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ABSTRACT

Sediment granulometry, microphytobenthos and meithts were investigated
at five habitats (white and grey sands, backreatddr shallow and deep
thalassinid ghost shrimp mounds) within the westagoon at Discovery Bay,
Jamaica. Habitats were ordinated into discreteiostatbased on sediment
granulometry. Microphytobenthic chlorophglfanged between 9.5- and 151.7
mg m? and was consistently highest at the grey sanddtaiier three sampling
occasions, but did not differ between the remaitiabitats. It is suggested that
the high microphytobenthic biomass in grey sands vedated to upwelling of
nutrient rich water from the nearby main bay, ane telease and excretion of
nutrients from sediments and burrowing heart uighmspectively. Meiofauna
abundance ranged from 284- to 5344 individuals 17 @nd showed spatial
differences depending on taxon. Of 22 higher taraomded, nematodes
dominated followed by copepods, together accountiog ~80 % of all
individuals. Both taxa were most abundant in grayds, suggesting a response,
either directly or indirectly, to the high microfgkybiomass. Significant within-
habitat spatial variability in both meio- and mighytobenthos was found,
causes of which are discussed. Nematode feedingpgraovaried between
habitats. Fine white sands and both thalassinidnashdwabitats were dominated
by non-selective deposit feeders. Slender and plmexmatode morphotypes
were found, yet the plump morphotype was largelgeab from coarse sands
subjected to high wave swash at the backreef bdwebitat. Here, nematode
lengths were significantly higher than at other itedb. Nematode biomass
spectra differed significantly between habitatsthwa shift in peak biomass

values towards larger size classes in the distuskdidnents. It is suggested that



longer and larger nematodes represent an adaptatisediment disturbance,
helping to prevent being displaced from the benthyokydrodynamic forces and

bioturbation.
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Don't Quit!

When things go wrong, as they sometimes will,
When the road you're trudging seems all uphill,

When the funds are low and the debts are high,

And you want to smile, but you have to sigh,
When care is pressing you down a bit,

Rest if you must, but don’t you quit.

Success is failure inside out —

The silver tint of the clouds of doubt,
And you never can tell how close you are,

It may be near when it seems afar;

So stick to the fight when you're hardest hit,

It's when things seem worst that you mustn’t quit!
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1. INTRODUCTION

1.1. General introduction

Shallow lagoon and bay ecosystems form extensieasaof coastal habitats
worldwide. They are highly productive environmemiisd are active sites of
decomposition and nutrient recycling, relying ondiseent biota to effect
material transformations and exchange processespfiars, 1994; Borum, 1996;
Alongi, 1998). They provide several essential egmal functions such as
habitat, food, and breeding grounds for a wideetgardof organisms, many of
which are of economic importance to humans, inclgdish, crustaceans, and
molluscs. They are dynamic systems offering mangdgoand services to
mankind, including aesthetic and recreational ap€astanzaet al, 1997).
However due to their proximity to land they are endncreasing risk of
environmental disturbance due to anthropogenicfactThese factors include
nutrient enrichment (e.g. Orivet al, 2002; McGlatheryet al, 2007), pollution
(e.g. Siung-Chang, 1997; Biget al, 2006), trawling (Jenningst al, 2002;
Demestreet al, 2008; Olsgarcet al., 2008), and aquaculture (Olafssen al,
1995; Duplisea and Hargrave, 1996; Migb al, 2000) which, amongst other
factors, threaten the ecological integrity of shalwater ecosystems. In order to
conserve and protect these ecosystems, quantificatf the patterns in
populations of animals and plants is necessarghétsame time this is a useful
biological tool, enabling environmental change anthropogenic disturbance to
be monitored (Coull and Chandler, 1992; Chapman @nderwood, 2008;

Morenoet al, 2008).
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At Discovery Bay in Jamaica there is a long histofryesearch on the local coral
reefs, which are regarded as some of the most sEx&dyn studied in the
Caribbean (Liddell and Ohlhorst, 1981; Goreau, 1®#2nant, 2002). However,
over the last 30 years many changes have occurt@dhwhave severely
disturbed and altered the ecology of the fringieefsystem, including hurricane
damage (Liddell and Ohlhorst, 1986, 1992; Hugh€&83) and the Caribbean-
wide die-off of Diadema antillarum Philippi (Echinodermata: Echinoidea)
(Lessioset al, 1983, 1984; Hughest al, 1985). Combined with other stressors,
such as over-fishing (Sary, 2001; Munet al, 2003), these events have
contributed to a phase-shifsgnsuDone, 1992) from a coral dominated reef
community to one of macroalgal dominance (Hughe3941 Liddell and

Ohlhorst, 1986) which largely persists today.

Research conducted at Discovery Bay in the lastdkehas continued to focus
predominantly on the ecology of the reef (e.g. Bdlaand Campbell, 2001,

Zilderberg and Edmunds, 2001; Macdonald and P&G93; Perry, 1998; Idjadi

et al, 2006), as well as the distribution and produttivdf seagrass beds
(Bramwell, 2000), bay-wide nutrient chemistry (Graeay and Gordon-Smith,

2006), the fishery (Munro, 2000; Sary, 2001; Mumtoal, 2003; Watson and

Munro, 2004), and the influence of a bauxite shiggierminal in the south-west
corner of the bay on sediment geochemistry andedietic processes (Perry and
Taylor, 2004, 2006; Perrgt al, 2006; Tayloret al, 2007). However the soft-

bottom benthos has largely been ignored. Indeedtitye published studies on

the soft-bottom benthic fauna (Aller and Dodge, 4)9&nd microflora (Bunet

al., 1972) were conducted more than 30 years agon latteampt to redress this
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balance this research examines the meiobenthasb@mthic meiofauna) and
microphytobenthos (i.e. benthic microalgae) in shallow lagoon at Discovery
Bay, so as to further our knowledge on the ecolofjyagoon benthos in this
system, and to serve as a baseline for future wmamif, conservation and

management programs.

Meiofauna (for definitions see section 1.2) are abundant and ubiquitous
component of the benthos in soft-sediment marinesystems and play an
important role in their structure and function (seeiews by Higgins and Thiel,
1988; Giere, 1993). They enhance the decomposititenof organic material and
stimulate bacterial production (Tenoe¢ al, 1977; Findlay and Tenore, 1982;
Alkemadeet al, 1992b, amongst others), thus providing recyclettients for
new primary production. They act as vertical comrsywithin the sediment,
increasing the transport of solutes into and ouhefbenthos due to bioturbation,
further stimulating microbial mineralisation andhancing geochemical activity
(Aller and Aller, 1992; Rysgaardt al, 2000; Murrayet al, 2002). They are a
food source for a wide variety of prey species initihe trophic web, spanning
several different phyla and size-ranges, suchastareans (Pihl and Rosenberg,
1984; Hunter and Feller, 1987; Clag000), fish (St. Johet al, 1989; Streeét
al., 1998), and avifauna (Gaston, 1992; Sutherlendl, 2000). Consequently
knowledge of meiofaunal structural dynamics anddpatial scales over which
communities change will help in the developmentra€table hypotheses about
patterns in organism distributions, as well as thany processes that they

influence within soft-sediment habitats.
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While no attempt has been made to conduct manipelaxperiments [this
thesis is mensurative in origirsgnsuHurlbert, 1984)], as acknowledged by
Underwoodet al. (2000): “[one] can't make progress on processethoni
understanding the patterns”. In ecology the desoripof pattern is of primary
importance as it forms the basis from which modate constructed and
hypotheses tested (Andrew and Mapstone, 1987)ethdebservation of patterns
in organism distributions and abundances are fuedd#ah starting blocks for
ecological studies, since until they have been rifgsdt there is no basis for
investigators to invoke explanatory models aboutucstiring processes

(Underwoodet al, 2000).

In view of the fact that soft-sediment benthic marbrganism distributions are
typically characterised by non-random spatial pag€Barry and Dayton, 1991;
Thrush, 1991; Hallet al, 1994), the distribution of meiobenthos being no
exception (e.g. Findlay, 1981; Phillips and Fleed&€85; Fleeger and Decho,
1987; Sun and Fleeger, 1991), a sampling desigmdoyed to assess variations
in the benthos within the shallow lagoon over salvepatial scales. These range
from centimetres to hundreds of metres, in fivet@sting habitats. The present
study shows that the Nematoda are the dominantfawial taxon, as is most
often found in marine sediments (Hegt al, 1985). Their feeding groups,
morphometry, and biomass size spectra are explomtider and compared to
environmental parameters in order to unravel theses of biotic variation in this
environment. In the absence of evidence to sudbgassediment communities in

the western corner of the bay are directly affedtgdanthropogenic factors,
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benthic community dynamics are presumed to be dugatural environmental

variability and results are discussed with thisind.

This thesis begins with an overview of what congt$ meiofauna before aims
and objectives are stated (Chapter 1). Chaptetr@dinces the study habitats and
describes the overall experimental designs andadsthsed, and details some of
the univariate and multivariate statistical proaeduemployed in the analysis of
data. The following chapter (Chapter 3) charactarihe study environment in
terms of sediment granulometry and spatial and e¢eatpdistribution in
microphytobenthic biomass. The two ensuing chagters the bulk of the thesis
whereby the meiobenthic communities (Chapter 4)rerdatode feeding groups,
morphometry and biomass size spectra (Chapter &)dascribed. The last
chapter is a synthesis of the findings and disaudke results in the wider

context of current understanding in marine benglsiglogy (Chapter 6).

1.2. What are meiofauna?

Derived from the Greek wordptiog” meaning “smaller”, meiofauna are
subjectively defined by size range as organismsntfrmediate size (Mare,
1942), and consist of a taxonomically diverse groumetazoans and protozoans
that are smaller than macrofauna (e.g. <1 mm) jggeo than the nanofauna
(e.g. bacteria, microalgae and most protozoansil{@nd Bell, 1979). For the
most part the distinction between macrofauna anmfanena is defined by the
method used to separate one from another (Higgnts Ehiel, 1988). This
generally involves the passing of sediment throsghves of defined mesh

aperture size. By convention, organisms retained @MOum mesh sieve are
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regarded as macrofauna, while those passing thrihiglsize mesh yet retained
on a 63um mesh are regarded as meiofauna (Waneicil, 2006; International
Association of Meiobenthologists, 2009). Organigrassing the 6@m mesh are
commonly deemed the nanobenthos. This fraction imaygever, still include the
smallest of metazoans, especially in deep sea setimand hence a lower size
limit of 32 um separating meiofauna from the nanofauna seerns t@mmonly

accepted (Soltwedel, 2000).

As the most phylogenetically diverse group of oigars currently recognised
(Baguleyet al, 2003), the meiobenthos contains representatinaes 24 of the
34 recognised phyla in the Kingdom Animalia as vesl3 from the Kingdom
Protista (Giere, 1993) and exhibit diversity congide to the Insecta (May,
1988). Although some taxa are endemic to the maméronment, such as the
Gnathostomulida, Kinoryncha and Loricifera, manyuwcin both marine and
freshwaters. Despite the fact that some phyla @arenbre diverse and abundant
than others, in general densities are often indtuer of 1 x 16 m? (Coull,
1988), which represents a biomass of approxim@dy- 2 g C 7 (Heip et al,
1985). As such the metazoan members of the meiafatm the most abundant,
small-sized metazoans known to science, and itgiseal that they were the first
to appear on earth (Boaden, 1975, 1977, 1989) itifugencing the life traits,
histories and strategies of other, larger, macradharganisms (Warwick, 1989).
Indeed, Warwick (1984) argued that meiofauna aréuadly a distinct
evolutionary unit consisting of a diverse varietyooganisms whose life-histories
and feeding adaptations set them apart from tlgedanacrobenthos. However,

while some taxa never outgrow the meiobenthic saaege and are deemed
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‘permanent meiofauna’, others are juveniles of mfema and defined as
‘temporary meiofauna’ (Mcintyre, 1964). The tempgraomponent spend only
part of their lifecycle within the meiofauna siznge, and include species of the

Echinodermata, Cnidaria, Priapulida as well asblychaeta.

