of the dominant decaying o#gae species deposited on and
around the CDS at Elmer beach in July 2005, andidhees of mixed decaying macroalgae deposits fay M
2005, July 2005 and September 2008hlorophyta: U.l. = Ulva lactuca; U.i. = Ulva intestinalis;, C.p. =
Cladophera pellucida; Phaeophyta Sm. = Sargassum muticum; L. sp. =Laminaria sp.;F.l. = Furcellaria
lumbricalis; F.v. = Fucus vesiculosus, H.s. = Halidrys siliquosa; H.f. = Halopteris filicina; Rhodophyta: P.c.

= Plocamium cartilagineum; G.sp. =Griffithsia sp.;C.c. = Calliblepharis ciliata; C. sp. =Ceramium sp.;M.s.

= Mastocarpus stellatus, Co.c. = Chondrus crispus; O.p. = Osmundea pinnatifida; Gr. sp. =Gracilaria sp.;
C.o. = Corallina officinalis.

There was an extensive rangedbiC values for the living algal species studied; thayged
from —16.5 to —36.0 %.. The Chlorophyta (greesiST values ranged from —17.8 to —18.5 %o,
the Phaeophyta (browns) from —16.5 to —22.8%., hardRhodophyta (reds) from —16.7 to —36.0
%o. The 3N ands*®C values for the red algae extended a very largger§*°C: 19.5 %o and
3'°N: 6.2 %o).

Of particular interest, were the three species Were extremelp'*C depletedCalliblepharis
ciliata, Plocamium cartilagineum, andGriffithsa sp. (-34.2, —36.0, and —33.8 %o, respectively),
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all were filamentous, small, subtidal red algalcspge. These species exhibited small within-
species variationn(= 10) for thed'*C values (Fig. 6.10), however they had a large eanfy
values for8™N (ca. = 2 %o S.D.). The other filamentous red ajgaeramium sp., did not,
however, have similas®C or 8'°N values (-23.8 vs. 13.6 %o) tGalliblepharis ciliata,
Plocamium cartilagineum and Griffithsia sp.; the3*C or °N values were instead more
enriched. Themore robust red algae speci€sondrus crispus, Mastocarpus stellatus and
Osmundea pinnatifida were in the range of —17.5 to —21.1 %o, with simd#&N values (10.5 to
11.2 %o). The brown macroalgae group had a smalege of5'°C values than the red
macroalgae group, whereas the values$'dfl ranged extensively from 4.4 %o fétalidrys
siliquosa (a large brown tough leathery seaweed), to 13.0fd%oeSargassum muticum (an
invasive fast growing seaweed). The Chlorophytaeweat well represented due to their lack of
presence in the decaying macroalgae deposits arElFhere was an interesting difference in
the 8N values ofUlva intestinalis (previouslyEnteromorpha genus) andJlva lactuca (6.8 vs.
9.9 %o, respectively; t-tesp < 0.01), considering these two species have redeiech
contention about their taxon classification. These species, however, had simit#fC values
(Fig. 6.10).

The mixture of decaying macroalgae species fronthtee months were significantly different
(8'%C: F,, 15= 46.3,p<0.001;6"N: F,, 15= 21.7,p<0.001). Tukey’s HSIpost hoc tests showed
that thed'N values were different for each of the three mentfhe decaying macroalgae
deposits had similai**C values in July and September, but different \@lneMay (Fig. 6.10).

6.3.3 Changesin Elemental Composition during Decomposition

6.3.3.1 Changes in elemental composition of magesakpecies

Experimental anaerobic decay

The C and N content, and Ash Free Dry Weight (AFDM/he anaerobically decomposed
macroalgae Sargassum muticum, Ulva intestinalis, Chondrus crispus, and Osmundea
pinnatifida decreased significantly in the initial leachinggss of decay (days O - 2; Fig. 6.11a-
c). O. pinnatifida andU. intestinalis initially decayed the most rapidly, losing 36 Yde&84 % of
their original percentage AFDW (91.5 and 74.0 Yspesztively), whilstC. crispus and S
muticum decayed more slowly, losing only 14 % and 20 %peetively (84.6 and 88.2 %,
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respectively). The loss of carbon followed very ilampatterns to the loss of AFDW. This
pattern of AFDW loss in the initial stages of amdxéc decay was also seen for the C and N
content; for exampleQ. pinnatifida exhibited the greatest loss of C and N from thend
macrophyte specimens to two day leached specimatiisa 38 and 25 % respective loss (Table
6.7). The least net loss of N was fr&muticum, losing only 7 %. The decay of the C and N
content of the macrophytes was not of the same malgn this can be seen by the significant
decrease in the C: N ratios during the initial esagf decay (Fig. 6.11f); this indicates that a
large amount of N remained in relation to strudt@after decomposition.
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Figure 6.11 Changes in a) carbon, b) nitrogen, c) ash freewdright (AFDW), d)5*°C isotope values , e)
8N isotope values and carbon: nitrogen ratio (mataming anaerobic macroalgae decay for four differe
species $argassum muticum, Ulva intestinalis, Chondrus crispus and Osmundea pinnatifida) and the mixture
of these four specieblB: y axis scales are different.
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Experimental aerobic decay

The initial aerobic decay processes of the decaymagrophytes in the field showed some
similarities to the anaerobic decay process. Withexception ob. intestinalis, all macrophyte
species experienced leaching of C and N, althouglionthe same degree as the anaerobically-
decayed detritusS. muticum experienced the greatest loss of C and N confdhiafid 40 %,
respectively); however, this and the increase inNCratio (Table 6.7) showed that in
comparison to the anaerobically-decayed macrodlyare was a large initial loss of N, whilst
the majority of the structural C remained. Thisnttewas also seen fdC. crispus and O.
pinnatifida but to a lesser degree. In contrastintestinalis exhibited a very small increase in C

content (1 %) and a large increase in N conten€426

Table 6.7Fluxes of percentage AFDW, carbon, nitrogen (frbmn ariginal content), and C: N Rati&}’C and
8N values (depletion or enrichment fluxes) duringenobic (laboratory decay) and aerobic (field dgcay
leaching (0-2 days) and ageing (2-30 days) phasesmorophyte detritus decompositioMean values for the
anaerobic decay experiment% 3).

Anaerobic Laboratory Decay

Aeraobic Field Decay

C content (%)

N content (%)

C content (%)

N conteh (%)

Leachin Agein Agein
g g Leaching Ageing Leaching ¢ Leaching Ageing
S. muticum -20 +7 -7 +17 -10 +9 -40 +102
C. crispus -19 -9 -20 +111 -8 +23 -14 +14
U. intestinalis -28 0 -23 +85 +1 +11 +26 +10
O. pinnatifida -38 +10 -25 +50 -4 +21 -10 +1
Mixed Algae -30 —4 -10 +35 - - - -
61%C (%) 81N (%) 823C (%) 81N (%)
Leachin  Agein Agein
g g Leaching Ageing Leaching ¢ Leaching Ageing
S. muticum +0.71 +0.13 +0.56 +0.74 +0.74 -0.12 -1.32 +0.97
C. crispus -1.87 -1.67 +0.37 +0.51 -2.74 +0.11 +0.98 -2.35
U. intestinalis -0.07 +0.35 +0.28 -1.16 -0.25 +0.51 -0.32 -0.87
O. pinnatifida -1.38 -0.83 +1.76 -0.92 -0.62 -0.48 +0.97 -1.77
Mixed Algae +0.35 -0.48 -0.53 -0.18 - - - -
AFDW (%) C:N Ratio (Molar) AFDW (%) C:N Ratio (Mol ar)
Leachin  Agein Agein
g g Leaching Ageing Leaching ¢ Leaching Ageing
S. muticum -20 +6 -2.99 -1.43 - - +7.46 -10.20
C. crispus -14 -18 -1.49 -8.51 - - +0.56 +0.70
U. intestinalis -34 +2 -1.20 —-7.83 - - -2.46 +0.08
O. pinnatifida -36 -5 -2.00 -2.59 - - +0.57 +1.78
Mixed Algae -25 -18 -1.60 -4.06 - - - -

! (-) indicates net loss/depletion from detritus), ifidicates net gain/enrichment by detritus, (di¢ates no

samples.
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During the ageing stage (after 2 days, following thitial leaching stage of decay), the C flux
varied in both magnitude and direction (influx dflix) from one macrophyte species to
another (Fig. 6.11)C. crispus and the mixed algae exhibited a net loss of Cndutine ageing
stage of decay (days 2 - 30), losing 9 and 4 %yeas/ely.S. muticum showed a net loss until
day 10, following this there was a net gain (Fid.1§, eventually gaining 7 % more C than after
the leaching stag®. pinnatifida experienced a series of influxes and effluxes ian@ in the
last 9 days noticeably increased in C gaining 1Méte C than after 2 days (22.1 % content).
U. intestinalis exhibited a gain in C after 10 days and maintaitmésl until after 21 days there
was a loss of C, so overall there was no net chdngeg the ageing process (Table 6.8). The
mixed algae followed a general trend of increagihgfter leaching until day 21 when the C

content noticeably reduced to only having a net géi4 % during the ageing stage.

In contrast, the macroalgae showed an increasemgl in the N content during the ageing stage
of decay (Fig. 6.11, Table 6.7), with. crispus and U. intestinalis experiencing the greatest
influxes (111 and 85 %) since day 2, when thereldesh an overall efflux during leaching. The
aerobically-decayed macroalgae experienced an lbvweead of net gain of both N and C
content during the ageing stage (Table 6.7).

Experimental anaerobic vs. aerobic decay

There were differences though in the magnitude eif gain from the anaerobically to the
aerobically-decayed algae; for example, wignmauticum experienced the least gain in N in the
former decay process (17 %), there was the mostigaN content in the latter decay process
(102 %).

During the ageing stage of anaerobic macrophyterdposition the C: N ratios continued to
show a decreasing trend for all the macrophyteg. (6i11f), showing that C was lost at a
greater rate than N. The decay of the C and N obrive S. muticum was almost of the same
magnitude (1.4:1 molar), with C being lost mardwajuicker than the N (Table 6.7), whereas
for U. intestinalis and C. crispus the C content was lost ca. 8 times faster than\tteontent
(Table 6.7). A different trend was seen for theoh&rally-decayed algae; the C: N ratio
increased marginally after the leaching stage llotha species, indicating a slightly greater N
loss to C loss. The exception wa&smuticum, which exhibited a large decrease in C: N ratios
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over time, indicating that a large amount of N remad in relation to structural C after
decomposition.

6.3.3.2 Eemental changes of the anaerobic decay medium

Within the first two days (leaching period) of tlamaerobic macroalgae decay there was
leaching of soluble components; the C and N of éhkeached soluble components were
assessed by using the filtered soluble materighén seawater medium that the macroalgae
species were decayed in (referred to as mediumedianfrom hereon in). The seawater medium
showed an initial increase in elemental componemicentrations compared to the starting
concentrations (0 days; Fig. 6.12). Thenuticum medium exhibited the largest initial increase

in C (19.9%) and N (3.6 %) contents, whi3t pinnatifida and the mixed algae medium had

values of half this (Table 6.8) for both elements.

Table 6.8The changes in percentage weight of carbon (Chénagen (N) in the medium during decay®f
muticum, C. crispus, U. intestinalis, O. pinnatifida, and a mixture of these four species.

Macrophytes
Time
(days) S muticum C.crispus U.intestinalus O. pinnatifida Mixed algae
Cc 0 14 14 1.4 14 1.4
(% wt) 2 19.9 14.2 12.6 7.4 7.5
4 16.3 14.0 4.1 13.2 9.8
10 24.9 9.5 7.6 9.1 8.2
14 235 15.1 13.4 13.5 18.0
21 10.9 16.1 13.3 16.2 19.8
30 16.3 8.7 13.6 3.7 21.4
N 0 0.1 0.1 0.1 0.1 0.1
(% wt) 2 3.6 3.3 3.2 1.9 1.6
4 2.6 3.6 0.8 2.6 2.0
10 3.6 2.1 1.7 1.8 1.8
14 3.3 2.8 2.7 3.2 4.1
21 1.9 3.2 2.4 3.1 4.1
30 2.7 14 2.3 25.3 4.1

These leachate values were the opposite to thelGlaontent of the detritus, where the former
macroalgae species had a low initial loss of ba#ments and the latter species a high loss
(Table 6.7). In the first two days, the C conteifittioe macrophytes leached out of the
macrophytes and into the medium more rapidly thenN, thus explaining the sharp increase

seen in the C: N ratios (Fig. 6.13). The patter@oN ratio change of the leachate medium and
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the macrophytes reflect each other reasonably @Wel. 6.13), being mostly negatively
correlated; the C: N ratios of the medium and tletrfor S muticum and the mixed algae were

however not correlated.
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Figure 6.12 The changes in the C: N ratios (molar) of the rewng macroalgae detritus and medium
(leachate) over time for a@argassum muticum, b) Chondrus crispus, c¢) Ulva intestinalis, d) Osmundea
pinnatifida and e) the mixture of these four macroalgae. \&ahre mean (+ SD) for the macroalgae=(3).r?
equations show the correlation between the C: NoR#teach the macroalgae species and their réspect
leachate materiaNB: y axis scales are different.

Over the rest of the course of the ageing stagendmgnitude of C gain and loss varied between
the species. The red algae mediumQGocrispus andO. pinnatifida exhibited similar gains and
losses; the C content of the mediums peaked (gprialtdr 4 days, followed by a sharp
reduction (loss) by 10 days of decay, the C theressed to similar values again by day 21, and
finally the C content decreased by 30 days. Thesgaind losses of C in the seawater medium of
the brown algé&s. muticum was the complete opposite to this. The mediuntifermixed algae
and U. intestinalis decreased in C after the initial leaching stageygd - 2) and then slowly
increased the amount of C (Table 6.8). The santerpatof gains and losses exhibited in the C

content of all the macrophyte mediums were alse@es! for the N content (Table 6.8), with
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the exception of the extreme increase in N betwZzermand 30 days of decay f@smundea

pinnatifida (3.1 to 25.3 %, respectively).

The temperature of the seawater media exhibitedrafisant increase (ca. 1.2&) for all the
macroalgae in the first 48 hours (Fig, 6.13a) franstarting temperature of 17.2. The
temperature then levelled out around $8.8&r the rest of the decay process, with the etkaep
of C. crispus, U. intestinalis and the mixed algae.
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Figure 6.13The a) temperature and b) pH changes over timecdydin the seawater medium ®muticum,
C. crispus, U. intestinalis, O. pinnatifida and the mixture of these four macroalgae. Valuesy@an (+ SD)r(
=3).