1.3. Aims
The main aim of this thesis is to understand thtepss in the benthos within the

shallow west lagoon at Discovery Bay. More spealficthis thesis aims to:

1. Characterise the sediment granulometry of five attaristic and visibly

different habitats within the shallow lagoon.

2. Assess the spatial and temporal variation in micyogbenthos within the

shallow lagoon.

3. Assess the spatial variation in meiobenthos withéshallow lagoon.

4, Examine nematode feeding groups among the fivetdtabin order to test
hypotheses that different groups have affinities &ertain benthic

conditions.

5. Examine nematode body size and biomass spectra ¢@mmmunities
subjected to different sediment conditions and ®rmf natural

disturbance.
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2. STUDY SITESAND GENERAL METHODS

2.1. Introduction

Sampling was conducted in the shallow lagoon lamdwé the west reef crest at
Discovery Bay, Jamaica, West Indies. Discovery Balpcated at 18°28’00"N,
77°24'30"W (Figure 2.1) and forms a sharp indeptatin the central north coast
of Jamaica covering an area of approximately 1.4 UNESCO, 1998). The
climate is sub-tropical, with an annual air tempena range of 22-32 °C and sea
temperature range of 26-30 °C (Woodley and Robind®77; Liddellet al,
1984). North-easterly trade winds dominate the tcofsorth Jamaica and due to
a limited tidal range (~ 30 cm), currents withie thay are generally wave-driven

(Aller and Dodge, 1974; Porter, 1985; Gayle and Weyp, 2004).

The bay can be divided into two bathymetric arshallow lagoon shelf regions
(0-8 m) behind the reef crest in the east and westeeas, and a deeper basin (8-
53 m) (Aller and Dodge, 1974) (Figure 2.1). Northsw of the main bay is a
shallow shelf between the Discovery Bay Marine Lrabary and the western
reef crest (Figure 2.1). The majority of this ai®a designated marine reserve.
Study habitats (Figure 2.2) were located within tharine reserve, which is
generally less than 10 m deep, apart from a droveaedtic silt-filled sink hole
known as the ‘Blue Hole’ which reaches 13 m deeguie 2.1. & 2.2). Typical
features of the sediment within the marine resémetude white and grey sand
areas, seagrass beds, thalassinid (ghost) shrinqpdepsmall coral knolls and

areas of coral rubble (see also Aller and Dodgé4)1.9

25



East Forereef

Emw

channel

shipping

Discowvery
Eaw

MHarine
Columbia Fark
Laboratory Reef DISCOYERY

EAY

kaizer
Eauzite

Montego Discowery
Eaw Bay

JaMalCa

18
e el ingston - porant Point
e

Figure 2.1. Schematic maps showing the positiddistovery Bay on the north
coast of Jamaica and bathymetry of the bay.
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2.2. Sample habitats

After intensive snorkelling, five soft-bottom bemhhabitats within the study
area were selected based on visual differencesdime&nt characteristics (Figure
2.2). All habitats were approximately 1.5 to 2.0deep, apart from habitat 5

which was approximately 4 m deep.

2.2.1. Habitat descriptions

2.2.1.1. Habitat 1

This habitat was situated landward of the eastachaé the west backreef crest,
and was the nearest habitat to the shipping cha@&eliments were white in
colour and contained small ripple marks perpendictd the daily north easterly
on shore current. The mean grain size of sedimems 217 um, which

corresponded to fine sands on the Wentworth s€alleing the day there was
often a gentle flow of water from an easterly dii@t over this habitat into the
shallow western portion of the bay. At night, tliiesw ceased. No signs of
mounds constructed by thalassinid shrimps wereedthere during field work.

In this thesis this habitat is also referred taHsS.

2.2.1.2. Habitat 2

This habitat bordered the drop-off into the maig.l#8ediments here appeared to
be grey in colour and were noticeably darker thiahadbitat 1. The mean grain

size of sediments was 353 um, which correspondecheédium sands on the

Wentworth scale. The ripple marks found at halitatere not as obvious here,
neither were there any signs of mounds construmyetialassinid shrimps. There

were, however, characteristic trails made by thebBaan heart urchiyieoma
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ventricosa(Lamarck 1816). This species is a burrowing detrbus spatangoid

echinoid and actively bioturbates the upper sedint@yers (Chesher, 1969).
This species was only ever noticed in this habBatides the trails left by this
species, depressions approximately 10 - 15 cm dadpl m wide in diameter
were regularly noticed around the sampling transBiogése pits were presumed
to be caused by the foraging activities of stingrbyt were never noticed within
the transect on any sampling occasion. In thisghbss habitat is also referred to

as the ‘H2'.

Figure 2.2. Overhead photograph showing the positad the five sampling
habitats within the shallow west lagoon. The nurali#f5) represent the location
of the habitats while the black lines representpbsition and orientation of the
30 x 2 m sampling transects.
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2.2.1.3. Habitat 3

This habitat ran parallel to the reef crest ansitisated among small coral knolls
bordering the back-reef and shallow lagoon. Beowaled just behind the reef
crest this area is periodically subject to intewsee action as water surge flows
over the reef crest. Sediments here were coarser dh habitats 1 or 2. Mean
grain size was 534 um, which corresponded to cosards on the Wentworth

scale. In this thesis this habitat is also refetoeas ‘H3'.

2.2.1.4. Habitat 4

This habitat ran perpendicular to the reef crest was densely populated by
ghost shrimps (Decapoda: Order Thalassinidae). elhmacrofaunal ghost
shrimps are bioturbators and actively burrow itte benthos forming sediment
mounds which stand approximately 35 cm proud ofdée floor. Mean grain
size was 351 pum, which corresponded to medium samdise Wentworth scale.

In this thesis this habitat is also referred taH&B.

2.2.1.5. Habitat 5

This habitat ran perpendicular to the reef credtwas situated approximately 50
m away from habitat 5 but at a slightly deeper degit4 m. Like habitat 4 it was

also densely populated by thalassinid shrimps beanmgrain size was slightly
smaller at 255 pum, which corresponded to mediunmdsam the Wentworth

scale. In this thesis this habitat is also refetoeds the ‘H5'.
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2.3. Sampling design

In order to assess spatial variation in the benthassted hierarchical sampling
design (see Underwood, 1997) was employed (FiguBe 2At each of the five
underwater habitats four sites were nested at randad within each site three
plots were nested at random. Within each plot twplicate samples were
obtained at random. Hence the three levels wefellasvs: habitat, sites nested
within habitats, and plots nested within sites. [He S(H), P(S(H))]. Habitat was
deemed a fixed factor since | was specifically @wned with differences
between habitats. In contrast, site and plot wemnkd random factors. Since no
apriori information was available on the extent of spataiation in benthos in
this system, nested site and plot factors weressacg in the design in order to
prevent results from being spatial confounded daeinadequate spatial
replication (see Morrisegt al, 1992a). Sampling for sediment granulometry and
meiofauna was conducted on one occasion (see Ch&ptnd 4). The resulting
linear model, under the null hypothesis that eaiable is homogeneous across

the considered spatial factors, is:

Xijw = M+ Hi + §(H;) + Pu(§(H;) + Errorj

Where:

Xijkl is each individual value of the dependent variapalis, the overall mearHi
is the fixed treatment effect of habit&(H;) is the effect of Sitenested within
Habitat, P«(S(H;) is the effect of Plgtnested within Sitenested within Habitat

andErrorjj is the random error term.
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The assessment of microphytobenthos incorporateadditional “Time” factor
(random), and sampling was conducted approximaBlyeeks apart (see
Chapter 3). The resulting linear model, under thd hypothesis that each

variable is homogeneous across the consideredabpat temporal factors, is:

Xijm = g+ Ti + Hj + TiHj + S¢(Hj) + TiS((H)) + Pi(S(H))) + TiPI(S(H))) + &jkim

Where:

Xijkm IS each individual value of the dependent variaplis, the overall mear;;
is the effect of TimeH; is the fixed treatment effect of habit&(H;) is the
effect of Site nested within HabitatP(S«(H;)) is the effect of Plpnested within

Site nested within HabitpgndErrorijumis the random error term.

2.4. Sampling layout

A 30 m transect line was attached to the benthtisermiddle of each of the five
habitats (Figure 2.3). The transect was markededémintervals allowing a 1m
guadrat to be positioned at a defined place egtlier along the line. This created
a potential of sixty discrete 1%wsites, with 30 sites situated either side of the

line.

Each 1 mMsite (i.e. quadrat) was divided into sixteen ploisasuring 25 cm by
25 cm. Each plot was further sub-divided into tweiite 5- by 5 cm squares.
Hence a 1 rhsite contained a possible sixteen plots each othvkbntained

twenty-five positions from which individual replies could be obtained from.

When sampling was undertaken, the exact positidnepmlicates within plots,
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plots within sites, and sites within habitats wedetermined beforehand
by random number tables, and replicate cores fdmsnt granulometry and
microphytobenthos (Chapter 3) and meiofauna (Chaptnd 5) were obtained

from the middle of each 5- by 5 cm square as kepbasible.

This layout therefore incorporated a range of schatam which samples could be

obtained, based on approximate nearest and fudistahces, as follows:

a) Between replicates nested within plots: 0.05 t@ G2
b) Between plots nested within sites: from 0.25 t®& 10
c) Between sites nested within habitats: from 1- tar29

d) Between habitats: 60- to 300 m
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Figure 2.3. Schematic representation of samplirsigeshowing A: one of the five sampling habitadataining four nested sites (in grey);
B: a single site containing three nested plotgfey); and C: a single plot from which two randaplicate core samples were obtained
(shown as circles at positions 12 and 24). Notkesca
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2.5. Statistical analysis

Many statistical procedures were used to analysel#tta obtained in this study
ranging from basic descriptive and univariate st&l techniques, to more
advanced multivariate methods which will be sumsetibelow. The statistical
packages used to carry out these procedures intMIMITAB version 14.2”,
“STATGRAPHICS CENTURION version 15.2.05", and “PRB® (Plymouth
Routines in Multivariate Ecological Research) vaens6 beta”. All univariate
data were tested for normality and homogeneity afiance before analysis
using the Kolmogrov-Smirnov and Cochran’s C tesidérwood, 1997),
respectively. If data did not conform to parametsi@tistical assumptions,
suitable transformations were made before retestingfter retesting data still
did not conform, then non-parametric statisticalthmds were used. When
significant ANOVA results were found, they were lésted by unplanned
multiple comparisons using Tukey's honestly sigmwfit difference (Tukey

HSD) test for comparison of means.

2.5.1. Non-metric Multi-Dimensional Scaling (MDS)

MDS is an ordination technique that attempts td e relationship between
similarities in a multivariate data set as distanicemultidimensional space. An
ordination map is produced whereby similar samplesplotted at close distance
to one another and dissimilar samples at furthstadces from one another. A
stress value is calculated as a quantitative measiunow good the observed 2
(or 3) dimensional plot represents the ordinationmultidimensional space.
According to Clarke and Warwick (2001), stress eal«0.05 give an excellent

representation with no prospect of misinterpretgti@lues <0.1 correspond to a
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good ordination with no real prospect of a mislegdnterpretation; values <0.2
give a potentially useful 2-dimensional picturehaligh should not be solely
relied upon and values >0.3 indicate that the goamé close to being arbitrarily

placed in 2-dimensional space.

2.5.2. Analysis of Similarities (ANOSIM)

ANOSIM is a non-parametric multivariate statistigalocedure analogous to
traditional Analysis of Variance. It is a permudati test based on rank
(dis)similarities between two or more sampling greuA test statistic, rhd=j is
computed reflecting observed differences betweesupg (i.e. sites, times,
treatments etc.) in the multivariate data set andantrasted with differences
among replicates within groupR.is scaled to lie within the range -1 to +1 with
zero values representing the null hypothesissirailarities between and within
sampling groups are the same. Conversely, valupartieg from zero reflect
departure from the null hypothesis, i.e. a valud afenotes that all similarities
within groups are less than any similarity betwegoups, and provide a
comparative measure of the degree of separatigronfps. Significance levels
for each factor were calculated by referring thesesbbed value of R to it's
permutation distribution, created from 999 simwa$. For more details see

Clarke (1993) and Clarke and Gorley (2006).

2.5.3. Similarity Percentages (SIMPER)
SIMPER is a non-parametric procedure which decoemaserage Bray-Curtis
dissimilarities or Euclidean distances into peragegt contributions in order to

identify the species or variables primarily respbiesfor group-wise separation.
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In other words, SIMPER can highlight species, texa\ariables which can
discriminate between groups of samples respondiedifferences in the

ANOSIM test. For more details see Clarke and WakW&901).

2.5.4. Principle Components Analysis (PCA)

PCA is an ordination technique used to reduce mvamiables in a multivariate
dataset to a smaller number of new derived vargabédled principle scores (or
components) which are uncorrelated. These scomedeglotted such that the
first principle component axis accounts for as mouéhhe variability in the
dataset as possible, with the second axis accaufttiras much of the remaining
variability as possible. One of the main advantagfethis technique is that it
helps to reduce the dimensionality of a multidimenal data set to a more
meaningful ordination enabling the major trendthi underlying variables to be

easily seen.
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3. MICROPHYTOBENTHOSAND SEDIMENT
GRANULOMETRY

3.1. Introduction

Coral reef ecosystems (CREs) are among the moslugtive in the marine
environment exhibiting high gross production in theer of 700 x 1% g C per
year (Crosslaneet al, 1991). Due to their extensive areal coverage 4;3&)
km? (Spaldinget al, 2001)] and high productivity rates, hermatypicat® and
epilithic and macroalgal communities are generatdgarded as the major
primary producers within CREs (Larkum, 1983; Catpent al, 1991; Hatcher,
1998). However, it is now firmly established thdtet microphytobenthos
inhabiting coral reef sediments is ubiquitous, atam and also highly
productive (e.g. Clavier and Garrigue, 1999; Hsilal, 2004; Rasheedt al,
2004). Microphytobenthos refers to the photosymthanicellular eukaryotic
algae, such as diatoms and dinoflagellates, asasefirokaryotic cyanobacteria
that inhabit the surface layers of illuminated dmwittom sediments (MacIntyeet
al., 1996). Since CREs contain large expanses of wwotidated soft-bottom
sediments (Furnast al, 1995; Clavier and Garrigue, 1999; Cochrminal,
2007), which are extensively inhabited by microplmgnthos (e.g. Heiét al,
2004), a significant contribution is made by thasgotrophs towards total reef
primary production (Sorokin, 1993; Clavier al, 2008; Werneet al, 2008). On
the Great Barrier Reef, for example, Uthicke andripp (1998) estimated an
annual net microphytobenthic production of 168 m€ contributing up to 37%
towards the total autotrophic production in thef regstem. At the whole reef

ecosystem scale, production by sediment-inhabitmgyophytobenthos is even
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considered equivalent to that of corals (Clavied &arrigue, 1999), or at least

within the same order of magnitude (Wereeal, 2008).

For a number of reasons microphytobenthos is imapprto the dynamics of
shallow water systems. As a significant and palatgtrimary producer,
microphytobenthos is a readily available food reseuconsumed in large
guantities by a wide variety of deposit-, epistrated filter-feeding organisms.
These range in size from microscopic foraminifedastin et al, 2005) and
meiofauna (Montagna, 1984; Moens and Vincx, 1997uffdh-Dubau and
Carman, 2000) to larger macrofauna (Cuminal, 1995; Stocks and Grassle,
2001; Yokoyama and Ishihi, 2003) and demersal (fidallin et al, 1992; Takai
et al, 2002). Microphytobenthos therefore plays a céntée in supporting
secondary production. This is particularly so ivegetated sediments devoid of
macroalgae and/or seagrasses and in shallow wgtnss where the relative
importance of phytoplanktonic production is decesbdue to the shallow water
column (McGlathenet al, 2004). The secretion of carbohydrate-rich muetag
by diatoms and cyanobacteria in particular (de \Wiret al, 1999; Smith and
Underwood, 2000; Staatst al, 2000), increases both the cohesive nature and
erosion threshold of sediments thus limiting resasjon caused by water scour
and tidal currents (Decho, 1990; Millet al, 1996; Lundkviset al, 2007). This
helps to enhance sediment stability and prevenhageoastal erosion (Auste

al., 1999; Le Hiret al, 2007; Lundkviset al, 2007).

Nutrient fluxes through the sediment-water integface partly regulated by the

photosynthetic activities of microphytobenthos. d®rction of oxygen and the
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uptake of nutrients by benthic microalgae influentdee rates and magnitude of
sediment decomposition processes, as well as geneeation of nutrients from
sediment porewater to the water column (Rietcal, 1992; Sundbé&clet al,
2000; Cibicet al, 2007). This is particularly important within CREsghich exist
within oligotrophic conditions, and therefore neefficient mechanisms for

recycling within the system.

In shallow water systems the assessment of mictopbwpthic biomass is a
fundamental precursor to the many processes drijerbenthic microalgal
photosynthesis (Light and Beardall, 1998). Overltds decade and a half, the
ecological significance of microphytobenthos fromany different marine
environments has received much attention (for eXxangee reviews by
Macintyre et al, 1996; Miller et al, 1996; Cahoon, 1999; Underwood and
Kromkamp, 1999). Studies have shown that the Oisfion of
microphytobenthos is patchy over a range of spadiadl temporal scales
(Sundback, 1984; Plantt al, 1986; Saburovat al, 1995; Light and Beardall,
1998; Sandulli and Pinckney, 1999), due to mangratting and controlling
factors (e.g. light, water motion, nutrients, gragi bioturbation). While some
studies report a negative relationship between aplyytobenthic biomass and
the proportion of fine grained sediments (Cahebal, 1999), others have found
that fine cohesive sediments support significarfilgher concentrations of
microphytobenthos than sites with sandy silts amadds (see review by
Underwood and Kromkamp, 1999). Assessment of spatiporal variation in
microphytobenthos across a range of differing sgakncompassing varied

habitat types within a coral reef lagoon has, hawvereceived limited attention
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(for example see Hanseet al, 1987, 1992; Boucher and Clavier, 1990;
Garrigue, 1998; Clavier and Garrigue, 1999). Liksayithere is also a paucity of
information on the distribution and ecology of noighytobenthos from tropical
habitats (Underwood, 2002). What is apparent, hewevis that
microphytobenthos is highly variable within trodidagoons. On the Great
Barrier Reef, for example, values range from 8 163l mg Chla m?, upper
values of which are some of the highest values egeorded from marine

sediments (see Roelfserabal, 2002; Heilet al, 2004).

In the shallow lagoon at Discovery Bay the onlydstuo have examined the
abundance of microphytobenthos is by Bental. (1972). Unfortunately this
study did not detail where samples were obtainethf(i.e. forereef, backreef,
lagoon), although it was noted that they were tadeh6-, 30-, and 60 m depth.
Therefore they were not taken within the shallogolan. There is also only one
published study on the granulometry of sedimentthiwithe shallow west
lagoon, and this study does not detail how manypséeenwere obtained or
exactly how they were taken (Aller and Dodge, 1978ince variation in
microphytobenthic biomass has important implicaidor both descriptive and
experimental studies (Light and Beardall, 1998)d agrain size statistical
characteristics form the basis of schemes for iflasg sedimentary
environments (Alsharhan and El-Sammak, 2004), téearch focuses on the
distribution of microphytobenthos among five chageaistic habitats within the
shallow lagoon. In particular, the primary aim bistresearch is to document the
sedimentary environment and to examine spatial #&mdporal variation in

microphytobenthic biomass (as chlorophg)l within the shallow west lagoon
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using an experimental design which quantifies pa&ds over a range of spatial

scales.

3.2. Methods

3.2.1. Sample collection

120 samples for sediment granulometry and 360 sesripl microphytobenthos
were obtained according to the sampling design mmapfer 2. Sediment
granulometry samples were obtained on th® @# June 1999. Sampling for
microphytobenthos took place on three occasion {@6he 2% of May, 16" to
the 17" of June, and the™to the 16' of July 1999) and was spread over two
days per occasion due to logistical and processimgtraints. In order to limit
any bias occurring due to the need to sample averdays, microphytobenthic
sampling was undertaken as follows: prior to sangpfour random sites out of a
possible sixty were determined for each habitat etamputerised random
numbers generation. The first two numbers generasre sampled on the first
day and the second two on the second day. Samigloigplace between 11lam

and 2pm each day. All samples were obtained windstdiving.

3.2.1.1. Sediment granulometry

Sediment cores were obtained to a depth of 5 cngusi2.6 cm inner diameter
syringe with the Luer end cut off and a rubber baap. In the laboratory, cores
were transferred to clean pre-weighed scintillatioals, and immediately re-
weighed before being dried at 80 for 48 hours to a constant weight. Once dry,
they were again weighed in order to calculate ptyrdefore being sieved for 15

minutes using a mechanical shaker stacked withesieanging from 2 mm to
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0.063 mm. GRADISTAT v5 (Blott and Pye, 2001) wadsrguently used to
compute sediment granulometry characteristic (S&@jistics: mean sediment
grain size, gravel (%), sand (%), silt/clay (%oprtsg (©)), skewness (SK and
kurtosis (KG) following Folk and Ward (1957). Cldgsition of sediment type
followed Blott and Pye (2001) modified from Uddet9{4) and Wentworth
(1922). Sediment porosity was calculated as tHerdifice between dry- and wet
weight and expressed as a percentage. A derivedsumeaof sediment
heterogeneity was calculated according to Ward %)L9%according to the
following equation:

o= QD¢
Mdg

x %psilt

whereQD@ is the sorting coefficient anblldd is the median particle diameter

[phi].

3.2.1.2. Microphytobenthos

Sediment cores for the analysis of microphytobesit{@s chlorophylk) were
obtained to a depth of 5 cm using a 1.4 cm inn@méiter syringe with the Luer
end cut off and a rubber bung cap. After sampleab been cored and capped,
they were immediately taken up to the surface dadegl on ice in a sealed cool
box on a moored boat. This cool box was kept odhefsunlight within a larger
cool box in order to prevent any pigment degradatiue to the high air
temperatures. In the laboratory, samples were glade 30 ml centrifuge tubes
to which 16 ml of 100% acetone was added, makifigah concentration of 80%
with the interstitial water being taken into accb(emalysis of interstitial water

content showed a mean of ~4 ml per sample corefhpks were then mixed
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thoroughly on a vortex mixer, and extracted in tlaek at 4°C for 24 hours.
After extraction samples were centrifuged at thghést setting (number 7) for
15 minutes in an International Clinical Centrifug@odel CL, International
Equipment Company, Needham, Massachusetts) bef@mestipernatant was
decanted and analysed in a Milton Roy Spectronicengys 2’

spectrophotometer using the equations of Lorenk®67).