A positive temperature flux was exhibited at 14gdgcay of ca. 19 £, this then fell again by
day 21 to ca. 19%C (Fig. 6.13a). The pH of the filtered seawater wlagghtly alkaline (7.6) at
the beginning of the experiment (Fig. 6.13b). Dgrihe initial leaching period (days O - 2) the
pH of the media rapidly became more acidic, deingat® an average of 5.5 + 0.2 for all the
species excepd muticum, where the media decreased further to 4.7 + Oollowing this
leaching period, the pH of all the algae (exc&ptnuticum) gradually became less acidic over
time, returning to an almost neutral environmen8Bydays (pH 6.7; Fig. 6.13b). Tke crispus
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media remained more acidic than the other specastaining an environment just below pH 6.
In contrast, thes. muticum environment continued to become more acidic dutiregcourse of
decomposition, only after the pH reached a low & &ound 10 days did the environment

begin to increase in pH until it reached a simialue to that oC. crispus.

6.3.5 Changesin Sable Isotope Values during Decomposition

Experimental aerobic and anaerobic decay

The responses of t&°C ands'®N values to the decaying of the macrophytes shaeeplex
patterns (Fig. 6.11); there was within-species isbeiscy for the anaerobically-decayed
macroalgae as there were no significant differerices>C or §'°N values between replicate
experimentsr{= 3; p > 0.05). In the initial anaerobic decay st&erispus, O. pinnatifida and

U. intestinalis exhibited lowes*C values (Table 6.7) than living plan€, crispus experienced
the largest®C depletion (loss by1.87 %.) andJ. intestinalis only by a small increment (-0.07
%o) (Fig. 6.14b). In contras& muticum and the mixed algae experiencé@ enrichment (0.71
and 0.35 %o, respectively). The same flux patteresewalso seen in the aerobically-decayed
macroalgae. All four anaerobically-decayed speaghibited §'°N enrichment during the
leaching stage, whilst the mixed algae experiented depletion £0.53 %o; Fig. 6.14b).
Whereas in the field (aerobic$, muticum andU. intestinalis exhibited lowerd™N values and
O. pinnatifida andS. muticum higherd™N values than seen for anaerobic decay (Fig. 6TIH8.
313C values of anaerobically-decay&dnuticum, U. intestinalis and mixed algae did not change
greatly during the ageing stage (> 2 days) (Talfe l6ig. 6.14b). The former species exhibited
a marginal but significanfp(< 0.05) enrichment by 0.8 %o (Table 6.8), whereasl|#iter two
species were similar to their initial value48.4 and-19.7 %o, respectively; Table 6.9).

The red algaeC. crispus showed the largest significant changes¥C during decomposition,
from the initial value 0£19.2 t0-22.7 %o (3.5 %-C depletionp < 0.05); followed by the other
red algaeQ. pinnatifida, which was significantly lower than the initial emevalue 0f17.6 %o

to —19.8%o (2.2 %.*°C depletion,p < 0.01; Fig. 6.14b). A similar situation occurreat the
aerobically-decayed macroalgae, where the red ajgedies showed reasonably large changes
in 8'%C. C. crispus was depleted ofC by 2.7 %o from its initials*C value 0f-20.3 %o; the
majority of this depletion occurred in the leachisigiges (Fig. 6.11; Table 6.7). WhilSt
pinnatifida was **C depleted by 1.1 %o from its initia*C value of-16.6 %o; 40 % of this
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depletion occurred in the ageing stages (days® ef3decomposition. Overall, the alteration in
313C values for the aerobically-decayed algae dufimgageing stage only changed marginally
(£ 0.5 %o increment; Table 6.8)). pinnatifida and U. intestinalis were *C depleted and
enriched respectively, in the same order of magseitas the anaerobically-decayed algae (Table
6.9). On the other hand, the changes seef fouticum andC. crispus were very marginak{

0.1 and +0.1 %o, respectively), but the overall gerf+ or-) in 6*°C values between the
anaerobically and aerobically after 30 days decag w the same order of magnitudg (

muticum: +0.8 vs. +0.6 %dC. crispus. -3.5 vs.-2.6 %o, respectively; Table 6.9).

The 8N values of all the macroalgae also did not chagrgatly during the anaerobic ageing
stage (days 2 - 30) (Fig. 6.11e). The largest chavas exhibited by. intestinalis with a N
depletion of 1.2 %o (Fig. 6.14). Overall, the redga® showed néfN enrichment during the
decay of the initial living algae to that of thecdenposed material, but only ca. 0.8 %o (Table
6.8), and these were not significant changes (T&Wd®6). There were significant differences
between the initiad*°N values and the 30-day decomposed alga&. fowticum, U. intestinalis
and the mixed algae (Table 6.8). The former expedd a 1.3 %3°N enrichment, whilst the
latter two N depletions 0.9 and-0.7 %o, respectively). Th&"N values of the aerobically-
decayed macroalgae changed generally more thaheinnitial leaching stage (days 0 - 2)
(Table 6.9). All butS. muticum experienced net depletion BN, more than in the first two days.
C. crispus experienced the largeSN depletion of 2.3 %o, giving an end signature of11%o;
however this was only 1.5 %o less than the origgigihature due to the enrichment'daf in the
leaching stageS muticum experienced a 1 %o enrichment BN during the ageing stage, a
similar order to the anaerobically-decayed indigigy there was a nétN depletion of 0.3 %o
from the living specimen, this contrasted to the'md enrichment of 1.3 %o in the laboratory
(Table 6.8).

Table 6.90ne-way ANOVA (degrees of freedom: 1, 5) resultsthe statistical comparison &FC ands™N
values € = 3) for between living and 30-day anaerobicakcaimposed macroalgag < 0.05,** p < 0.01,
NS = not significant§ > 0.05).

613C 615N
Anaerobic Decay MS F MS F
S muticum 1.08 13.00 2.52 13.30
C. crispus 18.83 10.21 1.17 7.0NS
U. intestinalis 0.11 0.69NS 1.17 10.11
O. pinnatifida 9.00 38.85* 1.06 4.38NS

Mixed Algae 0.03 0.5AS 0.75 25.68"
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Naturally-decayed vs. experimentally-decayed macroalgae

The C and N elemental composition of the living améerobically-decayed macroalgae were
significantly higher than the naturally-decayedsaldgrom Elmer beach for the same time period
(July 2006; Fig. 6.14a). The elemental compositbrine naturally-decayed macroalgae was
very low, with a C value of 11.8 % + 3 and a N \wlof 0.96 % + 0.2. During the initial
leaching stages (0 - 2 days) of decay all anaemtipidecayed macroalgae exhibited a
combined depletion in N and C towards that of taeurally-decayed macroalgae. Then during
the ageing process (2 to 30 days), there were dainbe elemental composition of the
anaerobically-decayed macroalgae, which was natssitoe the naturally-decayed macroalgae’s

elemental composition.
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Figure 6.14 (a) Percentage elemental C and N and (b) C anthblesisotope plots of naturally decayed
macroalgae at Elmer, living macroalgae (0d), ihiietritus (2d) and end detritus (30d) during thaexobic
decay ofS. muticum, C. crispus, U. intestinalis, O. pinnatifida, and mixed macroalgae. Values are means +*
SD.
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6.4 Discussion

6.4.1 Processes of Macroalgae Decay

A variety of macroalgal species, includifggrgassum muticum, Ulva intestinalis, Chondrus
crispus, and Osmundea pinnatifida, form large quantities of decaying macroalgae dipamn
the beach at Elmer. Aerobic field and anaerobioratory experiments were conducted with
these four species to study the changes in elefreamdastable isotope composition of the plant
matter and surrounding medium during the leachimdj @geing processes of decay. This study
has shown that the processes of deposited maceod&mposition to be complex and highly
variable, and could depend on the composition amdofrthe macroalgae, interactions between
water chemistry (pH, C and N leachate material}ratiial activity (via temperature changes)
and detritivorous macrofauna. Furthermore, thespeific environmental conditions such as:
anaerobic (e.g. strandline and sediment buried yilggamacroalgae) and aerobic conditions
(e.g. mobile decaying macroalgae on the mid-sha®)yell as the time of year (influences of
temperature) will dictate the rate of decay.

Carbon and nitrogen isotope ratios were measurethéomost dominant macroalgae species in
the beach deposit¥he results showed that the macroalgae isotopeesalere very variable
and although there were some distinctively difféeisgrecies (e.g-Halidrys siliquosa, Ceramium
sp.), it would be hard to infer which detritivorage feeding on which species of macroalgae if
this were to be investigated. The filamentous siabtied seaweeds appeared to be distinctively
depleted in*3C values. Any species feeding off these would sholew §*3C value reflecting
their diet, for example, Dauby et al. (1998) showkeat Aplysia depilans (Cuvier) fed off*C
depleted subtidal seaweeds and exhibit&tf@ isotopic value of —29.0 %.. The bulk mixture of
decaying macroalgae from the three months samglgddsin their taxonomic composition and
had distinc'*C andd*°N isotopic values. Th&**C ands'®N values did not appear to represent
the values of the most dominant algae in the sanftteat were determined for the eighteen
most dominant species; see Fig. 6.10), suggeshag when macroalgae decays together,
different processes occur and may result in a r@iffe3**C and5'°N values. The seasonal
change in isotope composition of the mixed macealgamples illustrates a temporal variation
in isotope values of likely detrital inputs to tbeet of local herbivores and detritivores, which
compounds the difficulty of assessing the food webtribution derived from the macroalgae.
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The taxonomic composition changed over time, butas not possible to link the bulk isotope
values with the percentage portions of species 3iggests that when a mixture of macroalgae
decays together the breakdown of individual algak be affected by slightly different
processes. It is likely that it will be dependentthe decay stages of each algal species in the

mixture, as they will not all be in the same stage.

The decomposition of macrophyte detritus is priatiljpa function of the chemical composition
of the initial source material (Rice & Tenore 1988argassum muticum and Osmundea
pinnatifida had the highest C content (38.1 and 35.6 %, reispéot of the four species, with
Ulva intestinalis the lowest (29.1 %). The latter species also hadldwest N levels (1.9 %),
whilst Osmundea pinnatifida had the highest (3.5 %). The nitrogen contenteipedident on
several factors such as age of the plant, lightiahisity, nutrient conditions and plays a major
influence on the processes and rates of detrimdrdposition (Tenore et al. 1984, Buchsbaum
et al. 1991). Plant material high in soluble aslgaaic nitrogen and other hydrolysable
components are easily degraded (Rice & Tenore 1981 observed rapid loss of mass and
carbon early in the decomposition process of tleaperiments has been attributed in previous
studies to the simple leaching of hydrolysable nrgand inorganic substances (Kucera 1959,
Boyd 1970, Koop et al. 1982), such as carbohydr@gar, carageenan) and lipids. The lability
of detrital carbon is largely a function of the qtity and quality of lignocellulose detrital walls
(Benner et al. 1984, Wilson et al. 1985). Mostle# tarbon lost from the macroalgae detritus

during the laboratory and field experiments wes# lithin the first 2 weeks.

After simple leaching ceased (i.e. about 2 days;hda et al. 2006), the algal detritus becomes
more suitable for microbes to colonise. Koop et(#4882) and Robertson & Hansen (1982)
found that dissolved organic carbon released freoothposing aquatic macroalgae, declines to
less than 10-20 % of the initial value, owing tocrobial uptake. Blum & Mills (1991)
illustrated the direct rapid response between rhiatoabundances and productivity, and the
loss of seagrass detritus. They calculated a cabbdget, suggesting that during the first 14
days of seagrass decay that the detritus-assodatsdrial activity accounted for less than 10
% of the detrital carbon, in comparison with ladtxges of decay, where ca. 53 % of the detrital
carbon flowed through the bacterial loop. Thus, rob@l biomass rich in proteins can be
assumed to account for the carbon influxes obsarvéte latter stages of decay, particularly in

aerobic decay, where oxygen is not a limiting faédo microbial communities.
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Nitrogen is clearly gained and lost from the detrgystem. Following the initial leaching of
nitrogen from the cell walls in the first few dayise concentrations increased in all macroalgae
types during the ageing stage (days 2 - 30) of lawtherobic and aerobic decay; this has
previously been observed in other studies (Tenbat €984). In conjunction with this nitrogen
increase, the temperature rapidly increased dihi@edeaching stage and was maintained for the
duration of the decay process. Furthermore, theopkhe decay medium became noticeably
acidic (in particular forSargassum muticum) before returning to a more neutral environment
after a month. These observations could be at&thtd either the microbial colonization of the
decomposing material through extracellular micrbbiaretions (Hobbie & Lee 1980), such as
the binding of carbohydrates and phenolic plantstrents to microbial proteins (Tenore &
Hanson 1980), or the bio-chemical immobilization mbtein into non-soluble complexes
(Buchsbaum et al. 1991). Similar pH changes weeended by (Pellikaan 1984) for decaying
seagrasses; it was suggested that the probable veas the formation of organic acids by
microbial action in anaerobic micro-sites withiretdamaged cells, followed by a gradual pH

increase from the uptake of these organic acidbd®ypacteria.

The detritus derived frorargassum muticum, Chondrus crispus, Ulva intestinalis, Osmundea
pinnatifida and the mix of all four macroalgae obviously gdimeore nitrogen by production of
microbial biomass than they lost to the seawatetinme. The fixation of nitrogen reduces the
mineralization rate of nitrogen in relation to tlditcarbon, causing the nitrogen concentrations
in the detritus to increase, thus explaining therelesing C: N ratio. Rice & Tenore (1981)
found similar results in vascular plant detritug the opposite response in easily decomposed
macroalgal detritus. However, contrasting to thist in concurrence with the findings of this
study, Stuart et al. (1982) observed a decreasieeirC:N ratio ofLaminaria pallida Greville
detritus caused by microbial enrichment, and furtitege, Robinson et al. (1982) observed a
decrease in C:N ratios of decompositgminaria longicruris detritus and attributed it to a
preferential use of more easily digestible nitrogempounds. Changes in the N content and the
C:N ratio are held to difficult to interpret becaukaching of soluble components, nutrient
enrichment of the particulate detritus by microlbgalonization and formation of structural

protein-like compounds can occur simultaneouslyli@an 1984).

The observed differences in N and C fluxes durihg tlecay process for the different

macroalgae species may indicate a difference insthe of the microbial populations. For



240

example,Sargassum muticum experienced the lowest leaching of nitrogen ineaoldic decay,

as well as a slow and gradual increase in nitrdgesls during the ageing stage and extremely
acidic conditions in the surrounding media. Foroher decay the large amount of nitrogen
initially leached and the subsequently large ineeeaould suggest that this species provides
unfavourable conditions for anaerobic microbes @uthe potentially slow colonization of the
detritus in comparison with aerobic conditionswés the opposite story f@hondrus crispus,
Ulva intestinalis, and Osmundea pinnatifida, for these species the decay was quicker in
anaerobic conditions, also observed by Tenore. €1884). This may have been due in part to

the low levels of phenolic constituents (Buchsbaairal. 1991).