3.2.2. Statistical analysis

3.2.2.1. Sediment granulometry

Even after appropriate data transformations andement retesting data did not
conform to the assumptions of ANOVA. Consequerttly Kruskal-Wallis non-
parametric test was employed to test the null Hygsis that there was no
difference in sediment granulometry characterisf@SC: e.g. mean grain size;
% gravel, % sand, % silt/clay; sorting coefficierskewness; kurtosis; %
porosity; sediment heterogeneity) between the fabitats. Significant results
were further examined via the nonparametric ‘Tukge’ Nemenyi multiple

comparison test according to Zar (1999).

Principal Components Analysis (PCA) was used torema the relationships
between the study habitats and the sediment padizé distribution (SPSD) and
the sediment granulometry characteristics (SGC)Yofgeanalysis data were
checked for multivariate normality by looking ataftmans plots. Gravel % was
right skewed and sand % was left skewed and therdfogo(V+1) and a
log10(100-V) transformations applied, respectively, adowy to Clarke and

Gorley (2006). Formal significance tests examirtimg null hypothesis that there
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were no differences in SPSD and SGC were perforosinly the Analysis of
Similarities (ANOSIM) test (Clarke, 1993) on Euda&h dissimilarity matrices.
SPSD data were standardised and then cumulatede VBGC data were
normalised (Clarke and Gorley, 2006). Two-way ng@s#NOSIM tests were
initially run on each habitat individually to assaeshether there were differences
at the plot and site scales in SPSD and SGC. Sincsignificant differences
were found at the plot scale in any of the testwais justifiable to perform two-
way nested ANOSIM over all habitats using site gas samples (Clarke and

Gorley, 2006).

3.2.2.2. Microphytobenthos

Hypotheses about the spatial and temporal varigbilh the biomass of
microphytobenthos (as chlorophyd) were tested by mixed-model nested
ANOVA with four spatial scales (habitat, site[halbjt plot[site[habitat]],
replicates) orthogonally sampled at three datesbitBawas a fixed factor while
date, site and plot were random factors. Normalftyglata and homogeneity of
variances were checked using the Kolmogorov-Smiraog Cochran’s C test
(Underwood, 1997), respectively. In order to méet assumptions of ANOVA
data were log transformed and retested, confirming assumptioeforb
analysis. Significant results were followed by wpied multiple comparisons
using Tukey’s honestly significant difference (TukdSD) test for comparison
of means. Furthermore, spatial variability in mpungtobenthos was tested for

each individual date using nested three-factor AMOV
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To quantify spatial variability among dates in tiiemass of microphytobenthos
coefficient of variation (CV = standard deviatioméan) was used (see Palrmaer
al.,, 1997). For each habitat on each sampling occasierCV was calculated
firstly for plots (since there werd = 2 samples per plot, the “plot CVs” were
calculated using 2 measurements) and then for efttie sites Nl = 6 samples
per site). Mean CV for each habitat was then catedl for thewithin plot scale
based on 1vithin plot CV’s (since there were 12 plots per habitat) aordtiie
within site scale based onmthin siteCV'’s (since there were 4 sites per habitat).
At the habitat scale CV was calculated for eachviddal habitat from all 24
replicates and hence there is no mean value. Asadditional graphical
representation data have also been pooled by Datédabitat in order to show
the overall trend. Variance components derived frowhividual three-factor
ANOVAs were also calculated as a second method hictwto compare
variation at the respective scales. However duesatntat being a fixed factor in
the mixed ANOVA model, the results are only relatte the five habitats (Sokal
and Rohlf, 1995) and are not respective of nattaghtion in the western lagoon

as a whole.
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3.3. Results

3.3.1. Sediment granulometry overview

A summary of the descriptive statistics of the eléint sediment granulometric
characteristics is presented in Table 3.1. Relativain size fractions are
presented in Figure 3.1. Sediments ranged fromtbneoarse sands, and were
moderately to poorly sorted (Figure 3.2). Significdifferences (Kruskal-Wallis
test,p<0.001, df=4) in all individual sediment granulonyetharacteristics were
found between the 5 study habitats (Figure 3.2,1eT82). Nemenyi multiple
comparison tests comparing differences in the wuarioharacteristics between
habitats did not reveal any clear-cut groups. H@vewut of the 9 measured
sediment characteristics, only 3 of them were S$icpmtly different when
habitats 1 and 2 were compared, and 4 of them feigntly different when

habitats 4 and 5 were compared.

3.3.1.1. Habitat 1

Habitat 1 sediments had the lowest average mean gizge of 217um (h=24,
+18SD) and all samples were classified as fine saris habitat had the
highest mean percentage of sand and a low mearemage of gravel.
Sediments were in the main moderately sorted, eoskewed and leptokurtic,
and out of all the habitats exhibited the loweskeix of sediment heterogeneity

with the smallest range indicative of relativelynimyeneous sediments.

3.3.1.2. Habitat 2
Habitat 2 sediments had a average mean grain 6i2B3qum (n=24, + 82SD).

Overall this habitat was considered a ‘medium shadbitat’; however 21
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samples were classified as medium sand, 2 samplesaase sand, and 1 sample
as fine sand. Relative grain size fractions wenmeilar to habitat 1, albeit an
increase in the percentage gravel and silt/claysadédcrease in the percentage of
sand was evident. Sediments were mostly symmdyricidewed but varied
between moderately and poorly sorted, and betweesomand leptokurtic.

Sediments were reasonably homogeneous albeitdebsus at habitat 1.

3.3.1.3. Habitat 3

Habitat 3 sediments had the highest average mean gize of 534um (n=24,

+ 104 SD). Overall this habitat was considered a ‘coaesed habitat’; however
16 samples were classified as coarse sand and Blesaras medium sand.
Sediments were all poorly sorted, predominantly mtmically skewed, and
almost exclusively mesokurtic. This habitat had hiighest percentage of gravel
and the lowest percentage of sand and silt/clajdeece of a high energy

environment. Sediment heterogeneity was slightihér than habitat 2.

3.3.1.4. Habitat 4

Habitat 4 sediments had a average mean grain 6i2élqum (n=24,+ 76 SD).
Overall this habitat was considered a ‘medium shatbitat’; however 22
samples were classified as medium sand, 1 samglaeasand and 1 sample as
coarse sand. The proportion of gravel was sligfatiyed compared to habitat 1, 2
and 5. Sediment samples were all poorly sorteddgmenantly symmetrical,

with kurtosis varying between meso- and platykurtic
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3.3.1.5. Habitat 5

Habitat 5 sediments had a average mean grain 6285qm (n=24,+ 24 SD) .
Overall this habitat was considered a ‘medium shadbitat’; however 16
samples were classified as medium sand and 8 asdind. This habitat had the
highest percentage of silt/clay and the lowest greage of gravel. Sediments
were all poorly sorted, predominantly coarse skeweih kurtosis varying
between predominantly meso- and platykurtic. Sedimieeterogeneity was

slightly lower than at habitat 4 and exhibitedighdl decrease in range.
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Table 3.1 Summary of granulometry statistics ahddabitat. Data are mean
values with standard deviation in parentheses24).

Habitat 1 2 3 4 5

Sand

e fine medium coarse medium medium
Classification

Mean particle sizepm) 217 (18) 353(82) 534 (104) 351 (76) 255 (24)
Median particle sizeym) 210 (17) 344 (78) 531 (113) 340 (90) 230 (26)

Percentage of gravel 0.9 (1.0) 1.2 (1.4) 5.9(3.9)2.0(1.7) 0.4 (0.4)
Percentage of sand 97.1(1.3) 96.7 (1.5) 92.9(3.894.9 (1.9) 95.6 (0.9)
Percentage of silt/clay 2.0 (0.8) 2.1 (0.8) 1.3)0. 3.1(1.3) 4.0 (0.8)
Sorting 0.8(0.08) 1.0(0.09) 1.2(0.07) 1.3(0.11) 1.3(0.06)
Skewness -0.14 (0.05) -0.04 (0.06) 0.05(0.10) 4-0Q0007) -0.15 (0.042)
Kurtosis 1.28(0.15) 1.12(0.09) 0.93(0.10) 00D%) 0.95 (0.08)
Percentage porosity 34.3 (2.2) 33.2(2.3) 36.5(5.134.8 (2.4) 37.0 (2.4)

Sediment heterogeneity 0.75 (0.3) 1.45 (0.7) 1062)( 2.59 (0.9) 2.33(0.5)

% fraction

1 2 3 4 5
Habitat

Figure 3.1. Relative grain size fractions at eaghifat. Black bar = sand; light
grey bar = gravel; dark grey bar = silt/clay. N¥taxis scale.r{=24).
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Table 3.2. Results of Kruskal-Wallis tests evahmtlifferences in the median of
sediment granulometry characteristics between tiwe flagoon habitats.
Differences between individual habitats were deteech by post-hocmultiple
comparisons using the Nemenyi test=24).

Sediment Granulometry

Characteristics H df p Comparisons
Mean particle sizeymn) 94.12 4 <0.001 1=5,4=2,3
% Gravel 57.74 4 <0001 RIS
% Sand 4306 4 <0001 D2%0%

% Silt/ Clay 6740 4 <0001 'Z34%
Sorting 6)) 93.51 4 <0.001  1=2, 3=5, 4=5
Skewness (S§ 71.57 4 <0.001 2=3=4, 1=5
Kurtosis (KG) 83.29 4 <0.001 1=2, 3=4=5
% Porosity 23.36 4 <0.001 122;;3:4’
Sediment heterogeneity 68.82 4 <0.001 1, 2=3, 4=5
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3.3.2. Ordination of sediment granulometry chanmgsties and particle size

distributions

The principle component analysis on the abioticimedt granulometry

parameter data showed that the first two prinogmsthponents explained 73.9 %
of the total variance (Figure 3.3). The first PCswapsitively correlated with

mean grain size (r = 0.42) and sand % (r = 0.48&)rsyatively correlated with

kurtosis (r = -0.35). The second PC was positieelgrelated with silt / clay % (r

= 0.62 and sediment heterogeneity (r = 0.45) arghtineely correlated with

skewness (r = -0.32). The ordination revealed that degree of variability

between replicate samples was least at habitathérevsamples were grouped
quite close together. At the other habitats valigbivas much greater, as

revealed by the increase in distance between egpimn the ordination.

The principle component analysis on the sedimeriigi& size data showed that
the first two principal components explained 91.8%4he total variance (Figure
3.4). PC1 was positively correlated with partideesclasses 0.710 to 0.5@@n

(r = 0.341) and negatively correlated with partisiezes 0.180 to 0.125m (r = -
0.551) and PC2 was positively correlated with peetsizes 0.355 to 0.250m (r

= 0.654) and 0.125 to 0.090 mm (r = 0.320) and teglg correlated with
particle sizes 1.000 to 0.710 mm (r = -0.380). Ayéadegree of variability in
particle size distributions occurred between regpéicsamples within each habitat,
although compared to the SGC data, particle sir@oist homogeneous at habitat

5.
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Results of the global ANOSIM tests (Table 3.3) aonéd that both sediment
particle size distributions and sediment granuleynetharacteristics differed
significantly among habitats (Glob& = 0.801 and 0.756, respectively, =
0.001 for both tests; Table 3.3). A significanesffect was also found, however
R was low suggesting that the differences were batvamly a few sites (Global
R =0.273 and 0.256, respectively, P = 0.001 fah bests; Table 3.3). Results of
pairwise tests showed that particle size distrdngi at all habitats were
significantly different from each other. Sedimemarulometry characteristics

were also significantly different between all hatstexcept H2 and H4.
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PC1 (46.7%)

Figure 3.3. Principal component ordination of seslitrgranulometry

characteristics from the five habitats in the shallagoon at Discovery Bay.