These results indicate that for certain algal gse@naerobic conditions cause the bacterial
growth and activity in decomposing macroalgae to rbech lower than under aerobic
conditions. This has been confirmed by GodschalkM&tzel (1978) who stated that the
presence of oxygen assured a rapid removal ofeldbgtera leachates, but in part, it has been
shown that under anaerobic conditions the metahoti§ available carbon is exhausted more
quickly than under aerobic conditions (Tenore etl@B4). The dissimilarity between aerobic
and anaerobic conditions may be attributed to iiffees in the type, timing and degree of
microbial activity and preferential degradation ljbgann et al. 2002). The difference found in
decay rates and processes for the different typenacroalgae, have potentially significant
consequences for the ecosystem. In summer pehaglstemperatures induce faster decay rates
(Jdrzejczak 2002), and if the dominant macroalgae faaenentous reds and greens (as
observed irsummer 2004 at Elmer) the detritus will be nutriecth and experience fast release
of carbon and growth of microbial populations, thatracting detritivores (Danovaro et al.
1999, Manini et al. 2003). However, at other tim#fsthe year when there are lower,
temperatures and the decaying macroalgae depastsd@minated by tough algae (e.g.
Chondrus crispus), the nutrient availability will be lower, excefar the strandline, where more
anaerobic decay occurs, speeding up the decay egfiesp such a£hondrus crispus. The
limiting factor of the transfer of carbon to hightesphic levels is the source and quality of the
organic inputs, the capability of the system to iigd organic matter pools, and the ability of

the benthic bacteria to convert the mobilised carbto bacterial biomass (Danovaro 1999).

The size and direction d¥**C and &N changes during decay for the macroalgae species

studied were shown to be very variable. There wagmredictable®*C or >N depletion in
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association with the amount of C and N in the tiegriFurthermore, the variation 3°C and
8N values for the four species was often large (Efpndrus crispus) and unpredictable.
There was however, within species consistency éndécay response for tB&*C and 5N
isotopes, providing evidence that the responsdswbee observed were reproducible for these
species. In addition, both the red alg@zt®ndrus crispus and Osmundea pinnatifida exhibited
similar patterns o®%'C and §°N changes during decay; both beili§¢ depleted and®N

enriched, suggesting that species from the magal groupings respond in a similar manner.

Studies of the changes °C and3™N values during decomposition, for vascular plahtsse
shown that mangroves show lit#é*C change but a marked reductionsiiN (Zieman et al.
1984); the salt marsh specigsartina alterniflora showed declines in bo#1°C values (Benner
et al. 1987) and™N values (Currin et al. 1995); and seagr@estera noltii showed little
change in eithe"*C or &N values during the initial stages of decay (Maakizal. 2006). The
differences in the changes between each of theaalgere in this study and vascular plants in
other studies could perhaps be explained by theiepspecific differences in plant tissue and

different microbial utilization of detritus.

The changes i6**C values during algal decomposition may result ftomdifferential decay of
polysaccharide and lignocellulose components ofottiginal material (Machas et al. 2006). A
decline in thed™*C value of an algal species with decay time caheeibe explained by the
preferential removal of an organic matter fractanriched in*C or the gain of components
depleted in>C (Fenton & Ritz 1988). Lignin has deplet€@ values and when it decomposes
results in a lowe™*C value in plants with higher lignin content. Altigh macroalgae lack true
lignin (Siegel & Siegel 1973, Swain 1979, Ragan &moitza 1986), it was suggested that
those vascular plants that had slow-growing leaviéis higher amounts of lignin should show
significant shifts ins*3C values during decomposition (Cebrian & Duarte8)9%he theory by
Cebrian & Duarte (1998) may also apply to the mooenplex structured red macroalgae
species. Furthermore, carbohydrates and proteengearerally enriched, and lipids are depleted
in °C compared to total plant tissue (Degens 1969, €%ii980). Selective loss of
carbohydrates and proteins, which are particulsulsceptible to microbial degradation (Hedges
et al. 1988, Harvey et al. 1995), would lead toeardase in th8'*C value of residual organic
matter.Ulva intestinalis did not show a significant changedtC after decay, perhaps because

of its relatively simple cell wall structure thacks phenolics (Siegel & Siegel 1973). In
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contrast,Chondrus crispus and Osmundea pinnatifida showed the largest change and variation
in 8'%C values; this may have been for a number of reasfom example because of their
composite cartilaginous structure (Swain 1979), #redfact that red algae decays faster than
brown and green algae (Rice & Tenore 1981). Whaahieg and microbial breakdown occurs,
and complex carbohydrates and proteins are lost, rédsidual matter should become
considerably depleted #iC.

The changes i'°N values reported during the decomposition of vescplants were
accounted for by the microbial immobilization offfdm environmental sources (Zieman et al.
1984, Wilson et al. 1986, Fourqurean & Schrlau 3200he isotopic shift ind*>N values
depends on several factors: the initial N contZr@rfan et al. 1984), the nature of the microbial
community (Lehmann et al. 2002) and the isotopimposition of the dissolved inorganic
nitrogen (DIN) assimilated by the microbial commyr(Caraco et al. 1998). The N content of
the macroalgae species in this study were initisihall (1.9 to 3.5 %), and even lower than
those small amounts found in seagrasses (ca. 3(Méghas et al. 2006). Therefore, the growth
of microbes may be enough to change & values during decomposition (Zieman et al.
1984, Wilson et al. 1986). During the first two dayf anaerobic incubation, te&N values of
the algal species increased (with the excepticgheMmixed batch), whilst relatively large losses
of N were observed. After 30 days decay, only lthea intestinalis and the mixed batch had
depleted™N values, of about 0.84 and 0.71 %o (respectivegipl the initial values, whereas
the Chondrus crispus, Osmundea pinnatifida, andSargassum muticum had enriched®N values
(by 0.89, 0.84, and 1.3 %o, respectively). Theseltesndicate that N loss and gain does not
necessarily coincide with large changes in isotammmposition. The nitrogen increases and
decreases probably relate to the type of bactgraith that is occurring, resulting in the
addition of*°N-enriched and/oPN-depleted biomass to the remaining material. lditauh, the
mixed batch responded differently from the indiatispecies, showing that when algae decay
together, the decay process may be changed to ish@fnmutrients, microbes and release of

constituents.

Sargassum muticum was the only species that had significantly défes'*C ands*N values
when fresh, to that of 30 day decayed samples; henvé was enriched in botHC and*N
after decay, which was not as predicted. Speciéfereinces in the patterns of isotope

decomposition may be partially due to their diffgriabilities to resist desiccation in the
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environment. These results clarify the need foremietailed analyses of potential sources of
variability when stable carbon and nitrogen isosopé decayed macroalgae are used in food
web studies. Most macrophyte production passesigira detrital phase before it is consumed
by animals. Hence, it is of great interest to knehether any change in stable isotope values
accompanies the decomposition of macrophyte tisBigeertheless, it has often been used
without any recognition of potential variability.lthough there was no overlap in carbon and
nitrogen isotope values between the species imatstl in detail here, there may have been
overlap with other macroalgae. As also shown i gtudy, if the composition of decaying
macroalgae pool is very variable (the range of eslis large) then the values of each species
may not be significantly different, thus limitindpet used'*C and 8*°N isotope analyses in
tracing mixed detritus through the foodweb. Howe®&iC ands™™N analysis still represents a
useful tool for tracing the movement of detrituscimastal food webs, providing attention is

given to the magnitude and causes of isotopic lditia

6.4.2 Role of Faunain Decomposition

The findings of the biomass decay field-study dieerdicate differential mass loss of decaying
macroalgae deposits due to decay, mechanical lwss the mesh bags and the role of
colonizing fauna in the decomposition processegater biomass loss was exhibited in the
initial stages of decay with a 50 % reduction isal@ng macroalgae deposits after 12 days, and
on average only a further 30 % after 23 days. Ttpeements on the loss of nutrients during
decomposition in both the field and laboratory sthated that approximately 10 to 40 %,
depending on the macroalgae composition, of the@adgae carbon content was lost in the first
two days due to leaching, microbial growth, fragtaion and loss. Studies on the
decomposition of strandline decaying macroalga®git shore levels have found shorter decay
cycles (ranging from 10 to 14 days) than this studigich was 30 days (McLachlan 1980,
Griffiths & Stenton-Dozey 1981, Koop et al. 1982he difference in the speed of decay
between previous strandline studies and the residltthis study could be because of the
presence of increased anaerobic conditions inditrenconditions in comparison with aerated

and mechanically decaying floating macroalgae.

Another contributory factor to this differentialdonass loss over time was the rapid colonization

by the detritivorous amphipo@ammarus locusta found in the mid-intertidal zone, which was
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seen in large numbers after the initial stage @iagidout was then only present in negligible
numbers following this. Fresh deposits attract apgds and isopods, followed by predatory
species (Colombini et al. 2000). The numbeGammarus locusta processing the macroalgae
(shredding and grazing) declined after the bionhassbeen reduced to ca. 50 %, to be replaced
by species consuming fine particulate matter (gigenile Carcinus maenas) as the study
advanced, which reflects the increasing fragmeonadf the decomposing material. Estimates
of ingestion rates foG. locusta have also been shown that when approximately 56f e
total available macroalgae deposits are consum&ddhe succeeded by other grazing species
(Moore & Francis 1985, Créacha et al. 1997). Thgdanesh size (10 mm) permitted slightly
larger abundance of macrofauna, especially amphkigodinvade the decaying macroalgae
deposits. Mann (1972) showed that the larger thenddince of macrofauna associated with
decaying macroalgae, the more accelerated the déwveicrobial activity and more importantly
the increased grazing activity increases the rhteexhanical breakdown of particles. This and
the loss of greater proportions of smaller fragradram the larger mesh size (10 mm), could

explain the faster decay rates seen in comparisibntee smaller mesh bags (5 mm).

6.5 Conclusions and Future Recommendations

This study of isotopic variability within and betere different species of decaying macroalgae
was initiated to test the hypothesis that the agsiom that the isotopic composition of fresh
source plant carbon and nitrogen becomes deplatéiCiand*®N on decay, thus providing
significantly different isotope composition, whidould be used for foodweb analysis. The
results showed that the isotopic value of a magalalspecies does change during
decomposition for carbon and nitrogen, but is bgplecies and time dependent, and there
appears to be no obvious overall predictable chamgaerms of food web analysis the results
so far indicate that carbon and nitrogen isotopeseacould not be used to determine which
state the plant was in when consumed, due to theplexity involved during the process of

decay. However, this does not preclude furtherstigation into this topic.

Future studies should study the decay of macroalgae longer periods, to see if depletéd
and N values are eventually reached, and particularljirtk the depletion of°N with that
shown by POM, so that the trophic position of teealing macroalgae in the detrital pool is

understood. Furthermore, it is necessary to uraisthe role that bacteria and fungi play in
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the decay of macroalgae, as there are still unaiesivguestions, such as: How bacteria and
fungi change thé'*C and'°N values of macroalgae during decay? When fauretisp ingest
macroalgae detritus, do they assimilate the isotoilue of the bacteria and fungi or a
combination of the macroalgae and bacteria? Expmariah study is ideally required to answer
these questions. In addition, culturing anaerolnid aerobic bacteria, and understanding the
differences between and within these populationsnduthe decay of different macroalgae

groups should be determined, and if possible tteipon and nitrogen isotope signatures.
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Chapter 7: Algal Detritus in Food Webs around CDSs

7.1 Introduction

Macrofaunal species associated with decaying migaeaoccupy a range of trophic levels,
including primary consumers, scavengers, and poeslafGriffiths et al. 1983). Primary
consumers include deposit feeders, such as spipaigchaetes and amphipods such as
Bathyporeia spp., which utilise phytoplankton and associataediqulate organic material; and
herbivores / detritivores, such as talitrid amphigasopods, and insects, which consume drift
macrophytes and other stranded material (Dugar. é2083). Secondary consumers include
crabs, isopods, polychaetes, and beetles, whighygen primary consumers of both types and
feed on drift carrion. Vertebrate predators, suelstzorebirds and fish, utilize all of the trophic
levels in both branches of this food web as preygdh et al. 2003). Changes in the availability
and input of macrophytes could shift the faunal camity structure and alter energy flow for

consumers and prey availability to higher tropkiels (Dugan et al. 2003).

Earlier in this study, it was shown that the inflak decaying macroalgae deposits into the
intertidal zone at Elmer was correlated with thepydation abundances of some sediment
infaunal deposit feeders (e.grenicola marina, Bathyporeia sarsi and Bathyporeia pilosa);
however, the structure and composition of thesenconities appeared to be unrelated (Chapter
4). Furthermore, the presence of the decaying rafgaie in the surf zone has been shown to
benefit the surf-zone fauna by providing a foodrseuand increasing habitat complexity
(Robertson & Lenanton 1984, Van der Merwe & McLarhl1987, Crawley et al. 2006,
Crawley & Hyndes 2007). These findings suggest tha allocthonous food supply could
influence the food chain around the Elmer breaknsystem. Indeed, this may be of particular
importance to the juvenile mobile fauna in thisatidone, such as commercially important fish
and crustaceans (see Airoldi et al. 2005, Martiale005). In this chapter, the aim was to
determine, directly, using carbon and nitrogen Istémotope ratios, the impact of the decayed
detrital material on the foodwebs around the loested breakwaters at Elmer and the groynes
at Felpham.
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The significance of macrophyte-derived detritusaource of organic carbon and nitrogen for
subtidal consumers was illustrated by Stuart et(E882), Mann (1988), Fielding & Davis
(1989) and for rocky shore consumers e.g. Bustam&rBranch (1996). There have also been
studies on the decomposition of high-shore macr@plgbris (strandline) for sandy beaches
(e.g. Backlund 1945, Griffiths & Stenton-Dozey 19&loop et al. 1982, Stenton-Dozey &
Griffiths 1983, Hansen 1985). Food web dynamicthmintertidal zone were studied by Adin
& Riera (2003), Dugan et al. (2003), Mews et a00@) and Olabarria et al. (2007). But only
Gauthier et al. (2007) have considered the nut@iomportance of decaying macroalgae
deposits on the mid-intertidal area of beaches taedrole artificial structures play in this
process. However, Gauthier et al. 2007 did notshgate detrital decay processes, which is an

important aspect of ecosystem functioning and tegsires further consideration.