PC2 (15.3%)

_20 Tk ] Il }
-30 -20 -10 0 10 20 30
PC1 (76.5%)

Habitat

Figure 3.4. Principal component ordination of segtitrparticle size data from

the five habitats in the shallow lagoon at Discgvay.
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Table 3.3. R-statistic values and significance of pairwise tway nested
ANOSIM tests for differences in sediment conditiobstween the 5 lagoon
habitats. All results are derived from Euclideassdnilarity matrices. Before
analysis sediment particle size distribution (SP8BXa were standardised to %
fraction and then cumulated; sediment granulomgamameter (SGC) data were
normalised (i.e. values for each variable haver tm@ian subtracted and are then
divided by their standard deviation).

Global Test Habitat Sites within Habitats

R P R P

Sediment Particle Size Distribution 0.801 0.001 76.2 0.001
Sediment Granulometry

Characteristics 0.756 0.001 0.256 0.001
Comparison SPSD SGC
Habitats R P R P
lvs.2 0.76 0.029 0.711 0.029
1lvs. 3 1 0.029 0.992 0.029
lvs. 4 1 0.029 0.880 0.029
1lvs. 5 0.99 0.029 0.860 0.029
2vs. 3 0.573 0.029 0.490 0.029
2vs. 4 0.531 0.029 0.290 0.057
2vs. 5 0.698 0.029 0.628 0.029
3vs. 4 0.833 0.029 0.531 0.029
3vs.5 1 0.029 0.952 0.029
4vs.5 0.771 0.029 0.468 0.029
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3.3.3. Microphytobenthos

3.3.3.1. Spatio-temporal distribution

A total of 360 sediment cores from 3 dates and éanchically nested subtidal
sampling habitats were analysed for microphytobents benthic chlorophydl. The
biomass of microphytobenthos ranged more tharefif®ld from 9- to 152mg chla

m? (N = 360; mean = 41 mg f SE = 1.0; CV = 46.9%) over the 3 dates studied
(Table 3.4; Figure 3.5, 1-3). No significant diface in biomass among dates or plots
over all dates was detected, and no significamraction between dates and habitats
or between dates and sites nested within habitassfaund (Table 3.5). There was,
however, a highly significant date by plot(site(haf)) interaction (Table 3.5),
implying that at the smallest spatial scale (i.éthim plots / between replicates),
variability in the spatial distribution of microptobenthos changed among times of

sampling.

Table 3.4. Summary of microphytobenthic biomassiesl(mg rif) at each habitat.
SD = standard deviatiom#£72).

Habitat Mean SD Minimum Maximum
1 37.4 13.5 9.5 78.4
2 63.0 24.4 31.1 151.7
3 37.2 12.2 13.3 76.1
4 31.8 10.1 12.2 64.5
5 32.9 11.2 11.1 80.0

Due to the significant effect of habitat, threetfaamested ANOVAs were computed

in order to more fully understand microphytobenthpatial variability on individual
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dates. Significant differences in mean microphyidbhie biomass between habitats
were found on each date (Tables 3.6 — 3.8), withitha2 consistently having
elevated levels of microphytobenthos relative ta#ier habitats (Figure 3.5). These
differences were most significant for dates 1 (AN©OW, ;s = 10.55,P<0.001) and 3
(ANOVA F, ;5= 9.52,P<0.001), although less so for date 2 (ANO¥4\s = 3.52,P

= 0.032). Post-hoc Tukey HSD tests revealed thataies 1 and 3 the mean biomass
of microphytobenthos at habitat 2 was significatiigher than that occurring within
any of the other habitats (Tukey HSP<0.05, Figure 3.5), whilst no significant
differences in microphytobenthic biomass was detébietween habitats 1, 3, 4 and 5
(Tukey HSD, p>0.05, Figure 3.5). On date 2 highalues of microphytobenthic
biomass were again recorded at habitat 2; howewerthis occasion the only
significant difference was between habitat 2 arfdukey HSD,p<0.05, Figure 3.5).
Non significant variability among plots and sitessnvfound on dates 2 and 3,

respectively (Tables 3.6 — 3.8).
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Table 3.5. Results of ANOVA used to investigate gpatial and temporal distribution
of biomass of microphytobenthos.

Source of Variation df MS F p Sig. Error terms

Date 2 0.216 3.00 0.107 ns Date x Hab.

Habitat* 4 1007 837 0002 ** [Date x Hab.+ Site(Hab.)] — Date x
’ ' ' Site(Hab.)

Date x Habitat 8 0.072 211 0.066 ns Date x SitbjHa

. . , [Date x Site(Hab.) + Plot(Site(Hab))] -

Site (Hab) 15 0.082 2.18 0.043 Date x Plot(Site(Hab))

Date x Site(Hab) 30 0.034 158 0.054 ns Date X Biiat(Hab))

Plot(Site(Hab)) 40 0.025 1.17 0.270 ns Date x Biat(Hab))

Date x Plot(Site(Hab)) 80 0.021 1.70 0.002 ** Error

Error 180 0.013

! Data transformed to Lag(x)

ns = not significant; $<0.05; ** p<0.01; *** p<0.001

* This was an approximate F-test due to the inghib assign exact error terms for the factor of
interest.
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Figure 3.5. Mean (+/- 1SE) microphytobenthic biomas each Plot for the 3
sampling dates, 1, 2, and 8=@ replicate cores). Habitats with the same letternot
significantly different (Tukey’s HSD test,=0.05).
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Table 3.6. Results of the three-factor nested ANOW#&e distribution of biomass of
microphytobenthos at Date 1.

Source of Variation df MS F p Sig. Error terms
Habitat 4 0.658 10.55 0.000 *** Site (Hab)

Site (Hab) 15 0.062 3.15 0.002 ** Plot(Hab(Site))
Plot(Site(Hab)) 40 0.020 1.87 0.014 * Error

Error 60 0.011

Data transformed to Lgg(X)
ns = not significant; $<0.05; ** p<0.01; *** p<0.001

Table 3.7. Results of the three-factor nested ANQW &e distribution of biomass of
microphytobenthos at Date 2.

Source of Variation df MS F p Sig.  Error terms
Habitat 4 0.203 352 0.032 * Site (Hab)

Site (Hab) 15 0.058 2.17 0.026 *  Plot(Hab(Site))
Plot(Site(Hab)) 40 0.027 158 0.053 ns Error

Error 60 0.017

Data transformed to Lag(x)
ns = not significant; $<0.05

Table 3.8. Results of the three-factor nested ANQOW e distribution of biomass of
microphytobenthos at Date 3.

Source of Variation df MS F p Sig. Error terms

Habitat 4 0.291 952 0.000 *** Site (Hab)
Site (Hab) 15 0.031 140 0.194 ns Plot(Hab(Site))
Plot(Site(Hab)) 40 0.022 2.08 0.005 ** Error

Error 60 0.010

Data transformed to Lgg(X)
ns = not significant; $<0.05; ** p<0.01; *** p<0.001
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3.3.3.2. Spatio-temporal variation

Considerable spatial variation in the distributmnmicrophytobenthos was apparent
at all spatial scales studied (Figures 3.5 to 3Tf).compare spatial variability in
microphytobenthic biomass at the different scaleth lzoefficients of variation (CV:
Figures 3.6 & 3.7) and variance components (Tab® @ere used. CV among
replicate cores within plots over the three datedied averaged 19.8%=180; SE =
1.14) suggesting that at the smallest spatial sé¢&e within plots, the biomass of
microphytobenthos tended towards a homogeneousbdisbn. However within plot
CV ranged from 0 to 72.5% indicating that micropgnthos exhibited homogenous
distributions within some plots while in others tiistribution was markedly patchy.
Overall the CV was 47.0%¢€360), indicating a high degree of variability wittthe

5 habitats.

To establish the degree of variation in microphgtahos at the different scales, the
CV was plotted for each scale in each habitat émhedate (Figure 3.6 a-c). In general
CV increased with increasing spatial scale acrdishabitats, although at different
degrees depending on habitat and sampling time.t Mfien the proportion of
variation attributed to the plot scale was morenthalf of the total variation found
within each habitat, as determined by the diffeecbetween the CV for the two
respective scales. Moreover, it is apparent thatrétative importance of each scale
changes between habitats and dates. For exammlateril variability at the plot and
site scales at H4 are reasonably similar. Howevedate 3 a decrease in both the
overall variability as well as small scale plotiaaility is apparent, although site scale

variability remained relatively constant.
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Figure 3.6. Mean coefficient of variation (+SE)tive biomass of microphytobenthos
vs. scale for each habitat for the 3 sampling d&es plot; S = site; H = habitat. For
each date and habitat mean CV is calculated fneti? plots,n=4 sites, anch=1
habitat with 2, 6 and 24 replicates per scale,getbgely.

To envisage the overall picture, CV was also ptbfta each spatial scale pooled by
date, and also by date itself for all replicatethini the 3 sampling periods (Figure
3.7). A similar pattern appears with the plot saadetributing most of the variability
(19.8%) towards microphytobenthic spatial variationthe five habitats. Further
small increases in variability are apparent at theger spatial scales, with
contributions of 6.7- and 12.0% due to site andithaiscales, respectively. The role
of temporal variability is however apparent, andtdbuted 23.7% more towards the

overall variation in microalgal abundance than thand at the plot scale.
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Figure 3.7. Overall pattern of variation in the romss of microphytobenthos versus
scale. Bars are mean coefficient of variation (+S#¢an CV calculated from 180

plots (=2 per plot); 60 sitenEGL per site); 15 habitate£24 per habitat) and 3 dates
(n=120 per Date).

Separate analysis of each date allows the varianogonents associated with the
spatial scales site, plot and replicate to be ft@mgd. This permitted the
determination of the percentage contribution ofheacale to overall variation.
Comparing the variance components for the 5 habitavealed different patterns
between the 3 dates (Table 3.9). Variation wasdsgfor the smallest spatial scale,
i.e. between replicates within plots, on all 3 daten dates 2 and 3 similar values and
patterns were found and, as the spatial scale dsetk the relative proportion of
variation decreased. In contrast, a different patteas found for date 1; on this date

the importance of the site scale increased atxperese of the residual scale.
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Table 3.9 Variance components estimates (%) ofaplyytobenthos. Data are derived
from the mixed model nested analysis of variancagusintransformed data (see
Underwood, 1997).

Date
1 2 3
Site 33.7 15.7 115
Plot 27.5 27.2 33.4
Residual 38.8 57.1 55.2

3.3.3.3. Relationship between microphytobenthossaaiiment granulometry

A flaw of this research is that samples for sedimgmanulometry were not paired
with  samples for microphytobenthos. Consequentlydividual sediment
characteristics cannot be correlated with the bgsmaf microphytobenthos, since
beside the ‘habitat’ factor individual samples hawething in common. As an
alternative way of showing the relationship meammiass of microphytobenthos was
plotted against mean sediment grain size and treepege of fines less than 12&

for each habitat (Figure 3.8 and 3.9, respectivéljzese two sediment variables were
chosen since they have previously been deemedflieemte the distribution and
biomass of microphytobenthos (Cahoemal, 1999). Nevertheless, the plots do not
seem to reveal any specific relationships betwémse variables (Figure 3.9 and
3.10) and all correlations between the mean bioméssicrophytobenthos and the
mean of all sediment granulometry parameters ah dwbitat were insignificant

(Pearson correlation coefficieqtz0.05,n=5).
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3.4. Discussion
This study provides the first detailed descriptafnthe sediment granulometry and
microphytobenthos within the shallow west lagoometcovery Bay and will enable

comparison with other shallow tropical lagoon haitsit

3.4.1. Sediment granulometry

The results of this study confirmed that there wsgaificant differences in sediment
properties between the five visually discerniblebitets within the shallow west

lagoon. These habitats, which were chosen to reptesontrasting bottom-types,

were effectively separated into discrete habitgtshle abiotic multivariate sediment
plots. A considerable degree of variability in $eent properties within and between
each habitat was confirmed by both uni- and mulitata plots, reflecting the many

factors which govern the types and characterigifcdeposits found, such as wave
action, current velocity, roughness of the sedimbémdturbation and prevalence of

conditions suitable for sedimentation (Gray, 1981).