7.1.1 Use of Isotopes for Sudying Food Webs

Stable isotopes can be used to understand food amibghe flux of organic matter through
ecosystems by comparing the carbon and nitrogangeoratios of consumers to their likely
food resources, or primary producers, during tropinieractions. The abundance and the
variability in naturally occurring carbon (C) andtragen (N) stable isotopes make these
elements well-suited for such ecological studidse Dasis of stable isotope analysis in food
web studies can be summarised thus: organismstrefle stable isotope signals of the food
they assimilate (i.e. ‘they are what they eat’ pdutew per mil), a phenomenon demonstrated
almost thirty years ago by DeNiro & Epstein (197)r nitrogen isotope values, the difference
between the tissues of the producer and the conmsgroentrolled by excretion of urine (by the
consumer), which contains lesdN than dietary material (producer’s tissues), legvihe
assimilated nitrogen relatively enriched" ™ compared with diet (&N difference of 2-3 %o).
The °C:!C ratios in organisms higher up the food web véflact that of their food resources
and the stable isotope ratios in the primary predu@t the bottom of the food web. Dietary
carbon isotope fractionation is less predictabld aften not measurable in comparison to
nitrogen, and depends on the tissue being analygete is no measurab#®C fractionation
from producer to consumer for muscle tissue, battionation ca. 0.5 - 1.5 %o is observed in
other tissues (DeNiro & Epstein 1978, Peterson % ¥387). This process of carbon or nitrogen
isotope fractionation between producers and consuneads to increasing enrichment with

increasing trophic level and thus food web studaas determine trophic interactions (DeNiro &
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Epstein 1978, McConnaughey & McRoy 1979, Rau e1283, Fry & Sherr 1984, Minagawa &
Wada 1984).

Using stable isotopes it is possible to resolvphio pathways in detrital systems. To be able to
identify the carbon or nitrogen contribution of dgimg macroalgae to CDS foodwebs, it is
necessary for this material to be isotopicallyididtfrom living macroalgae. The information
gathered on the changes in #C ands™*N for decaying macroalgae in Chapter 6 was used to
infer the importance of decayed algae in the foeth around breakwaters at ElImer and groynes
at Felpham beach, by studying if a range of conssiwere enriched with naturally-decaying

algal isotope values.

The general aim of this study was to see if it wassible to determine which macrofaunal
species utilised macroalgae detritus as a foodcedor ecosystems on and around two different
coastal defence systems: Elmer Beach, a beachaviitiv crested breakwater scheme, which at
certain times of the year receives decaying magagatieposits in large (> 60 % beach cover)
guantities, and Felpham Beach, a groyne field ax/éeach, which receives less (< 20 % beach
cover) decaying macroalgae deposits than at ElBisnilarities and differences that were found

between these two ecosystems are also discussedpe€hific objectives were:

1. To test the hypotheses, that there were differeimcearbon and nitrogen stable isotope

values:

I. Between comparable food sources and macrofaunalespat Felpham and Elmer
(see Table 7.1);

ii. Between rockpool and rockface species presenteoh@ss at Elmer;

iii. Between rockpool and rockface species presenteogrttynes at Felpham
iv. Between Elmer and Felpham rockpool and rockfaceispeand

v. Among deposits of decaying macroalgae at diffetiems of the year.

2. To determine whether the dominant species foundntsihg the decaying macroalgae
(e.g. grazers and detritivores), as well as sedimarface deposit feeders and rocky

shore grazers were using decaying macroalgaeasiasburce.
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3. To establish how far stable isotope analysis candeel in the understanding of detrital
pathways in ecosystems with complex compositiomairces of macroalgae-derived
detritus.

Table 7.1 Samples taken for the food web survey at EImerReigdham Beaches in September 2006 for SIA.
Grey boxes denote samples not taken; as not prastrd relevant site at time of sampling.

Number of replicate
samples

Elmer Felpham

Water Particulate Organic

Matter (POM) 6 6
Sedimentary Organic Matter

(SOMm) 6 6

Green Surface SOM 6 6
Bulk Decaying Macroalgae 8

Biofilm 6 6
Strandline Bank - Surface 6

Strandline Bank - Bottom 6
Enteromorpha spp.
Porphyra spp.
JuvenileFucus spiralis.

P. wulgata - Rockface

P. wulgata - Rockpool

L. littorea - Rockface

L. littorea - Rockpool

G. umbilicalis - Rockface
G. umbilicalis - Rockpool

Potential food sources

Breakwater hard substrata
species

O OO O O O O

Deposited macroalgae
species

[e2l {2 BN o> RN e > RN o) B e) i 0)}

Gammarus locusta
Idotea

High-water strandline
species

Dipteran fly larvae
Orchestia gammarellus

G’O’O’

Sediment infaunal species

Arenicola marina 6 6

7.2 Methods

7.2.1 Sudy Stes

The study locations for the foodweb surveys wemadtl Beach and Felpham Beach, on the
West Sussex coastline near Bognor Regis on sowtst @d England (Fig. 7.1). The beach at
Elmer, with its low crested breakwater scheme, I@esn the main focus of this thesis, and

Felpham, with its groyne field, one of the compagasites. The environmental setting of these
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beaches is discussed in detail in Chapters 1 aidin#er Beach received deposits of decaying
macroalgae throughout the year (2005-2006), estithat 600-2,300 kg / T yr (see section
3.4), overall this was three times the amount dsftham, which was estimated at 200-800 kg
/ m?/ yr. At Elmer, deposits were found to be largettia summer months (800-2,700 kg7/m
yr) than in the winter months (400-1,500 kg?/rgr). The potential importance of this dominant
allochthonous source for the food web at Elmer Be@ocorporating the CDSs and the
surrounding sediments), in comparison with at FatptBeach, was the reasoning behind the

following investigation.

7.2.2 Field Foodweb Survey

A foodweb survey was carried out to test the hypsiththat the faunal species both on the
breakwaters and in the environment surrounding thiéhse the decaying macroalgae that is
deposited regularly throughout the scheme at El(see Chapter 3 for dominant deposit
timings). The survey incorporated all available dogources and representative macrofaunal
species from (i) on and within the sediment of Beach surrounding the CDSs, (ii) on the
CDSs, and (iii) the high water mark strandline (FidL.).

Table 7.1 shows the species sampled from ElmefFatgham. Six replicate samples were taken
for each food source (except for the decaying nege® deposits, wheme = 8) and eight
samples for each macrofaunal species. There wene skifferences in the food resources and
faunal species showed between the two sites. Athgeh there were smaller quantities of
deposited decaying macroalgae and no strandlirm@nmparison to that recorded at Elmer. In
addition, noGibbula umbilicalis were found on either of the two rock groynes dpl@m so,
this species was omitted from this site. HoweVeeye¢ were additional food sources found on
the boulders at Felpham did not occur within thenga area at Elmer (Table 7.1). Three
sediment infaunal species were chosen for the guArenicola marina, Bathyporeia sars and
Soio filicornis. However, after collecting and sieving half a terof sediment from both Elmer
and Felpham, the latter two species were founattoioin limited numbers; not enough for this
survey, thereforeArenicola marina was the only species analysed from the sediment

communities.
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- (a) Elmer Beach

4

(b) Felpham Beach | .

| 400m |

Figure 7.1 Aerial maps of (a) Elmer Beach and (b) FelphamcBean the West Sussex coast with the areas
from which the food sources and macrofaunal speeers sampled.

It was hypothesised that there would be differencebe isotope values between rockface and
rockpool fauna due to availability of different bsources. Rockface species refers to species
found on the flat boulder faces that make up thpntg of the breakwaters, whilst the rockpool
species refers the small boulders around the takeobreakwaters, where there are numerous
rock pools. From field observations it appeared th#erent foods were available to these
species; on the rockfaces gastropods appear wibatron biofilm as a food source, whereas in
the toe of the breakwaters, macrofauna could etdiscaying macroalgae which was deposited

and trapped forming thick layers in crevices (Fig).

Seasonal variation in macroalgal species compasitias observed throughout the duration of
the ecological surveys (Chapter 3); whereby therosgal deposits of one season can be
dominated by ephemeral green algae (> 60 %) amdhat times it would comprise of more
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than 70 % of red algae (see section 3.3.2). Pnedingi carbon isotope values results

differentiated (with only a small overlap) betwe€hlorophyta(greens), Phaeophyta (browns)

and Rhodophyta (reds) macroalgal groupings. Coresgtyy it was hypothesised that carbon

and nitrogen isotope ratios would permit the trg@htrapped decaying macroalgae through the
foodweb. Based on seasonal variation, the speomgpasition of the macroalgae deposited was
tested by measuring the isotope values of the mbaddhes of macroalgae (May 2005, July
2005 and September 2006; see Chapter 6), congdimthe combined percentage combination
of greens to browns to reds.

Figure 7.2 Decaying macroalgae deposits around the base dfrdakwaters at Elmer (23uly 2005).

7.2.3 Collection and Preparation of Samples for Stable | sotope Analysis

7.2.3.1 Macroalgal samples

Eight samples of approximately 100 g of depositedaging macroalgae were collected from
randomly chosen locations on both Elmer and Felpbaathes on 2'bf September 2006 (Fig.
7.1). Samples of approximately 100 g of strandbieeaying macroalgae were also collected
from Elmer; six samples from the upper strandlised six from the lower strandline (Table
7.1). The samples were collected in individual fitadags and transported back to the
laboratory in a cool box. Samples of decaying malgae had also been collected in the same
manner from May and July 2005 (kept frozen at 20°-€). The macroalgae were sifted
through for any macrofaunal species present, absesjuently removed. They were then frozen
(ca. =30 C) and freeze-dried in separate acidified plastigsh they were not rinsed in distilled

water, as the samples had been in the decayingieyge had (see section 6.2.4.1), as this way
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they were kept in the state that they are fountherbeach, without removing, for example, the

bacteria.

7.2.3.2 Biofilm samples

Small rock samples or chippings of rocks were ctdld from the CDSs from both Elmer and
Felpham. These were brought back to the laboratdrgre they were flushed with filtered
seawater to remove any excess sediment and thdmafiilen was brushed off with an acidified
soft brush. The seawater containing the scrapefimbiovas then filtered and processed using

the procedure in section 6.2.4.3.

7.2.3.3 Particulate organic matter

Seawater samples were collected from the fieldlina2id (4 % HCI) washed glass bottles from
a depth of ca. 20 cm below the water’'s surfacen@lyse the suspended particulate organic
matter (POM). Within 2 hours of collection, the eatsamples were filtered through pre-
combusted Whatman GF/F glass fibre filters to otlidne POM for stable isotope analysis
(SIA). Each of the filters were then acidified witCI (10 %) in order to remove carbonates,
rinsed thoroughly with distilled water, wrappedtinfoil, frozen for 1 hour, freeze-dried and
finally, kept in a dessicator until analysis.

7.2.3.4 Sedimentary organic matter

Sedimentary organic matter (SOM) samples were deltefrom the field by taking sediment
cores (1 cm diameter, 10 cm depth) and the bemtfatoms on the sediment surface were
collected by scraping the top 1 mm. These sampbre when brought back to the lab where
they were dried at 6@ for 24 to 48 hours and sieved using the Wentwprttedure and the
grain size analysis recorded. The < 63 um portias then retained as the SOM sample (as this
portion is closely correlated with the organic reattontent (Riera & Hubas 2003), and
excluded any large fragments of macroalgae) anedto glass vials in a dessicator for further

preparation (see section 7.2.4).
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7.2.3.5 Macrofaunal samples

Macrofaunal samples for the foodweb survey weréectdd from Elmer and Felpham (Table
7.1). The gastropodsittorina littorea, Gibbula umbilicalis andPatella vulgata were collected
from the rockfaces and rockpools on the east eridez#fkwater 4 at Elmer, and the former two
species from the east facing side of groyne 1 ksge7.1), so that the aspect to wave exposure
was kept the same. The tidal height for each l@eekface and rockpool) was kept comparable
between the replicate samples from each site amdeba the different sites. They were
transported back in buckets of filtered seawatediifBent fauna were collected from the mid-
intertidal shore level (lower landward) by takin@ Bandomly chosen cores (surface area: 57
cn?; depth: 10 cm) from each beach, and stored irtiplasickets. Large macroalgae samples
were collected at Elmer Beach: (i) from the micenitdal for the freshly deposited decaying
macroalgae, and (ii) from the HWSM strandline; the®re stored in plastic bags in a cool box
until return to the laboratoryGammarus locusta specimens were picked out of the mid-
intertidal decaying macroalgae, afuichestia gammarellus and dipteran fly larvae from the

strandline decaying macroalgae.

All the fauna were starved for 24 hours so thatdgbe contents were cleared. The soft body
tissues forL. littorea, Gibbula umbilicalis and P. vulgata species were removed from their
shells for the analysis. All samples were thenathand any remaining debris was manually
removed under a dissecting microscope. The fauma weividually placed on precombusted
Whatman GF/F glass fibre filters, with the exceptaf the dipteran fly larvae ar@ammarus
locusta, which were pooled, 3 individuals per filter, base of their small size. They were
briefly rinsed with distilled water, frozen (ca.@°3), freeze-dried and stored in a dessicator

until further preparation (see section 7.2.4).

7.2.4 Homogenisation and De-calcification of Samples

The final stage in the preparation was to grindsm@ples to a homogenous powder and remove
any carbonates present in samples containing card®n(e.g. sediments and crustacean
samples) (see section 6.2.4 for further detailsfeddmacroalgae, macrofaunal, and sediment
samples were pulverized in a ceramic pestle witioaar and stored in acid washed (4 % HCI)
glass vials until analysis. The dried filtrate ¢w tglass fibre filters for the POM, leachate and
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biofilm samples was scraped off and then was alsargl and stored in glass vials. The pestle
and mortar was washed in 10 % ethanol and rinsex twith distilled water between samples

to prevent contamination. The ground samples weea tveighed into a tin capsules (5 x 3.5
mm) using a Mettler Toledo micro balance prior aobon and nitrogen isotope analyses by CF-
IRMS (see sections 6.2.4 and 6.2.5 in Chapter €@uftiher details). Table 7.2 shows the weights

of powdered material needed for successful SlAef@eined by preliminary runs).

Table 7.2Weight of powdered samples in tin capsules (55x3m) for SIA.

Samples Weight (mg)
Macrofauna 0.7-0.8
Macroalgae 13-15
Sediments 60

Filtrate samples (POM, 1.5 -2 (dark-colour)
biofilm, leachate) 2.5 - 3 (light-colour)

7.25 Sablelsotope Analysis Technique

Carbon and nitrogen isotope ratios of all the saspbr the food web survey were measured

simultaneously by CF-IRMS (for a detailed descadptiplease refer to section 6.2.5).

7.2.6 Data Analyses

The differences in th8"*N ands'3C values of food sources and macrofaunal specisgeba
Elmer and Felpham beaches were tested using onemaysis of variance (ANOVA), as were
the differences between species found on the roekfand in the rockpools of the CDS at these
two sites (Table 7.3). Furthermore, the differenicegalues between different months of bulk
decayed macroalgae were tested using one-way @&nalygariance (Table 7.3). All data were
tested for normality using the Kolmogorov-Smirnesti and where necessary data were arcsine
percentage square root transformed. When ANOVAcatdd significant differences among
means, SNKost hoc test was used to distinguish between them. Abupetric ANOVAs used
SPSS (SPSS 2005).
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Table 7.3 Four hypotheses (see section 7.1) were tested) wsiseries of one-way analysis of variances

(ANOVA).

1) Food Sources & SpecieEElmer vs. Felpham Foodweb

Benthic microalgae

POM

Deposited decaying macroalgae
Biofilm

Patella vulgata

Littorina littorea

Arenicola marina

2) Elmer: Rockpool vs. Rockface CDS Species

Patella vulgata
Littorina littorea
Gibbula umbilicalis

3) Felpham: Rockpool vs. Rockface CDS Species

Patella vulgata
Littorina littorea

4) Decaying Macroalgae DepositsTemporal Differences

May 2005
July 2005
September 2006

7.2.7 1SOSOURCE modelling

Mixing models can be used to determine the isotamatribution of food sources in a

consumer’s tissues and thus determine the relatwdributions to the consumer’s diet. The
ISOSOURCE model (Phillips & Gregg 2003) allows thassible contribution of a range of
sources using an iterative approach to calculdt@aasible feasible solutions for any given

sources and isotopic mixtures, generating a digidh of feasible solutions. The me&hC and

3N values for the macrofaunal species (Table 7. psed at both Felpham and Elmer

beaches in September 2006 were used in the analalises were first adjusted for trophic

fractionation (1.5 fob™*C and 3.4"N ) using accredited fractionation values determhifrem

literature sources (DeNiro & Epstein 1978, Raulefl@83, Peterson & Fry 1987, Inger et al.
2006) before input to ISOSOURCE. TREC ands™N values for the potential food sources

(Table 7.1) were input as sources. Source incresmant % and a mass balance tolerance of +

0.1 were set (with the exception Of gammarellus. 2 % and + 0.5, respectively). The results

from ISOSOURCE enable the quantification (in petre the proportion of different food

sources in the macrofaunal species’ diets forvleedifferent beaches.
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7.3 Results

7.3.1 Foodweb Survey

The range o8™C and&™N values of the available food sources on and atabe CDS at

Elmer and Felpham Beaches for the CDS fauna, miga®associated fauna and sediment
fauna are presented in Table 7.4. The primary meduat the Elmer and Felpham were similar;
however, there was some macroalgae species gramirtige rocks in the areas sampled on the
CDSs at Felpham and not at Elmer, whereas therenwvastablished strandline at Felpham that

was present at Elmer (Table 7.4).

Table 7.48"C ands™N (range of values) of the available food souraesid around the CDS at Elmer and
Felpham Beaches for the CDS fauna, macroalgaeiatsthdauna and sediment fauna in September 2006.

Elmer Felpham
Samples 8'%C 8N n 8%C N n
Food Sources
SOM —88.5 to—2.7 7.8t012.0 6 -23.5t0-21.6 5.8t08.3 6
Surface Benthic Algae  —20.2 to—17.2 3.91t06.0 6 —-22.5t0-21.9 4.9t06.8 6
POM —21.1t0—20.8 7.2t08.4 6 -21.9t0-19.7 7.8t09.4 6
Deposited Decaying
Macroalgae —20.6t0—16.6 9.0to 11.5 8 —27.7t0 -16.8 8.2t013.4 8
Biofilm —21.91t0-18.1 5.7t08.0 6 -20.5t0-19.2 8.6t012.4 6
Top of Strandline —21.7t0-19.3 9.4t010.0 6 - - -
Bottom of Strandline —21.2 t0—20.3 8.81t09.7 6 - - -
Enteromorpha sp. - - - -18.1to -17.7 16.5t017.2 6
Porphyra sp. - - - -22.6t0-21.4 16.3t017.9 6
Fucus sp. (Juv) - - - -17.8t0-17.0 13.9to 14.6 6
CDS Species
P. wulgata - Rockface -16.8t0-14.4 10.8t0 11.8 8 -18.8t0 -17.1 12 BAL6 8
P. vulgata - Rockpool -17.1t0-15.1 9.5t011.1 8 -16.5t0 -14.9 1176 8
L. littorea - Rockface -18.6t0-16.4 10.0to11.4 8 -18.7 to -17.8 13 ®5t1 8
L. littorea - Rockpool -18.6t0-17.8 11.0to 11.9 8 -18.8t0-17.8 1@ 14t4 8
G. umbilicalis - Rockface -18.1to-17.1 9.9to 11.3 8 - - -
G. umbilicalis - Rockpool -17.3to-16.6 9.1to 10.7 8 - - -
Algae -Associated
Gammarus locusta -20.4t0 -19.2 9.5t011.6 8 - - -
Idotea baltica -20.2t0-19.2 10.3to 125 8 - - -
Dipteran Fly Larvae —20.7 to —20.3 9.6 t0 10.7 8 - - -
Orchestia gammarellus -19.5t0-18.5 10.8t012.8 8 - - -

Sediment Species
Arenicola marina -18.2t0 -16.6 11.4to 13.6 8 -18.2to-17.1 11.4to 12.8 8
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7.3.1.1 Water column POMIC ands*>N values

The §*C values of the water column POM did not differvbe¢n the Elmer and Felpham
beaches (-21.0 vs. —20.1%= 0.15; Table 7.5), even though the rangé'd€ values were
larger at Felpham beach (2.2 %o) that at Elmer ¥)3this can be seen in Table 7.4 and Figure
7.3. There were however, significant differencethad™N values of the POM between the two
beaches (7.6 vs. 8.9 %= 0.003); the5**N value of the POM in the water column at Felpham
beach was 1.3 %o higher than at Elmer (Fig. 7.3%.7.

7.3.1.2 Sedimentary organic matter (SGIC ands**N values

The averagé™C value of the SOM at Felpham was —22.3 %o, whetieavalue at Elmer was
—25.0 %o. These results would not have been sigmifly different if analysed, as th&’C range

for the SOM samples at Elmer were extremely largenf—88.5 %o to —2.7 %o (Table 7.4)
overlapping the range at Felpham. The results filoenSOM samplesn(= 6) at Elmer were
obviously not correct. The extrendé’C values at EImer may have been because the samples
were too large, with higher carbon content thanléingest standard gel, and were therefore,
outside the linearity corrections. In contrastyéheere significant differencesy(k;= 9.95,p =

0.01) in thed™N values between the beaches at Elmer and Felp@dnvg. 6.8 %o), with the
sediments being more enriched at Elmer by 2.3 % (Fb).

Table 7.5Results from a series of one-way analysis of vagaesting differences in tt&*C ands*N values
between Elmer and Felpham beachigss 0.05,** p < 0.01,*** p < 0.001,NS = not significanty > 0.05).n =
8 for each species amd= 6 for each food sourcdf = 1 for all (total 11 for n = 6 and 15 for n = 8).

613(: 615N
Elmer vs. Felpham F p F p
Benthic micro algae 17.90 095 9.60 0.2%
POM 246 0.148IS 15.72 0.003+
Decaying Macroalgae Deposits 7.02 0.19 0.58 0.45MWNS
Biofilm 0.17 0.692NS 11.37 0.12

7.3.1.3 Primary producéfC ands™N values

On the seaward sides of the CDS at Felpham there theee macroalgae tax@nferomorpha

sp.,Fucus sp., andPorphyra sp.) present. The avera§€C values for the juvenilEucus plants
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and Enteromorpha sp. (now namedliva sp.) were similar (—17.4 and —17.9 %o, respectively
whilst the3'*C values for the red alg@orphyra sp. were lower (—21.9 %o; Fig. 7.4). TREC
values of these three algae were significantlyedéfit from each other {R,= 387.2,p < 0.001)
because of the small range of values for each spdsee Table 7.4). THEN values also
differed significantly (i ;7= 115.0,p < 0.001), with the values for the juveneicus plants
being lower ind™N (14.2 %o; Fig. 7.4) than foEnteromorpha sp. andPorphyra sp., which did
not differ from each other (16.98 and 17.00 %o, eetipely) (Fig. 7.5).

Both thes**C andd™®N values recorded for the benthic microalgae diffiebetween Elmer and
Felpham beaches (—19.1 vs. —22.2 %0 and 4.3 v i@spectively; Table 7.5 and Figure 7.3).
The benthic microalgae at EImer had higsf€é€ values in comparison to that at Felpham, but a
lower 6N value (Fig. 7.3). The range 6t°C values for the benthic microalgae was much
larger at Elmer than at Felpham (3.0 vs. 0.6 %o;1@ab4), whilst thes**C and3™°N values of
the latter were similar to the SOM value (Table; F4. 7.4). The surface sediment at Elmer
was noticeably discoloured with green benthic natgae at the time of sampling; this was not
the case at Felpham.
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Figure 7.3 The differences between Elmer and Felpham beach#wiavailable food sour@&’C vs. 5N
(%0; means + SD) values for September 2006.§ marks the difference between the two sites'fi¢ and
3™N values.
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7.3.1.4 Decaying macroalgae dep@sic ands™*N values

At Elmer, decaying macroalgae deposits are letherbeach on a receding tide (see Chapter 3),
and at the time of sampling (21September 2006) the beach had received relatieete
guantities (ca. 60 % beach coverage; Chapter 3.dbminant species wekEetocarpus sp. (59

+ 4.5 %), Chondrus crispus (25 £ 3.8 %), andJlva sp. (3 £ 0.2 %) and the remaining
macroalgae were filamentous reds and browns (albiblepharis ciliata, Halidrys scoparia,
Griffithsia sp.); this gave the decaying macroalgae depasitstermediaté™*C value of —18.5

%0. The small range oF*C values (=20.6 to —16.6 %o) demonstrate the donmanadf brown
algae in the deposits. The ove@fN value of the decaying macroalgae deposits at EWee

10.0 %o, again the range of values exhibited wadIg&& %o).

At Felpham on the other hand, the amount of degagiacroalgae deposits on the beach was
extremely small (ca. < 1 % beach coverage; authmeis. obs.), with only enough decaying
macroalgae deposits for eight samples (ca. 20 gvight). The composition in comparison
with that at Elmer was very variable, resultingaimide range o8'*C values, from a low value

of —=27.7 %o (95 % red, 5 % brown) to a high value-26.8 %o (80 % brown, 20 % red). The
range of3*°C values shown in Table 7.3 was large becauseeoftige variation in the ratio of
brown to red macroalgae for the eight samplesffithsia sp. was the most consistently
dominant algae (dominated 70 % of the samples);dauple of the samples used in the analysis
Laminaria sp. and Fucus spiralis were dominant. The decaying macroalgae deposits
composition on average comprised of 66 % red anth3¥own macroalgae, giving an average
313C value of —22.3 %o (Table 7.4), which was signifita different from that at Elmer (f;=
7.02,p = 0.019). The3™N values of the decaying macroalgae at Felpharmdiddiffer from
thosed™N values for the algae at Elmer (10.6 %o, Table, ##ugh there was a greater range,

from a low value of 8.2 %o to a high value of 13.5(%ig. 7.6).

There was an established decaying macroalgae stmakdline) at the HWSM at Elmer but not
at Felpham. Thé®*C and&™N values of the strandline did not differ betwe&e top and
bottom of the strandlinest®C: —20.4 vs. —20.7 % = 0.45;8™°N: 9.6 vs. 9.2 %op = 0.058).
The ranges of values shown in Table 7.4 suggestligatop of the strandline had higréfC
andd™N values, with these values perhaps becoming loviter depth. Thes**C values of the
strandline macroalgae were significantly (k= 11.14,p = 0.001) lower (by ca. 1 %o) than the
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values of the recently deposited decaying macreatgethe rest of the shore. By contrast, there
were no significant differences in th&N values p = 0.08), though the range was largest for
the fresher beach decaying macroalgae deposits¥%g.and smallest in the bottom of the
strandline (0.9 %o; Table 7.3, Fig. 7.5).

7.3.1.5 CDS macrofaundt’C ands*°N values

The respectivé™C and3™N values from both Elmer and Felpham beaches ®gstropods
on the CDS rockfaces and in the rockpools weretgdoagainst each other and are shown in
Figure 7.4. Overall, thé™N values showed significant differences betweerkgool and
rockface locations for each of the gastropods &t kdes (Table 7.6, Fig. 7.5). Whereas, the
8'%C values did not demonstrate as many differentés,can be seen from Figure 7.3; where
there was much overlap between species from tHfierelift tidal zones, it shows that there was

much overlap in their food resources.

Table 7.6 Results from a series of one-way analysis of vagartesting differences in thé3C and§™N
values for firstly between rockpool and rockfacecrnéauna at each site, and secondly between marrafat
Elmer and Felpham beaches in rockpools, on rockfacel in the sedimentp < 0.05,** p < 0.01,*** p <
0.001,NS = not significant jp > 0.05).

513C 515N
F p F p

Rockpool vs. Rockface

Elmer 0.062 0.81 NS 3.39 0.073NS
P. vulgata 0.03 0.86NS 14.49 0.02*
L. littorea 2.97 0.11NS 9.59 0.08**
G. umbilicalis 27.58 0.000%** 5.76 0.03r
Felpham 10.697 0.03* 46.43 0.000F**
P. vulgata 95.00 0.000%** 49.35 0.000%*
L. littorea 0.97 0.34NS 8.95 0.01*
G. umbilicalis - - - -
Elmer vs. Felpham 3.73 0.067 180.25 0.000%**
P. vulgata (RF) 33.39 0.000%* 122.13 0.000%*
P. vulgata (RP) 1.66 0.218\S 34.51 0.0007*
L. littorea (RF) 6.83 0.026 166.99 0.000%*
L. littorea (RP) 0.20 0.658\S 58.08 0.000%*
Arenicola marina 7.93 0.14 12.42 0.00%

At Elmer, the gastropod?atella vulgata andLittorina littorea living on the rockfaces and in the
rockpools exhibited no differences 4f°C values P. vulgata; -15.7 vs. —15.8 %o = 0.86;L.
littorea: —17.8 vs. —18.2 %4y = 0.11, respectively; Table 7.6), whereas the gpettGibbula
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umbilicalis on the rockfaces had &°C value statistically greater than that recordedhia
rockpools (—17.6 vs. —16.8 %p, < 0.001). Regarding the&™N values, all three gastropods
exhibited significant differences between the rackls and the rockpools (Table 7.6)bbula
umbilicalis and Patella vulgata in the rockpools were moréN depleted than those on the
rockfaces (10.1 vs. 10.7 %p,< 0.001; 10.4 vs. 11.2 %p = 0.002, respectively; Fig. 7.5), but
this between tidal height difference was reversed.ittorina littorea, where individuals living
in the rockpools exhibited more enrichiéd values than on the rockfaces (—18.2 vs. —18.( %o,

= 0.008). However, this small discrepancy is likelye biologically insignificant (Fig. 7.4).
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Figure 7.4 The differences in macrofaundi®C vs.5'®N (%.; means + SD) values between Elmer (red) and
Felpham (black) beaches for the CDSs (rockpoolrankface specimens) and sediment fauna for Septembe
2006 (--) marks the difference between the two site'i@ ands™N values.