As in most shallow water ecosystems, the sedimefitén coral reef lagoons are
dynamic, heterogeneous habitats characterised ysiquthemical conditions which
vary over many spatial and temporal scales (Dudl2§03). Based on the
granulometry statistics, it is apparent that thbitaés surveyed differ with respect to
hydrodynamical conditions. While habitat 1 is stiedl from wave exposure and
exhibits moderately sorted fine sediments with loeterogeneity characteristic of a
homogeneous and relatively stable environment,taiaBiexperiences an increase in
current velocity reflected in a significant increas mean particle size. The further

increase in particle size and percentage of grawvékabitat 3 likely reflects both the
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turbulent conditions and current surge that thisitha often experiences on a regular
basis, due to swells from the offshore sea thas pasr the reef crest into this area.
This habitat is also located nearest the spur andvg forereef formations, where
shallow thickets of the coralsAcropora cervicornis and A. palmata once
predominated. The effects of historical storm dagnagd consequent breakages and
disintegration of detached forereef coral branches/e undoubtedly left a
sedimentary footprint here. When coring it was appathat a shallow layer of coarse
sand overlay a layer of larger coral fragmentsegtper sediment depths. Compared to
habitats 1, 2 and 3, the thalassinid habitats 4 @amhich are situated in the more
guiescent and depositional regions of the shall@stern lagoon, exhibit an increase

in the proportion of silt and clay, and generallyvé smaller particle sizes.

3.4.2. Distribution and biomass of microphytobestho

The measured values of microphytobenthos fountigstudy ranged from 9- to 152
mg Chla m?. These values are similar to the values recorgeBumtet al. (1972) in
the only other study conducted on the microphytti@nat Discovery Bay (17- to 75
mg Chla m?). This study was, however, conducted at deepethdepresumably
around the main bay. The higher values recordeatiérpresent study may partly be
explained by the shallower habitat depths thanha study by Bunet al (1972),
presumably resulting in an increase in light intignat the benthos. Values reported
here correspond well with the range of values m®drfrom many other similar
tropical lagoon environments (e.g. Hansgral, 1987; Boucher and Clavier, 1990;
Dizon et al, 1994; Garrigue, 1998; Claviezt al, 2008; Werneret al, 2008).
Maximum values were higher, however, than thoserdss at Suva Lagoon in Fiji

which ranged from 15 to 36 mg Chl m? (Underwood, 2002), yet an order of
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magnitude lower than the maximal values reportethfthe Great Barrier Reef which
ranged between 23- and 1153 mg @hh?and are some of the highest values ever

recorded from marine sediments (Roelfsezhal, 2002).

In the present study highest values of microphytti@s were consistently recorded
in grey sands at habitat 2 over all three datediesiu This is consistent with the study
by Boucher and Clavier (1990) which assessed mgabaiomass in white, grey and
muddy sediments in the New-Caledonia lagoon anddarey and muddy sediments
to support significantly higher biomasses of mitiygobenthos than white sediments.
In contrast, Clavier and Garrigue (1999) found igmi§icant difference between grey
and white sand bottoms in the south-west lagoddeat Caledonia, albeit grey sand
bottoms were approximately 6 m deeper than whitel ®ttoms and presumably less
illuminated which may partially explain the disceggy since increases in water
depth generally result in a decreased light intgragithe benthos (Light and Beardall,
1998). At Heron Reef in Australia Wernat al. (2008) found that sediment
chlorophylla content was lower at a deeper (5 m) station thdawa nearby shallow
(0.5 — 1 m) stations, although in the present studysignificant differences were

detected between the deeper H5 and the shallowéabidat.

In an attempt to explain the observed biomass ofaphytobenthos among habitats
one must consider possible factors that might fvenfluencing effect. As noted by
Cahoon and Safi (2002) several factors interactcdose observed patterns in
microphytobenthic biomass, including substrate att@ristics, light intensity,

physical disturbance, grazing and nutrient avdilgbiAlthough some studies have

found that coarse sands within CREs generally suppigher microphytobenthic
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biomasses (e.g. Johnstoae al, 1990; Garrigue, 1998; Jones$ al, 1999), others
have found the opposite (Underwood, 2002). Withrfout of the five habitats
situated at the same water depth (i.e. habitate #)tit was assumed that light
intensity at the benthos among these habitats woellcbughly equal. Since habitat 5
was almost twice the depth of the other habitatgais hypothesisedpriori that the
biomass of microphytobenthos here would be lowantthat found at habitat 4
located in close proximity. Surprisingly no sigondnt difference was detected
between habitats 4 and 5 suggesting the influeficth®r interacting factors. For
example, the presence of subterranean freshwaiegsmnd seeps in the vicinity of
habitat 5, which supply nitrogen-rich groundwateithe system (D'Eli@t al, 1981;
Greenaway and Gordon-Smith, 2006) may partly erglais discrepancy. While light
availability is a key factor influencing microalgatoduction and biomass, it may not
be the limiting factor in tropical clear-water sedint systems (Dizon and Yap, 2003)
where nutrient supply is probably more importamr{&in, 1981). Experiments by
Dizon and Yap (1999) showed that coral reef sedimerposed to elevated levels of
nitrate exhibited a rapid increase in chlorophgl content, consistent with
observations by Uthicke and Klumpp (1997) and de#l. (2004) which suggest that
benthic microalgal biomass in tropical environmeistsnutrient limited. Thus the
supply of nutrients in the vicinity of H5 may hapesitively enhanced biomass values
of microphytobenthos, negating a possible decr@gasg#omass due to the lowered
light levels at this deeper habitat. Hence theilitglto detect a significant difference
in microphytobenthic biomass between the shallowhdlitat and the deeper nearby

H5 habitat.
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At Discovery Bay, nutrient concentrations away frground water sources are
generally low (0.2 to 1 pM nitrate, 0.02 to 0.04 ypMosphorous, and 0.02 to 0.04
MM ammonium (Greenaway and Gordon-Smith, 2006xdntrast, in shallow-water
tropical marine sediments, pore water nutrient eatr@tions (50-10QuM DIN) can
be over two orders of magnitude higher than in lgiey seawater (Stimson and
Larned, 2000). Microphytobenthos therefore obtainaege proportion of their
nutrients from sediment sources rather than froenvthter column (Miyajimaet al,
2001). However in certain areas of the bay integratater column nitrate values are

enhanced (~1.4 to 1.9 uM, stations 7 to 10 in Webbal, 2005).

In order to account for the consistently elevatedels of microphytobenthos at
habitat 2, some theories are presented. Firsty btbmass of microphytobenthos at
H2 is enhanced due to periodic upwelling of nutrigch water which subsequently
passes over this habitat. During the daytime wider was almost exclusively in a

north westerly direction perpendicular to the Hanrect. This is due to the summer
north easterly trade winds creating a slow clockwssirface current within the bay
(pers. obs., Gayle and Woodley, 2004). Water therets towards the north west area
of the shallow lagoon before finally exiting ovédretwestern reef crest (pers. obs.,
Gayle and Woodley, 2004). My own observations whllging suggest that the deep
main bay acts as a sink for the deposition of tletriOn the forereefs communities
have shifted from being coral-dominated to beinghohated by macroalgae. In times
of stormy weather a significant amount of macrolalgegments and whole fronds are
detached from the reef and transported into the (BayWoodley, former Director,

D.B.M.L, pers. comm., and own observations). Mutlhes detritus settles out on to

the benthos in the deeper main bay. Subsequentngesition would release
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nutrients into a body of water whose direction rafvel would initially be over the
shallow sediments at H2, due to the daily prevailourrent direction. Integrated
water column nutrient values determined by Weldiexl. (2005) suggest that stations
in the deeper westerly portion of the bay are nidnenitrate than stations in the
eastern half of the bay or seaward of the shipplrannel. These authors suggest that
nutrient sources possibly arise from a lack of propewage treatment systems and
the wide-spread use of soak-away pits by the looahmunity and workers at a
nearby bauxite loading port. However Weblstral. (2005) did not mention the
possible influence of internal nutrient loadingsarg fromin situ decomposition
within the deeper bay. The findings of Webbeal.(2005) would tend to support the
theory that the deep bay acts as a source of ntdrit therefore seems feasible that
the increase in biomass of microphytobenthos atdi2d be caused by the passage of
nutrient rich water over this habitat, since H2oisated close to the drop-off into the

main bay.

The second possible theory, is that the releasauifents from sediments disturbed
by the spatangoid heart urchiMeoma ventricosglLamarck), supports enhanced
production and biomass of microphytobenthbk. ventricosais a large surface-
burrowing grazer / deposit feeder and was founabimndance only at habitat 2 (pers.
obs.). Spatangoid echinoids are key bioturbatorshtonsolidated marine sediments,
and due to their burrowing activities increase shawater-sediment exchange area,
the transport of oxygen into sediments, and altgrient fluxes thereby improving
conditions for production by microphytobenthos (teret al, 2004, 2005; Vopeét

al.,, 2007). In experiments by Lohret al. (2004), which examined the effects of

spatangoid urchins on sediment biogeochemistip situ chambers and at different
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densities, there was a significant positive refegfop between urchin density and
primary production. Although no increase in chldrglp a content in the surface
sediments was found, these authors remark thaingrand bioturbation would tend
to remove and subduct microphytobenthos from saffsediment, thus negating any
increase in microphytes driven by the increase utrient availability/quality.

Excretion of ammonium biyl. ventricosawould also supply microphytobenthos with
a source of nutrients. Ammonium is an animal exeyeby-product, and studies have
shown that the productivity and biomass of micrdpbgnthos inhabiting coral reef
sediments is enhanced by the release of ammoniom folothurians (Uthicke and
Klumpp, 1997, 1998; Uthicke, 2001). It is possibtberefore, that excretion of
ammonium by heart urchins would have a similar ctfien the microphytobenthic

community.

Within coral reef sediments excretion rates by ri@ina may be as high as 17.3 mg
N m? h* (Gray, 1985). As the proceeding chapter in thésihhas shown, the highest
abundances of meiofauna were found in sedimentkabitat 2. An important
characteristic of CREs is the close coupling betwdsenthic producers and
consumers, with nutrients being tightly recycledhivi the benthos (Uthicke and
Klumpp, 1998; Uthicke, 2001), due to being situatedligotrophic waters. While
meiofaunal grazing can control microalgal biomassler certain conditions (e.g.
Sundbécket al, 1996; Carmaret al, 2000), the high biomass of microphytobenthos
at habitat 2 could also be partly sustained byclbse coupling between meiofauna
and their food resources. Consumption of micropbgtdhos by meiofauna, in

particular by copepods and other crustacean hedsyavill lead to the production of
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faeces and excretory by-products which, if retaingtiin the sediments, could help

to support production of new microphyte biomass.