On the whole, the fauna at Felpham showed sigmifidiferences in thé*°N values between
the rockfaces and rockpools (14.0 vs. 12.6%s, 0.001); individuals on the rockfaces were
more'*N enriched than in the rockpools (Fig. 7.5). ORbtella vulgata exhibited a significant
difference in botts**C and3™N values between those individuals living on thekfaces and
those in the rockpool$t’C: —17.9 vs. —15.4 %g < 0.001;6*°N: 13.6 vs. 11.8 %op < 0.001).
This species showed the largest tidal zone foaoures partitioning for any of the gastropods at
either site (Fig. 7.4), with individuals living ihe rockpools being moréC enriched and®N
depleted. Although.ittorina littorea showed an overlap i81°C values for between the rockface
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and rockpool individuals (-18.6 vs. —18.3 %¢r 0.34), zonal differences were exhibited in the
3'°N values (14.3 vs. 13.4 %p, = 0.01); with the rockface individuals again bemgre >N
enriched.Littorina littorea individuals from both tidal zones also overlapgedd resources
with rockface dwellingPatella vulgata (Fig. 7.4).
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Figure 7.5Sources of organic matter and invertebra®é¥ (%o) values (mean + SD) in the foodwebs around
the coastal defence structures at ElImer and Felfieaohes for September 2007.
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The gastropods on the groynes at Felpham werefisgmiy more™N enriched than those on
the breakwaters at Elmer (13.3 vs. 10.7 ff6s; 0.001; Table 7.6). The largest difference was
seen betweertittorina littorea individuals on the rockfaces of the CDSs; wheres¢h at
Felpham weré®N enriched by 3.6 %o, a whole trophic level. In gast, there was no statistical
difference in the overaB®C values of gastropods between the two sites; hemwdigure 7.6

shows that there are more complex patterns to plaieed.

There were no differences between the two sitefié**C values forPatella vulgata and
Littorina littorea individuals living in the rockpools (Table 7.6hetre were however, for those
living on the rockfacedsPatella vulgata individuals on rockfaces at Elmer exhibited a neark
2.2%o enrichment if°C over those at Felpham (Fig. 7.4); whilst althosttistical differences

(p < 0.05) were seen fduittorina littorea individuals, the range of values in Table 7.3 shioat
there is much overlap (also seen in Fig. 7.4),rhay not be biologically significant. There
were, however, significant differences in &N values between Felpham and Elmer (Table
7.6, Fig. 7.5). The biggest differences were seernhfe rockfacdatella vulgata andLittorina
littorea specimens, which were 2.5 and 3.6 %, mdkeenriched at Felpham than Elmer; whilst
those in the rockpools were still more enriche&e@pham but not to the same degree (1.5 and

2.0 %o, respectively).
7.3.1.6 Sediment and algae-associated macrofati@kands™>N values

The polychaetérenicola marina was significantly moré®C and**N enrichedat Elmer than

at Felpham §2C: —17.1 vs. —=17.7 % = 0.014;3"N: 12.8 vs. 12.0 %ep = 0.003; Fig. 7.4),
though there appears to be some resource overlaple(17.4). The patterns seen for the
gastropods between Elmer and Felpham (see Seci®hf.5) were not see folrenicola
marina; instead those at EImer were more enriched th&elgham but to a lesser degree than
the gastropods (0.8 %o).

The amphipodGammarus locusta and isopodidotea baltica found living in the deposited
decaying macroalgae at EImer exhibited the s&fi@value (—19.8 %o; Fig. 7.6a) and had very
similar 8*°N values (10.8 vs. 11.4 %p, = 0.11), though the range 8PN values indicates that
Idotea baltica was slightly more enriched (Fig. 7.5 & 7.6). Théttid amphipod found living in

the strandline macroalgae at Elmer was trophicsifiyilar to |dotea baltica, with a3'°N value
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of 11.6 %o, whereas'C was significantly more enriched (by 0.8 %), wilte 5*°C values of
the individuals ranging from —19.5 to —18.5 %o; shmyvsmall resource range (Fig. 7.6a). The
dipteran fly larvae differed from the amphipods #wupod in having mor&C and™N depleted
values §'°C: by —0.7 to —1.5 %4 < 0.001;5"°N: by 0.8 to 1.6 %op < 0.001; Fig. 7.6a).
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7.3.2 1SOSOURCE Analysis of the Foodwebs at EImer and Felpham Beaches

At first glance, the trophically enriched isotopaues of the gastropods on the CDS rockfaces
at both sites (Fig. 7.6) appear to indicate a priyncantribution of biofilm to the diet, with the
exception ofPatella vulgata. However, the results from the linear mixing eqoiasi (Phillips
2001) estimated a more mixed diet (Table 7.7, Fig). POM appeared to constitute the
majority of the diet folLittorina littorea both on the rockfaces (RF) and in the rockpooR)(&
both Felpham (1 - 99percentile: 2 - 71 % and 39 - 86 %, respectivaty) Elmer (RF: 30 - 70

% and RP: 62 - 72 %), although contribution to éhosa the rockfaces were less precise and is

perhaps more variable with time than in the rockpoo

Table 7.7 Contribution of food sources to the diets Arfenicola marina, Littorina littorea (RF & RP?),
Gibbula umbilicalis (RF & RP) andOrchestia gammarellus at EImer beach, andl. marina, Patella vulgata
(RF), L. littorea (RF & RP) at Felpham beach. Values are shown -a89 percentiles for the corresponding
distributions. The sampled food sources at EImercbhecould not account for any diet contributions Fo
vulgata (RF & RP),Gammarellus. locusta, Idotea baltica and the kelp fly larvae, and neither at FelphanPfo
vulgata (RP).

Food Source Contribution to the diet 1-99 percest{Pt)
Elmer A L. littorea L. littorea  G. umbilicalis G. umbilicalis O.

marina (RF) (RP) (RF) (RP) gammarellus

Benthic microalgae 0-50 0-11 0-11 15-36 36-61 0-4

POM 20-28 30-70 62-72 29-40 0-4 18-54

Decaying

Macroalgae 71-78 2-25 5-25 0-31 0-39 0-2

Biofilm - 0-67 0-31 0-53 0-62 -

Top Strandline - - - - - 0-12

Bottom Strandline - - - - - 0-20

A P. vulgata L. littorea L. littorea
Felpham marina (RF) (RF) (RP)

SOM 0-12 -

Benthic microalgae 0-12 0-0 0-0 0-0

POM 86-98 48-80 2-71 39-86

Decaying

Macroalgae 0-10 0-7 0-24 0-13

Biofilm - 0-38 0-34 0-57

Enteromorpha sp. - 0-9 0-4 0-10

Porphyra sp. - 0-3 0-5 0-6

Fucus sp. - 8-22 0-6 0-13

'RF = rockface’RP = rockpool

Biofilm was calculated to be an important secondinyd source (Table 7.7), along with
decaying macroalgae, which appeared to be a relalgangortant food source, contributing up
to a quarter of their diet at times. At Felphane tmacroalgae living on the CDSs were
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definitely minor components (< 13 %) in the littuds’ diet; this was not the case for rockface
P. vulgata at Felpham, where instead there was an increasdhution from youngd-ucus sp.
plants (8 - 22 %) and a reduced significance ofdéeaying macroalgae (0 - 7 %). Similarly
though, POM was the main contributor to their dig# - 80 %), with biofilm an important
secondary contributor.

The food sources foGibbula umbilicalis were different from those of the littorinids, ihat
those on the rockfaces of the breakwaters at Ehppeared to obtain the majority of their diet
from a more proportional mixture of POM (29 - 40,%iofilm (O - 53 %), benthic microalgae
(15 - 36 %) and decaying macroalgae (0 - 31 %Mherathan feeding specifically on a single
food source; the average estimated diet was doednby benthic microalgae, followed by
POM (Fig. 7.7). The diets &. umbilicalis in the rockpools around the base of the breakwater
were predicted to comprise: (1) of benthic micraal@36 - 61 %), twice the magnitude of those
on the rockfaces, and (2) although more variabstynf biofilm (0 - 62 %). Noticeably, POM
was only a minor component (0-4 %), but decayingnwelgae was still of a similar order of
importance and variability as for those on the fac&s (0 - 39 %).
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Figure 7.7 The differences in contribution of benthic micige, marine POM, decaying macroalgae (wrack)
and biofilm to the diets of fauna sampled at Elfi#ock) and Felpham (striped). Data from ISOSOURCE
analysis (linear mixing equations could not be useall species because there were no availabtégoaorces
sampled)A. mar = A. marina, P. vul = P. wulgata, L. litt = L. littorea, G. umb. = G. umbilicalis, O. gam = O.
gammarellus. RF = rockfaces and RP = rockpools.
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For Arenicola marina the mean isotopic values for the dietary matenplated were predicted
to be —19.1 and 9.4 %o f6r°C and™N, respectively, at EImer (Fig. 7.6a) and —19.7 &6d%o

for 83C and3™N, respectively, at Felpham (Fig. 7.6b). With &l tavailable food sources for
each beach included in ISOSOURCE analysis (Talélg te deposited decaying macroalgae
appeared to be the primary food sourceAomarina at Elmer (1 - 99 percentile: 71 - 78 %),
whereas at Felpham, it was POM (86 - 98 %, alsoFsge7.7). The benthic microalgae also
contributed more to the diet at EImer (0 - 50 %ntlat Felpham (0 - 12 %), although it showed
a larger range of variability.

At Elmer, for the diet ofOrchestia gammarellus and dipteran fly larvae the predicted mean
isotopic values were both mof&C and™°N depleted than thé'*C and 3N values of the
strandline (Fig. 7.6a), which is not as would hbeen expected. Instead, the expedtéd and
8'°N values forO. gammarellus were similar to thé'*C and5™®N values of the POM, and for
the larvae there were no suggestible food resouseespled (Fig. 7.6a). In addition, the
calculated isotopic mean values for boBammarellus locusta and Idotea baltica were
considerably mor&®C and™N depleted than that of the macroalgae depositas@beach where
they were found to be living. Their likeb*C and3*>N values were instead close to the outside
boundaries of the biofilm (ca. —22 and 8 %o, respebt). ISOSOURCE analysis resulted in no
suggestions of a mixing diet f@. locusta, |. baltica, or the kelp fly larvae. There was however,
a modelled mixed diet fdD. gammarellus, with primary contributions from POM (18 - 54 %)
and not, as was expected, the freshly depositedyder macroalgae (0 - 2 %). However, the
decaying macroalgae in the strandline appearedrtibute a small but variable amount (0 - 32
%).

7.4 Discussion

In general, thé*C value of a tissue sample from an organism givisation on the primary
energy source, while th°N ratio allows the discrimination of trophic levedad can provide
information about processing of nitrogen and treeefsources of nitrogen (Peterson and Fry,
1987). The main sources of organic matter at bawheEand Felpham had relatively distinct
81°C andd™N values, which enabled me to make inferences diygithe food sources used by
the macrofauna investigated (Fig. 7.6). The poaérgiable isotope ratio of the diet of a
consumer can be predicted by using a mean tragf@enrichment of 0.5 to 1.5 %Peterson
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& Fry 1987, Inger et al. 2006) and a mean tropgPicenrichment of 3.4 %¢DeNiro & Epstein
1978), a fractionation effect which occurs betweet and consumer tissue as a result of the
assimilation of food. The trophic enrichments‘i& and™N for each macrofaunal species are
shown in Figure 7.6 (dashed grey line). The cldkertheoreticab'*C ands'*N values of a
consumer’s food is to that one of a single food'seuthe higher the proportion of that source in

the diet of the consumer, as compared to othecssyRiera & Hubas 2003).
7.4.1 C and 6™N Values of the Available Food Sources at Elmer and Felpham

The$'3C values of the marine POM at both Felpham and Elmege similar, and were close to
the values given in the literature for oceanic ppiankton. Gearing et al. (1984) compiled data
for temperate regions and gave a mean value o8-%lwithin a range from —23.8 to —19.3 %o.
The 8*°C values of the decaying macroalgae deposited ¢ eaches fell across this range,
and it cannot therefore be suggested that thichthonous source was excluded from the
particulate organic carbon (POC) pool, as previodsine in other studies e.g. Gauthier et al.
(2007), Abreu et al. (2007). The rangeddC values for the biofilm at Elmer was large in
comparison with Felpham and this may be becausen#k®up of the biofilm differed between
the two sites. The angle of the CDSs to the appingovaves was the same for the two sites,
so this can not be considered a significant cadaefor. The diversity of the biofilm
microorganism composition may have been more divéegy. cyanobacteria, pinnate diatoms,
ciliates and nematodes, microalgae; Thompson e204l5) because of the additional carbon
influx to Elmer from the decaying macroalgae, as t¢hrbon isotope values for diatoms have
been shown to be dependent on dissolved inorgamiwon levels (Fry 1994). Another reason
may be that the extreme small-scale variabilitgéironmental conditions, surface properties
and/or biological interactions influences the dindag of the biofilm communities, resulting in
more diverses™*C isotope values. This is supported by culture istuthat have foundC
differences both within and between species of maigae in biofilms (Wong & Sackett 1978,
Hinga et al. 1994). Th&"3C ands™N values of the deposited decaying macroalgae were
diverse at Felpham than Elmer. This was becausieofdifferences in the composition of
decaying macroalgae deposits; in comparison witReffpham, Elmer showed greater species
consistency due to the magnitude of macroalgae dssnileposited, therefore explaining the

reduced variability in isotope values.
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The SOM and POM had lowér**N values compared with the macroalgae primary predsi
(both living and decaying). These primary produ@msntually contribute to the detrital organic
matter pool, and must therefore becodepleted during decomposition; this theory was al
suggested by McClelland and Valiela (1998). Thiuasption of°N depletion during anaerobic
decomposition was seen in this study for the armeatly-decayedUlva intestinalis and the
mixed macroalgae, and aerobically-deca@ldndrus crispus, Ulva intestinalis, andOsmundea
pinnatifida. However, in the samples an overal enrichment was observed after 30 days
(more so for anaerobic decay), it was interpretedbeé because of microbial activity and
assumed that over a longer period, after furtheongposition, there would be a loss 'af.
This process can further be seen in 8h€ ands'°N values of the strandline, which were
slightly more depleted in botHC and™®N than the freshly deposited decaying algae ondhe

of the beach, with the bottom of the strandlinengemore depleted than the top. T&féN
values if this dietary material may help to deterenwvhich decay stage is most important in
foodwebs. Interestingly, th&°N value of the SOM at Elmer was mor®\ enriched than at
Felpham, with an overlap in the range of value$ what of the decaying macroalgae both on
the beach and in the strandline. This was not #e&e cat Felpham, where the SOM was
considerably more depleted fIN than the macroalgae. A possible explanation fos t
difference is the large input 8N from the decaying macroalgae at Elmer, and thaide >N
enrichment in sediments where POM has not been letehp organically broken down. In
comparison, Felpham does not receive the same el@frmacroalgae deposits and therefore

explain the lack of significarfN enrichment in sediments.