Excluding habitat 2, no difference in microphytottea biomass was detected among
the remaining habitats on any of the three datesnehough many sediment
properties were found to differ between habitatdil@Vseveral studies have found
relationships, both positive and negative, betwsediment grain size and benthic
microalgal biomass (see Cahoon, 1999; Cahetnal, 1999; Underwood and
Kromkamp, 1999), in this study, which encompassauitats with sediments ranging
from fine to coarse sands, no relationships wertectied. Unfortunately, since
replicates were not paired with one another, wmels a flaw in the design of this
study, correlations cannot be made between thesétilof 120 abiotic sediment and
the biotic microphytobenthic samples (see ChapnmhTalhurst, 2004). Therefore
correlations of mean values for each habitat wesdenyet none of the results were
significant. Likewise, visual analysis of plots wiean grain size and proportion of
fines against the complete set of microphytobentfamsples from all 3 dates did not

reveal any relationships.

3.4.3. Spatial and temporal variation in microplwgnthos

In recent years the study of spatial and tempogaiability in marine benthic

populations and assemblages has received increasingnts of attention (Ellis and
Schneider, 2008, and references therein). It is madely acknowledged that
variability in soft-sediment communities is scakpdndent (Thrush, 1991; Azovsky,
2000), and therefore the change in abundance armborposition of benthic

assemblages may vary among times of sampling arfiddor one place to another
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(e.g. Norén and Lindegarth, 2005; Chapman and Wvmtea, 2008; Smale, 2008). In
soft-sediments the biomass of microphytobenthowa known to be patchy at a
range of spatial and temporal scales (Macintgte al, 1996), ranging from
centimetres to kilometres, and from minutes to yeagspectively (Azovsket al,
2004; Jesuet al, 2005; Kohet al, 2007; Pinckney and Lee, 2008). The causes of
patchiness are many-fold. At small spatial scalegidbinteractions may promote
benthic microalgal patchiness. Grazing by copepfalsgxample, may deplete the
biomass of microphytobenthos (Sundbéaek al, 1996), while bioturbation can
transport microalgae to deeper sediment layersarder spatial scales abiotic factors
such as nutrient concentrations may be more imppri@though the release of
nutrients from disturbed sediment by bioturbatieng( Lohreret al, 2004) may
enhance microalgal production increasing varigbéit small spatial (and temporal)

scales.

In this study, analysis of each individual dateeaed significant variability in the
biomass of microphytobenthos at the plot and sies, and differences in mean
biomass between habitats (see Bennington and Thd@$al). Considerable spatial
variability among replicate samples within 0.25ptots was found, with CVs ranging
from 0 to 72 %. This confirmed the patchy distribntof microphytobenthos within
the study habitats, consistent with the findingsGafrrigue (1998) for the tropical
lagoon at New Caledonia, where CVs ranged from 82%. Nevertheless, average
variability at the plot scale was generally low .8%), similar to the values recorded
in a temperate sandy bay in Sweden of 12 to 13%undbéack (1984) at the same

spatial scale.

74



Comparing CV between spatial scales revealed a toénncreasing variability with
increasing spatial scale, as has previously beésdnwy other authors (for example
Sundbéck, 1984; Light and Beardall, 1998; Ni Longphet al, 2007). Yet on each
date the CV at the plot scale was usually at leatof the total variability measured
at the habitat scale, if not more, highlighting theedominance of small scale
variation within the surveyed habitats. When cormmpaCV at specific scales across
the different habitats and dates, it is appareat tfariability is both spatially and
temporally variable, thus changes in the biomagsiofophytobenthos biomass differ
among places from one time to another and at @ifitemagnitudes depending on
scale. This interactive variability is a feature sufft-sediment habitats (Norén and
Lindegarth, 2005), and was prevalent in this stadyevidenced by the significant
interaction between dates and plots. Consideriegniny factors that influence the
abundance of benthic microalgae are themselvesallpaand temporally variable,

this result is not surprising.

At the scales of site and habitat, no significambporal effect on microphytobenthic
biomass was detected. However the coefficient aatian for each date ranged from
38 to 54 % indicating a reasonably high degreewiporal variability. It is of course
possible that significant temporal variation inrb@ss occurred between the sampling
dates approximately 3 weeks apart, yet was maskedtal the lack of temporal
replication at shorter time scales (e.g. Morrigéyal, 1992b). Any future studies to
assess temporal variations in the microphytobenihdhis system should therefore
bear this in mind, and use a suitable samplinggdets detect the scales of temporal

variability.
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3.5. Summary

This is the most comprehensive study on the migrmiienthos ever conducted at
Discovery Bay. The data presented here show thale whe characteristics of
unconsolidated sediments differed markedly betwenfive separate habitats, the
biomass of microphytobenthos was relatively homeges at this scale.
Nevertheless, significant variability was observéthin habitats, underling the need
to use sampling designs that account for smallesaadriation. At habitat 2
consistently elevated levels of microphytobenth@sesfound, and it is hypothesised
that this is due to upwelling of nutrient rich wafeom the deeper bay near to H2, as
well as release of nutrients due to sediment distuces by burrowing heart urchins.
Furthermore, excretion of ammonium by these depesitlers would also tend to

increase the productivity and/or biomass of benthicroalgae.

76



4. DISTRIBUTION AND ABUNDANCE OF
MEIOBENTHOS

4.1. Introduction

On average, marine soft-sediments contafni@iofauna per i (Coull, 1988; Coull,
1999). Like the microphytobenthos (Chapter 3), tlteurrence and abundance of
meiofauna in marine soft-sediments is patchy (sggws by Hicks and Coull, 1983;
Heip et al, 1985; Higgins and Thiel, 1988; Giere, 1993). Riaess in meiofaunal
populations and communities, i.e. the deviationspace from randomness in the
direction ofaggregationrather thamegularity (see Diggle, 1983), exists at a range of
spatial and temporal scales (Findlay, 1982; Philiipd Fleeger, 1985; ket al, 1997)
and is caused by abiotic and biotic variables ameractions between them. Abiotic
variables, such as salinity (Horn, 1978; Warwic71), water motion (Palmer and
Malloy, 1986; Gamenick and Giere, 1994), and sedin@haracteristics (Alongi,
1986; Ndaro and Olafsson, 1999), as well as biadigables including food quality
and quantity (Decho and Castenholz, 1986; Decho Fedger, 1988; Blanchard,
1990; Pinckney and Sandulli, 1990), predation (Aaet al, 1998; Danovaret al,
2007), dispersal (Bell and Sherman, 1980; Palm@88;1Armonies, 1994), biogenic
structures (Warwiclet al, 1986; De Troctet al, 2001; Gheerardyat al, 2008) and
bioturbation (Branch and Pringle, 1987; Dittmanf98@) are thought to regulate the

distribution and abundance of benthic meiofauna.

Marine soft-sediment habitats are, however, comglstems. They exhibit several
scales of temporal, spatial, and interactive vditgbn fauna, flora and sediment
physico-chemical properties (Snelgrove and Butni®84; Norén and Lindegarth,

2005; Chapman and Tolhurst, 2007). At the microgcégvel, benthic microalgae
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and meiofaunal communities vary at short time scalad over small distances
(Sandulli and Pinckney, 1999; Azovslat al, 2004). At the macroscopic level,
seagrass beds and thalassinid shrimp ranges ageaffjgrmore persistent in time and
space unless subject to disturbance (Aller and Bpti§74; Hemminga and Duarte,
2000). Within a relatively small area (<0.25 %nin the shallow western lagoon at
Discovery Bay several different habitats were obser between which sediment
granulometry and the degree of bioturbation vati@dapter 3 this thesis; Aller and
Dodge, 1974). While the distribution of macrofaunahis area has previously been
documented (Aller and Dodge, 1974), there have beestudies on the infauna in

for over 30 years and next to nothing is known aliba meiofauna in this system

(c.f. Gamenick and Giere, 1994).

Although macrofauna have most often been usedgesasenvironmental change in
marine benthos, it is widely acknowledged thatubke of meiofauna has a number of
distinct advantages (e.g. Moore and Bett, 1989; nédy and Jacoby, 1999;

Somerfield et al, 1995; Schratzbergeet al, 2001). Unlike the majority of

macrofaunal species which have a planktonic liéest meiofauna are intrinsically
tied to the sediment, exhibit direct benthic rengnt, have short generation times,
are small in size, high in abundance, and exh#yhehronous development (Higgins
and Thiel, 1988; Coull and Chandler, 1992). Thikesathem suitable indicators of

environmental change and benthic disturbance (Kednaad Jacoby, 1999).
In recent decades the human population at DiscoBasyin Jamaica has increased

several-fold (STATIN, cited by Greenaway and Gor&mnith, 2006) and fish

populations have been severely affected. During time the local coral reefs have
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undergone a phase-shift from coral- to algal-doteidacommunities, in part due to
the release from grazing by herbivorous fish, lten @ue to the mass-mortality Dt
antillarum as mentioned in Chapter 1. There has also beerh rdabate on the
relative importance of nutrient enrichment to tta/,band its effects on macroalgal
growth and contribution to the phase-shift (e.gpdiate, 1997, 1999; Hughex al,
1999; Szmant, 2002). While there is no active gemeous sediment input into the
bay from fluvial sources (Perst al, 2006), certain parts of the bay have been subject
to inputs of iron-rich bauxite sediment from a lbooaning and shipping terminal for
over 40 years (Perrgt al, 2006; Tayloret al.,2007). Bauxite levels in the sediments
within the marine reserve in the north west comifethe bay where this study took
place are, however, below those reported to be timxi biota (see Perry and Taylor,

2004).

As a first step to understanding the ecology of-sefliment systems, knowledge of
the patterns in the abundance and distribution eibfauna is a valuable biological
tool enabling environmental change to be detectednaonitored (Gray, 1981; Coull
and Chandler, 1992). Quantitative descriptions attguns in organism distributions
consequently help to identify processes structudsgemblages, while sampling
designs which account for patchiness over a rafigapatial scales, such as nested
hierarchical sampling designs, enable unconfourtedparisons to be made among
sampling sites (Morrisegt al, 1992a; Underwood, 1997). Unfortunately, howeiter,
is common for investigators comparing meiofaunapyations and communities
between one place and another to take only a fenples at each sampling site (for

example Guzmanet al, 1987; Gomez Noguera and Hendrickx, 1997), and
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appropriate experimental designs are not alwaydmmg (Li et al, 1997; Fraschetti

et al, 2006).

The aim of this research is to examine, compare emwtrast the meiofauna
communities from the five selected habitats witthie shallow western lagoon, using

a sampling design which accounts for patchineasrahge of spatial scales.

4.2. Methods

4.2.1. Sample collection

One hundred and twenty sediment cores for the aisabf meiofauna were obtained
on the 18' of June 1999, according to the nested hierarckmaipling design detailed
in Chapter 2. Cores were taken to a depth of 5 smgua 2.6 cm inner diameter
syringe with the Luer end cut off and a rubber beag. In the laboratory, samples
were transferred into plastic containers and a @ops of 4% formalin-buffered
seawater were added whilst gently shaking the amertaThis step was taken in order
to narcotize the meiofauna as slowly as possiblader to minimise any body shape
distortion. Over a period of a few hours more draygse added until the containers
were finally full. The 4% formalin solution was n&affom seawater which had been
filtered through Whatman GF-F filter paper to exiduphytoplankton or any other
microscopic pelagic organisms, and subsequentlietrd with sodium tetraborate to
a pH of 8.2. To help distinguish meiofauna during sorting process a small amount

of Rose Bengal was added to the fixative solution.
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4.2.2. Sample processing

Sediment samples were washed through 500 andn63nesh sieves. Organisms
residing in the mixture retained on the @8 mesh sieve were then extracted from the
sediment using the Ludox centrifugation method diesd by Burgess (2001). This is
an isopycnic density separation method which retiasthe difference in density
between meiofauna and sediment to effect separasory Ludox, a colloidal silica
gel, and has been shown to have an average eatragfficiency of 96.8 +/- 3.9 %
over a range of sediment sizes from sand to silf-@Burgess, 2001). After extraction
meiofaunal organisms were transferred to 70 % ethéor storage before being

counted and sorted to major taxa under a Nikon 3BID stereo microscope.