The enriched®N values observed for the biofilm, benthic micr@agand POM at Felpham, in
comparison with those at Elmer, as well as the ssigely highd*°N values for the macroalgal
specieg~ucus sp.,Porphyra sp., andEnteromorpha sp. (14.2, 17.0, and 16.9 %o, respectively)
growing on the groynes at Felpham, was likely beeaof the close proximity to a sewage
outfall (ca. 200m). Studies carried out on theuiefice of sewage effluent on #1eN signatures
of macroalgae by Hobbie et al. (1990) and Garthef.€2002) support the theory that Felpham
is a nitrogen-enriched ecosystem because of sewoaifgd|. Both studies measured increasing
3N values in macroalgae as a result of increasiegrporation of**N-rich NH; and NQ
delivered by discharges of sewage treatment pladis.reason for slightly lowed**N values
for the Fucus sp. in comparison witlPorphyra sp. andEnteromorpha sp. may have been

because it has lower nitrogen uptake, thereforauireg longer periods of exposure to
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assimilate new nitrogen to alter teN value, especially as these were young plants.|atter

two species are opportunistic fast growing speeied respond more quickly to nitrogen
availability (Gartner et al. 2002). It should bdetbthat the SOM at Felpham did not seem to be
influenced by this discharge, as t8f€N values were lower at Felpham than at Elmer where
there was no sewage outfall. The highEN values at Elmer were probably due to the large
guantities of decaying macroalgae. The differemcéhe source of nitrogen input into the two
ecosystems at the two beaches is certainly reflatiféerently in the3™N values of the primary
producers and consequently the consumers througfemuassimilation. Thus, these results
confirm that the local sewage effluent has an irhpacthe primary producers and grazers at
Felpham, whereas the macroalgae deposits and P@Nharsources of nitrogen entering the

ecosystem at Elmer.

The absence of visible benthic microalgae mateesturface of the sediment at Felpham beach
in comparison with Elmer beach during sampling waisdue to a lack of nitrogen, because this
has been shown not to be a limiting factor becafisbe nearby sewage effluent. The CDSs is
one possible factor contributing to this ecosystamation, resulting in differences in the local
hydrodynamics between Felpham and Elmer. Felphaes dot retain the same quantities of
decaying macroalgae and coarse particulate madteat &lmer. Elmer also exhibits greater
water retention and sediment temperatures in thmersr during low tide because of its changed
beach profile, a direct result of the CDS desighisTdifference in nutrient availability and
residual water during low tide may have been tlasoa for the growth of benthic microalgae at
Elmer and not Felpham. Té’C and3™N values of the benthic microalgae are thereforg ve
similar to the SOM at Felpham. This could not beateded for3'3C values at EImer because of
the distortion in the SOM because of high quarstivé carbon in the samples (data were not
useable for analysis for SOM®C values); however, th&°N values were considerably more
different between the SOM and benthic microalga€laer than at Felpham, suggesting that it

would be the same for tl3°C values.
7.4.2 Faunal Diets at EImer and Felpham
The stronge*C enrichment observed f&atella vulgata in the rockpools at both sites and on

the rockfaces on the Elmer breakwaters could n&xXpéained by a consumption of the sources

sampled; Gauthier et al. (2007) found similarlythig®C values forP. vulgata on an artificial
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rocky shore (=15.1 %o) that could not be explaingd®®M, SOM or biofilm. There were also
differing 8*°N values for this species between the rockfacesrackpools at Elmer, with those
in the latter location feeding on a source that mase™N depleted (ca. 1 %o). One suggestion
could be that more detrital material is being feq which is in the later stages of decay than
found in the beach deposited macroalgae. This wexdain the depletion itPN. In support of
this, Bustamante and Branch (1996) observed twellghspecies to predominantly feed on
kelp-derived detritus rather than that of the ittt algae or biofilm. Furthermore, specialist

food selection may be exhibited for a specific #gga.gFucus sp.

Gibbula umbilicalis are known to have a mixed diet composed of micemaklnd miscellaneous
organic detritus (Dauby et al. 1998). Currin et(4895) estimated that benthic microalgae and
deadSpartina alterniflora were the primary dietary components.atorinairrorata, and ruled
out contributions from phytoplankton and living maalgae in a salt marsh in North Carolina.
Gastropods have enzymes capable of degrading srstanet structural components of seaweeds
such as cellulose (Owen 1966); thus the refractomogen, which has been described as
unavailable to decomposing organisms (Rice & Terik#81), may be assimilated by these
organisms. However, it is possible that the benthicroalgae have similag®*C and *°N
values to the microalgae in the biofilm on the mckhich would also explain this resu@.
umbilicalis may specifically ingest this proportion of the filia through the adherence of
microalgae to their mucus trails, which some ggs&tds are known to re-ingest, whereas

littorinids are not such specialists in ingestingnoalgae (Edwards & Davies 2002).

Based on studies of gut content analysis, biofi&m &lways been considered the primary source
of food for the gastropods sampled (Hawkins e1@R9, Hill & Hawkins 1991, Thompson et al.
2005), but these results show differently, as dhidsé of Gauthier et al. (2007). A possible
explanation for these differences in diet may batee to differences in dietary specialisation of
these three gastropodB. iulgata, Littorina littorea andG. umbilicalis), as these species occur
in the similar areas in the presence of the sintilafiilms and suspended organic matter pool.
Dittel (1997) and Abreu (2007) suggested that itigesf specific food items from the biofilm
is possible. If this is the case, these indivictmhponents may have differedifC values that
are difficult to detect, as it was not within theope of this study to separate the biofilm out to
individual components for SIA. In addition it is &wn that the microbiota of biofilm show
seasonal patterns with decreased abundances sart@er in comparison with the winter (Hill
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& Hawkins 1991, Thompson et al. 2000, Jenkins &thiall 2001). Therefore it is possible that
the biofilm on these structures is a limiting remeuand at certain times of the year the
gastropods feeding patterns may change (this sinljyrepresents a single sample point in the

year so potential seasonality in diets is not otdle in this data set).

Furthermore, the biofilm may be limited because astumulation and scouring by the
suspended sediments that were observed on botiréa&waters and groynes (pers. obs.); this
is likely to prevent the rocky surfaces from beagensively colonized by biofilms (Gauthier et
al. 2007). According to Levins (1968), the breadtla species niche can be evaluated in terms
of the availability of an important resource. THere, macro-detritus, micro-detritus, and
phytoplankton may be more readily abundant at tiem&$ possibly of better nutritional value
(Wilson 2002) resulting in an increased contriboitio gastropod diets. Availability of detritus
has been shown to exceed that of diatoms in themsunmonths making it a seasonally
favourable food resource (Smith & Foreman 1984 gsEhresults show the broad niche-breadth
of these gastropods, suggesting they utilize a wialeety of the available food resources.
Gastropods, particularly limpets are known to feidhe propagules of macroalgae (d=gcus
sp.) that settle on rocky shores (Southward 19@dykihs & Hartnoll 1983, Thompson et al.
2000). The values of these young plants may netméte those of adult plants, which has been
something observed in kelp species (Duggins & Eckd207), and would have been mixed in
with the biofilm values; thé'C of P. vulgata lie within thed**C range oFucus sp.

The difference in food resource partitioning Amenicola marina between Elmer and Felpham
is most probably because of the availability of domesources; Elmer is rich in detrital
allochthonous input where Felpham is not. It woh#l interesting to further investigate the
seasonality ofA. marina’s diet at these two beaches in accordance withatralability of

deposited decaying macroalgae. It was shown inptéhad, that there was a correlation
between amount of macroalgae deposited and thedahoe of this species at Elmer; this
foodweb analysis has further clarified the impoc&mf the macroalgal detritus in the diet of

this large surface deposit feeder in the sedimemisnd the breakwaters at Elmer.

The macroalgae-associated spe€eshestia gammarellus, Gammarus locusta, Idotea baltica
and dipteran fly larvae sampled in this study aemegally considered to be opportunistic

consumers feeding mainly on living and dead magemaland occasionally small animals
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(Backlund 1945, Moore & Francis 1985). Similar iadings by Dauby et al. (1998), the
predictedd™*C ands™*N values forO. gammarellus were similar to thé™C ands'®N values of

the POM, instead of the decaying macroalgae. Gautti al. (2007) found considerabfi\
depletion inO. gammarellus and Chaetogammarus marinus that excluded any significant
dietary contribution from living macroalgae, comgtale to the results of this study. One reason
behind this may be th&. gammarellus was feeding on parts of the macroalgae, which had
undergone more decay, and that are therefore drdepleted than those sampled, more like
the macroalgal material found in the POM. An omnitss feeding behaviour can be excluded,
as a higheb™N value would have resulted. A potential dietaryteibution from bacteria and
fungi on the decaying macroalgae cannot, howevergxcluded as has been suggested by
Currin et al. (1995), as this may be giving theldga >N values with those observed for the
amphipod species and dipteran fly larvae. Supppitis theory, there has been evidence that
high amounts of bacteria (ca. 98 %) can be founthé& gut contents of talitrid amphipods
(Fenchel 1970). The latter two reasons are the lkety explanations observed for the kelp fly

larvae, which are veryN depleted, and in the order of the strandline welgae itself.

7.5 Conclusions and Future Research

Carbon and nitrogen stable isotope analysis foidéetification of the dominant food resources
in the foodweb around the breakwaters at EImerFeigham, revealed the use of macroalgae
derived detritus, from different stages of macrabldecay. The consumers displayed a large
variety of feeding modes being predominantly dietibus (POM and decaying macroalgae)
rather than herbivorous (microalgae and living roalgae), and seem to consume all food
sources available. Mann (1972) was the first tosm®r that detritus derived from seaweeds
might be an important food resource in coastal esyst The contribution of decaying
macroalgae deposits in the diets of the gastropaatsissed above is more consistent at EImer
than Felpham, correlating with the abundance ofodiép The importance of macroalgae
detritus has been observed (Smith & Foreman 198djtdimportance has not been precluded
because of a lack of information regarding its fation and availability. The ISOSOURCE
modelling allowed this quantification for the rockyore fauna (on the CDSs), sedimentary
fauna and the fauna associated with the macrodlgjesits at EImer and Felpham beaches. My
study showed that areas that receive large quastli macroalgae-derived detritus (e.g. Elmer

Beach) relied on detrital organic matter more thezas that do not (e.g. Felpham Beach). This
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would suggest that the faunal species within tlusestem at EImer have either adapted to these
additional inputs or they are being used opportigaily. The latter suggestion is more likely,
as shown by the rapid increase in benthic faunahdhnces of amphipods following large

deposits of decaying macroalgae (see Chapterddoe detail).

Temporal resource partitioning in detritus-baseatifohains results from differences in the rate
at which detritus becomes available (Tenore & Hars880, Tenore et al. 1984). That is, the
food available to benthic detritivores at any givieme is derived not only from newly produced
detritus, but also from the decomposition productsageing organic detritus produced
previously. This makes assumptions regarding tileocaisotope values of macroalgae detritus
extremely difficult, as the detritus compositioraoges with time: definitely on a monthly basis,
and perhaps even more frequently. Also carbon ceitipo of the detritus will vary with the
decay stage of the organic material of which itosprised. Furthermore, assimilation of this
nutrient source into the tissues of a consumer takg some time, and the isotope values of
these tissues may not directly reflect the commosibf the decaying macroalgae sampled at the
same time (but instead decaying macroalgae conmpusitrom e.g. two weeks to a month ago).
This may explain the difficulty experienced wheyirig to determine the food sources of the
fauna associated with the decaying macroalgae @amgmarus locusta, Orchestia gammarellus

and Idotea baltica), when past studies have shown (from experimearidl stomach analysis)
that they consume macroalgae. This demonstrateshghaise of SIA to infer detrital pathways
in a multi-source system has to be used with caspecially where highly variable detrital
compositions occur. Temporal SIA studies of thengjes in detritus from daily to monthly are a
prerequisite for future studies of this ecosysteombined with a better understanding of the
assimilation time of nutrients utilized by the comeers, being studied, and tighter controls on
some of the assumptions made in the ISOSOURCE madeh as diet-tissue fractionation for

gastropods and other species in this ecosystem.
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Chapter 8: Summary of Major Findings

This general discussion briefly summarises the méjulings of the thesis, followed by
discussion of the management role of the decayiagroalgae deposits around coastal defence
structures. Comments are then made on the limiswod the thesis, with suggestions for further

work.
8.1 Summary

The present study has investigated the influencea dbw crested breakwater scheme in
modifying the deposition of allochthonous macroalgtne benthic macrofaunal communities
surrounding them and rocky shore communities celogithem, as well as how the macroalgae
deposits decay and consequently enter the foodwélibe surrounding ecosystems. Two
neighbouring beaches were also investigated, ttegtiralise the geographical location of the
breakwater scheme, though they were not ideal agethey were defended with groynes and
cannot therefore be considered as controls. A ceitgscientific approach was used, in order
to investigate and understand these processes.appeaches were: (i) complex spatio-
temporal field surveys of the biological assembtagen and around the CDSs and the
depositions of decaying macroalgae, (ii) field daHoratory experiments to investigate the
macroalgae decay processes with the use of stdilgpe analysis; and (iii) food web surveys
of the biological assemblages on the CDSs, in tmeosnding sediments and the fauna
associated with the decaying macroalgae througblestegsotope analysis and IsoSource
modelling. Analysis of these results has led toreater understanding of the CDS modified

ecosystem at Elmer.

Low crested breakwater structures are widely peeckito be capable of providing beach
protection, and from an engineering perspective,ndd have the adverse impacts often
associated with more conventional structures sschegetments and groynes (Ranasinghe &
Turner 2006). However, they still alter coastlimesl may lead to the direct loss or alteration of
intertidal and shallow subtidal habitats (GlasbyGonnell 1999), or the provision of new
habitat that may be exploited by marine biota (8yak999a, Chapman & Bulleri 2003, Bulleri

& Chapman 2004). This is particularly relevant reas where no natural hard substrata occur,
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such as the coast of south east England (e.g. Mbaatt al. 2005) and on the Adriatic coast
(e.g. Bacchiocchi & Airoldi 2003). CDSs may be ddesed to have a positive effect on local
biodiversity of an area, in that the species addeah area due to the presence of CDSs would
not usually be found there due to the absence df ausuitable habitat type (Pinn et al. 2005).
Bacchiocchi and Airoldi (2003) suggested that iif structures may act by changing the

patterns of distribution of locally abundant speai@ther than by increasing species diversity.

The traditional view is that the biodiversity offseediment assemblages is less than that found
on rocky shores (Hayward 2004). The low diverdigtthas been found on CDSs situated solely
in the intertidal in both this study and others yBeaet al. 2002, Lamberti et al. 2005, Moschella
et al. 2005, Pinn et al. 2005, Burcharth et al.720@nakes this view questionable especially
with respect to the artificial shore created by GDiSot only will the soft sediment assemblages
be destroyed by where the CDSs are put in pladgjrbaddition, their presence also affects the
community zonation patterns of the adjacent sofissatum. Breakwaters situated in the
intertidal, such as those at Elmer, may directligcifthe surrounding sedimentary habitats,

through the change in the hydrodynamics of theesyge.g. Plomaritis 2006).

From an ecological point of view, the complex iatrons between physical and ecological
processes on and around these artificial structumesonly become of recent interest ((Smith et
al. 2001, Bacchiocchi & Airoldi 2003, Airoldi et.a2005, Martin et al. 2005, Moschella et al.
2005, Pinn et al. 2005, Burcharth et al. 2007). TH#.OS project (Burcharth et al. 2007)
addressed and developed a good understanding oagbemblages on and around these
structures. As a result of this multi-disciplingmoject it became apparent that there was a lack
of understanding of how these low crested breakwatetain and influence the decaying
macroalgae deposits that have been observed btk IdK and Spain, particularly when these
deposits were not seen to occur to the same egtsetvhere on the adjacent coastline. The
findings from this study gave indication that theedkwaters at Elmer beach retained more
decaying macroalgae than wooden (Climping beachyranite groynes (Felpham beach).
However, due to the small spatial replication dpkam and Climping, further work is needed
to make statistically validate these findings. lkidiéion, it was found that the amount of
macroalgae influenced the abundances of the befathi@, particularly deposit feeders such as

Bathyporeia spp. andArenicola marina.
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Biological assemblages typical of exposed shorémnds®ed the landward and westward ends of
the breakwaters at EImer, where exposure was higth,assemblages on the landward sides of
the breakwaters were typical of more sheltered eshdrecause they were protected by the
structures. The eastward ends of the structureweshdhe highest diversity, motile species
abundances and sessile cover; this may reflect tim@derate exposure to wave action,
exhibiting intermediate levels of disturbance (201879). These areas were just in the lee from
extreme wave and sun exposure, but not too sheltereut off food and larval supply (Chapter
5).

The low crested breakwater scheme at Elmer istdestiynamic system, with interacting tide
and wave processes and with resultant sedimenspioain processes (Plomaritis 2006). The
localised tidal currents were shown to be an ingodrdriver influencing the the deposition
timings of decaying macroalgae (Chapter 3) and kéethic communities surrounding the
structures (Chapter 4), whilst wave action wasrapartant driver influencing the biological

assemblages on the structures (Chapter 5),

What may have been a relatively uniform beach,rgoahe establishment of these structures,
with a typical concave shore profile similar to tlee@s along the rest of the coastline with
simple vertical shore zonation patterns and berdhgemblages, is now a complex area with
undulating tombolos and bays, resulting from compigally-driven currents. These variations
in shore elevation mean that the beach has botltaleand horizontal shore zonation gradients
and distributions patterns. The benthic assembkigecture at Elmer was similar to those
beaches adjacent (Felpham and Climping), howeher vertical extent of these assemblages
were different, with the bays exhibiting subtidatértidal species further up the shore than the
tombolos, which is related to the beach morpholoye influence of macroalgae deposits
further complicates this pattern, as it increases dbundances of detritivorous surface and
subsurface deposit feeders, suchAemicola marina, Spio filicornis and Cumopsis goodsiri.
The deposits of decaying macroalgae did not appedrave a detrimental impact on the
communities; there were reductions of certain déficpecies (e.@athyporeia spp.) after large

(> 60% cover) deposits, but this species declines Walowed by an increase in other
opportunistic species in their place eSy.filicornis. Furthermore, at Elmer the sedimentary
organic matter content was higher, and anoxic &ghallower, in comparison with Felpham

and Climping, but these factors were still reldinasignificant despite the large allochthonous
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inputs. The fact that the sediment environment wats made anoxic by large macroalgae
deposits (> 60 % cover on 10 % of occasions) wabghly due to the intricate hydrodynamic
regime of the site. This constantly shifts the itletrwithin the system during every tidal cycle,
but the detritus is retained in far greater prapog in comparison with the groynes at the

adjacent beaches of Felpham and Climping.

8.1.1 Sgnificance and Management of Decaying Macroalgae Deposits

This study has shown that subtidally derived ddtaggregates of macroalgae are important to
intertidal coastal areas (Chapter 7), that trapgdgde within the ecosystem at Elmer provides an
central food resource to both fauna adjacent tethetures and those on the structures, as well
as, the fauna directly associated with the decasgiagroalgae deposits (Chapter 7). The LCSs
appeared to enhance the retention of this allociuth® resource in comparison with other
structures (e.g. groynes; Chapter 3) and the edvabundances of some of the benthic fauna
were undoubtedly due to the availability of thisaerce (Chapter 4). The detrital algae are
mechanically broken down through the continual remh@nd deposition during the tidal cycle,
and grazing by mobile species, suchGasnmarus locusta andldotea baltica, as well as being
microbially broken down (Chapter 6). This detritaigpears to be predominantly utilised by
mobile faunal (e.gGammarus locusta), rocky shore fauna (e.d.ittorina littorea), benthic
surface deposit feeders (eAy.enicola marina, Bathyporeia spp.), fauna associated with the

macroalgae deposits (Chapter 7).

The temporality of these decaying macroalgae dépbsis important implications for both the
surrounding ecosystems and particularly amenity. d&ny studies have found and stated
without detailed investigation that deposits wereagest in the winter months when storms
were greatest in frequency and size (Koop & Fi€d8Q, Lenanton et al. 1982, Robertson &
Hansen 1982, Griffiths et al. 1983, Marsden 199891b, Crawley et al. 2006). At Elmer,
maximum deposition was found in the late spring anthmer months in the years of study.
Deposition was largely driven by the differencespning and neap tidal range and appeared to
be influenced by rapid increases in coastal segpdemures in the summer months. If these
factors coincided with a storm, the size of thead#s was further amplified. The timing of
these deposits results in the perception of a naes@y the public, as this is the time of highest
beach usage, and the summer temperatures, alohgtmét dominance of ephemeral and
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filamentous red algae mean it decomposes quicktly stagnates leaving undesirable smells
(pers. comms. with local community members). Thesence of the structures at Elmer ensures
that the decaying macroalgae deposits are morde lih retention, with greater deposits
documented at Elmer (600 - 2,300 kglym) than on adjacent beaches with groynes (Felpham
200 - 800 kg/rfiyr, Climping: 200 - 600 kg/Afyr). The results appeared to demonstrate that the
low crested breakwaters modified the energy flows autrient cycling, and ultimately could

affect amenity use by the local people, particylarithe summer months.

The decaying macroalgae deposits did not appelae wetrimental to the infaunal community,
as the sediments never showed extreme anoxic ®ffiecing the period of survey, even in the
month following a large deposit of decaying maagaal and in the following month. Instead of
being harmful, these deposits are of great impogdmecause of increase in the detrital food
source in comparison to that expected to existr padhe existence of the breakwater scheme.
This increase in detrital food seems to have ergwhrtbe abundance of detritivores with
potential benefits higher up the food chain, thoagmparisons with control sites needs to be
further investigated to validate these findingsisT$tudy has shown the direct assimilation of
the decaying macroalgae by fauna within the eceaysbn and around the LCSs at Elmer
groynes at Felpham. There were significant diffeesnbetween the foodwebs at Elmer and
Felpham. At Elmer, the large detrital input wasnigeitilised, largely in the form of POM, and
less so directly from the decaying macroalgae ¢algh the POM will be derived from a large
majority of the macroalgae, there remains diffiguit tracing decaying macroalgae with stable
isotope analysis; see section 8.2) by gastropodh@®rCDSs, amphipods associated with the
macroalgae and deposit feeding polychaetemsérina) at Elmer. At Felpham, the detrital input
was not as large, and as it was a nitrogen-riclsystem because of the presence of a sewage
outfall pipe within 100 m of the groynes studiddyas easy to determine whether the decaying
macroalgae or POM were being utilised by the sgoeeiss as at Elmer, which they were not.
There were many other species that appeared tditkeam this allochthous resource that were
not investigated, such as the oystercatchers weea ®n a regular basis feeding off the
amphipods when there were large deposits of degayiscroalgae. These birds were not seen
at Felpham and only on very low tides at ClimpingaBh when the subtidal macroalgae chalk

beds were exposed.
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Understandably, the regular deposition of decaymagroalgae in the summer months is an
aesthetic problem, and may continue to be objgctég the local community. Past studies have
shown that regular beach cleaning of allochthonoysuts has detrimental impacts by
decreasing the biodiversity of the communities diree (Llewellyn & Shackley 1996, Dugan
et al. 2003). It is therefore recommended thatréimeoval of the decaying macroalgae deposits
on a regular basis is strongly discouraged asndefrial impacts may occur. The decaying
macroalgae provides an important food resourcether infaunal community, and removal
would have greater implications for the foodwelthef wider area. For example, removal may
impact local juvenile fish species, by removing imlde prey items (e.g. amphipods and
juvenile crabs) associated with the decaying mdgagathat are present in the surf zone during
the moving tides, as well as removing a complexigpmatter that provides shelter from their
prey, which may be effectively providing safe nuysareas, together with the CDSs. One
suggestion that may potentially alleviate concevhshe macroalgae deposits from the local
community, would be to display an interpretatioratabon the shingle bank between the beach
and the houses; this is used a walk way and woald guch attention. This board would
explain the importance of the algae to the beadsystem, showing the linkages between the
sediment fauna, CDS biological assemblages, biigls, and mobile fauna associated with the

decaying macroalgae.

There are some circumstances in which it would bssible to remove a percentage of the
algae, such as when the deposits are obviouslyradating quicker than they are decaying or
being removed by the tide. From this study, it vdoloé recommended that the removal of algae
so that anoxic conditions are not created and dhel Ibeach amenity do not become overly
aesthetically unpleasing. Removal would be godidviang a bout of extreme and continual
deposition of decaying macroalgae that has coidcwi¢h high temperatures and spring tides.
For the two summer period studied (80 days in 26105 and 2006), the occurrence of large
deposits of over 60 % beach cover, and biomassesvef 25 kg/A (maximum recorded
biomass of 57 kg/f) was 13% of the time in summer 2005 and 30 % inrear 2006; the latter
was greater because of greater rapid fluctuationemperature. It would be suggested that
when cover is over 60 %, as well as with biomasses 25 kg/ M (as high coverage can occur
with a low biomass and not be detrimental to eitherbenthic communities or humans) that a
percentage is removed (e.g. 50 %). It is imperdtowever, that further research is carried out

to determine the percentage of removal, as | halestated a suggestive figure. Consideration
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also needs to be given to the impact on the biokgitommunities by the large vehicles that

would be used for this type of algal removal work.

8.2 Methodological Limitations

The main limitation that has come to light, as suteof the findings of this thesis, is the use of
stable isotope analysis (SIA) to infer detrital lp@dys in ecosystems that have a diverse
composition of detrital material (e.g. allochthoeomacroalgae). Temporal studies of the
changes in detritus, from daily to monthly, areaitierequired for further understanding of how

the stable isotope values, particulaslyN isotopic values, change from living macroalgae to
particulate organic matter, as well further undeding of the assimilation time of the

consumers being studied, and the isotope valuakeobacteria involved in this decay and

assimilation process.

The extent of the studies in this thesis around.tb8s at Elmer, in comparison with the other
two sites (Felpham and Climping) with groynes, \was proportional. Ideally, the same spatial
replication should have been studied at the lasigzs, but time was a limiting factor.
Furthermore, this study could have incorporatedodijon patterns on beaches without
structures as a control, however, the stretch afstioe studied is heavily defended, and
therefore it was not a possibility to have a cdrttiat experienced the same local environmental
conditions in the same area. At the same time uamginprotected beach in a completely
different geographical area would have introduces hany different environmental variables
for it to be comparable (e.g. wave environmentrents and proximity to sources of drift
macrophytes, such as rocky habitats and marineaplaygte beds).

8.3 Suggestions for Further Work

Further studies are required to directly understdimel effects of different quantities of
macroalgal deposits on the feeding modes of theggnsms both after excessive deposits, and
when there is very little deposition (during thenter months). The present study only
correlated surveys between benthic assemblagedesnaying macroalgae deposits and it would
be advisable to carry out field experiments to whetee the direct influence on these biological

assemblages. These experiments need to done atedifftimes of the year to gain an
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understanding of temporal implications of small Z& % cover) to large (> 60 % cover)
deposits. The problem with experiments of this kamel that because it is an exposed beach and
used by the public and their dogs, it is difficitset up experiments that are for a long enough

period, without being destroyed naturally or unnaity.

Further work is needed to determine what volumenatroalgae deposits is detrimental to the
biological communities for this specific beach. d&&s on the removal of algal deposits
(percentages) would allow an understanding of theshold of what would be a detrimental
guantity to remove. There is a need to also sthdyeffects of decaying macroalgae during high
tide; this study only did so at low tide when itsvdeposited. There are several questions that
remain to be addressed: How far does it move fimrstructures? Does it stay in the surf zone?
What are the implications for juvenile fish specsl other top predators? Are the bird species
benefiting from this resource? It was noted thatslbirds (e.g. dunlin and oystercatchers) were
feeding on amphipods within the macroalgal depo3itere should be further studies on this
aspect of the food chain, and whether there are lard/ species of special conservation

importance that are not present on adjacent beaches

The assemblages colonising the LCSs at Elmer weteparticularly diverse because of the
location of the structures in the mid-intertidaly.efew red macroalgae are found except in the
rock pools inside and at the foot of the structutethe structures had been sited another 20 to
40 metres further down the shore, it would potdigtiaave resulted in higher biodiversity, as
the structures and communities would be subjeateléds desiccation stress during low tide

periods.

8.4 Concluding Comment

With rising sea levels and stormier seas, coastéénte structures such as low crested
breakwaters, are likely to proliferate on vulneeabreas of British and European coastlines.
There are complex interactions between hydrodynaamit ecological processes due to the
placement of the structures in the coastal zonethdgis has highlighted the importance of the
modification of algal detrital flows by breakwateed has also shown the major contribution
of macroalgal detritus to the foodwebs of coastasgstems, with the aid of stable isotope

analysis.
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