4.2.3. Statistical analysis

Three-way mixed model nested ANOVA was used to exarthe null hypotheses
that there was a) no significant difference in meztal meiofaunal density between
habitats; b) no significant difference in mean dgnef individual taxa between
habitats; c) no variability in the density of indiual taxa between sites nested within
habitats; and d), no variability in the densityimdividual taxa between plots nested
within sites (see Bennington and Thayne, 1994)aDatre either Logx(+1) or & +
1)°° transformed to satisfy parametric statistical agsions. Meiofaunal
communities were also analysed by multivariate wo@sh using fourth root
transformed data since certain taxa (such as nesjtowere consistently more
abundant than others (Clarke and Warwick, 2001)s Tfansformation reduces the
effect of extremely abundant taxa whilst increashginfluence of less abundant taxa

on the MDS ordination.
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4.3. Results

4.3.1. Meiofaunal taxa

A total of 22 meiobenthic higher taxa were idestificomprising 101,167 specimens.
Of these, 7 taxa (nematodes, copepods, turbeligrizopepod nauplii, polychaetes,
oligochaetes and ostracods) contributed more tlandwvards the total number of
individuals and collectively accounted for 93% dif specimens (Figure 4.1; Table
4.1). In this research these taxa will be colledivreferred to as ‘common taxa'.
Nematodes and copepods accounted for 81% of towibfauna. Nematodes
dominated all samples in all habitats with relatilensities ranging from 52% at H3
to 69% at H2 (Figure 4.1). Copepods were the sepast dominant taxon with
relative densities ranging between 13% at H5 to 23%H3 (Figure 4.1). Total
meiofauna abundance ranged from 327.7 to 5518igidhwls 10 crif (Figures 4.2 —
4.4). Other taxa included, with total numbers fouméhe complete set of samples in
parentheses: nemerteans (622), kinorynchs (38&trogends (195), acari (155),
bivalves (121), cumaceans (94), chironomids (7Priapulids (77), tanaids (62),
cnidarians (37), amphipods (19), echinoderms (i&8)digrades (9), isopods (5),

gnathostomulids (4) and sipunculids (3).

Excluding the oligochaetes, mean total abundandenagan abundance of individual
common taxonomic groups varied significantly betwéabitats (Figures 4.2 to 4.4;
Table 4.2 & 4.3). Mean total abundance and meanatmie abundance were both
highest at H2, in the grey-coloured medium sandischv contained the highest
biomass of microphytobenthos (see Chapter 3), awddt at H3 in the coarse sands
behind the reef-crest subject to wave disturbarddean copepod and nauplii

abundance were also highest at H2 but lowest imthdium-fine sands at H5, the

82



deep thalassinid habitat subject to intense biatizh. The mean abundance of
turbellarians was highest in the relatively undisad fine sands at H1, whereas
lowest abundance also occurred in the coarse sahdd3. Mean polychaete
abundance was lowest at H1 than at any of the dtladitats. Mean ostracod

abundance was highest at H3, and lowest in theunmedine sands at H5.

100% -~
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@ Ostracoda
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Figure 4.1. Relative abundance of meiofaunal teom@riduting more than 1% (i.e.
common taxa) towards total abundance from thelisdgitats. Taxa contributing less
than 1% to total abundance have been pooled irtei®'.

Table 4.1 Mean density (individuals 10 éand standard deviation (in parenthesis;
n=24) of meiofaunal taxa from the five habitats,keahin order of percentage of total
meiofauna.

Taxa H1 H2 H3 H4 H5 %

Total 1734 (718) 2333 (1043) 1056 (386) 1506 (528311 (521)

Nematoda 1146 (541) 1610 (883) 552 (237) 897 (35886 (366) 64.1
Copepoda  285(84) 391 (172) 238(121) 223 (106) (IBB 16.5

Turbellaria 166 (96) 88 (59) 30 (43) 83 (50) 52)(30 5.3
Nauplii 49 (35) 123 (64) 87 (44) 89 (55) 50 (37) 05.
Polychaeta 19 (14) 65 (49) 67 (47) 84 (52) 87 (79)4.1
Oligochaeta 24 (20) 13 (18) 38 (69) 56 (58) 26 (32)2.0
Ostracoda 19 (18) 13 (8) 37 (26) 21 (17) 8 (6) 1.2
Others 27 (22) 30 (27) 7 (6) 53 (38) 30 (15) 1.9
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Figure 4.2. Mean density of (a) total meiofaung;n@matoda; and (c) copepoda.
(n=2, +1SE). Habitats with the same number abovdang are not significantly
different from one another (Tukey HS&50.05, after data transformations as per
Table 4.2).
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Figure 4.3. Mean density of (a) copepoda naud)itgrbellaria; and (c) polychaeta.
(n=2, +1SE). Habitats with the same number abovdang are not significantly
different from one another (Tukey HS&50.05, after data transformations as per
Table 4.2).

85



350
300+
250
200+
150+
100+
50

0

Plot 123123 123 123 123 123 123123 183123 128 123 18 123 123123 18 123 18 123

Ste 1 2 3 4 1 2 34 12 3 412 341234
Habitat 1 2 3 4 5

Density per 10 sg. cm

Density per 10 sg. cm
al
Q

Plot 123123 123 123 123 123 1283123 183123 128 123 18 123 13123 18 123 18 123
Ste 1 2 3 4 1 2 34 12 3 412 341234
Habitat 1 2 3 4 5

Figure 4.4. Mean density of (a); oligochaeta ard@tracodarn=2, +1SE).
Habitats with the same number above the bars drgigraficantly different from
one another (Tukey HS[2~0.05, data transformations as per Table 4.2). Note
Tukeypost-hoctest not carried out for the oligochaeta since AMOesult not
significant at Habitat level.
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Table 4.2. Results of the three-factor nested ANG¥A&amining the total
number of individuals and selected taxa contrilgutimore than 1% to total

abundance.

Total Abundanck Nematode's
Source of Mean Mean
Variation df Sq. F P df Sq. F P
Habitat H 4 0.335 7.150 0.002 *1 4 0.646 10.84 00.6**
Site S(H) 15 0.047 1.150 0.350 ns 15 0.060 1.0542@ns
Plot (S(H)) 40 0.041 1.650 0.039* 40 0.057 1.77.02Q *
Residual 60 0.025 60

Copepods Copepod Naupfi
Source of Mean Mean
Variation df Sq. F P df Sq. F P
Habitat H 4 148.885 5.99 0.004 *r 4 77.974 4,97 009, **
Site S(H) 15 24.853 2.06 0.035* 15 15.688 1.85062.ns
Plot (S(H)) 40 12.090 1.15 0.304ns 40 8.492 1.57.055 ns
Residual 60 10.485 60 5.404

Turbellarian$ Polychaetés
Source of Mean Mean
Variation df Sq. F P df Sq. F P
Habitat H 4 192.541 15.09 0.000 *** 4 1.556 4.02 .04 *
Site S(H) 15 12.756 1.43 0.181ns 15 0.387 3.8500@***
Plot (S(H)) 40 8.929 1.22 0.245ns 40 0.101 1.1332Dns
Residual 60 7.327 60 0.089

Oligochaetes Ostracods
Source of Mean Mean
Variation df Sq. F P df Sg. F P
Habitat H 4 1.067 2.270 0.110ns 4 1.050 6.050 0D
Site S(H) 15 0.470 1.970 0.044* 15 0.174 1.000470.ns
Plot (S(H)) 40 0.239 1.270 0.199 ns 40 0.173 1.3@174 ns
Residual 60 0.188 60 0.133

! Data transformed to Log (1) before analysis
2Data transformed toc@+ 1)°° before analysis
ns = not significant; $<0.05; ** p<0.01; *** p<0.001
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Table 4.3. Summary of mixed model 3-factor nestelysis of variance results
for difference in mean density at the Habitat scalsignificant variability at Site
and Plots scales (see Bennington and Thayne, 1B84hed line = no significant
difference; $<0.05; **p<0.01; ***p<0.001.

Taxon Spatial Scale
Habitat Site Plot

Total Abundance *x - *
Nematodes *kk - *
Copepods *x * -
Copepod Nauplii i - -
Turbellarians kk - -
Polychaetes * *kk -
Oligochaetes - * -
Ostracods o - -

4.3.2. Spatial patterns

The results of the mixed model nested analysisaagfimce show that significant
variability in the density of copepods, polychaedes oligochaetes was detected
at the site scale, i.e. variability within someesitnested within habitats was
significantly different from others. Significant Nability in the absolute density
of meiofauna as well as the density of nematodes also observed at the plot
scale (Table 4.2 & 4.3). No significant variability the density of copepods,
copepod nauplii, turbellarians, polychaetes, oligmtes or ostracods was

detected at the plot spatial scale.

The contribution of site, plot and residual spats&iales towards the total
variation within the 5 habitats was calculated tbe total abundance of
meiofauna as well as the 7 most common taxa (T4lle The percentage of
variation at each spatial scale was calculatechascomponent of variation at

that scale divided by the total and multiplied i®01Variance components were
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only calculated for random factors and not for Habitat scale since it was a
fixed factor (Sokal and Rohlf, 1995). The five hals therefore represent the full
population of sampling units at this spatial sced¢her than a random selection
from all possible habitats within the shallow lagosee Underwood, 1997, for
details). For total abundance and all common téxa,proportion of variation

was highest at the residual (i.e. within-plot) scahd varied between 60- and
82%. This indicates that there was large variatiotong replicates within plots,

suggesting that patchiness exists at smaller $zatides. As the sampling scale
increased, the proportion of variation tended torel@se, indicating that the total
density and density of individual taxa was more bganeous at the plot and site

scales (Table 4.4).

Table 4.4. Estimates of variance components of mtambers of individuals and
selected taxa contributing more than 1% to totahdlance. Data are derived
from the mixed model nested analysis of varian@egugntransformed data (see
Underwood, 1997). Total Abund. = total abundanocemid = nematodes; Cope =
copepods; Nauplii = copepod nauplii; Polych. = pblgetes; Turb. =
turbellarians; Oligo. = oligochaetes; Ostra. = @sbds; -: negative estimates.

Source

of Total

Variation Abund. Nema. Cope. Nauplii Polych. Turb. Oligo. Ostra.
Site 16.1 18.1 10.2 8.4 33.6 - 2.1 -
Plot 24.6 21.5 7.5 15.5 235 176 180 25.2

Residual 59.3 60.5 82.2 76.1 42.9 76.1 429 74.8
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4.3.3. Multivariate taxonomic assemblage structure

The MDS ordination plot constructed from fourth4dmansformed abundance
data for all taxa reveals a slight clumping of skwy habitat, although it is
difficult to discern any trends when all replicatee plotted (Figure 4.5). For this
reason a second MDS plot is presented in which @ddmes from each site have
been averaged. This enables community trend bethvaleitats to be more easily
distinguished (Figure 4.6). While it is importard bbtain information on
replicate variability in order to establish unedqgslly that there are community
differences between survey stations, by averagargptes the signal-to-noise
ratio is increased and variability at each statemuced (Somerfieldt al, 1995).
With the removal of within-site variability, the MPplot shows a clearer pattern
of variation; taxonomic community structure at Hasaevidently different from
all other habitats, habitats 4 and 5 overlappedommunity structure, whereas

habitats 1 and 2 had only a small amount in common.

2D Stress: 0.25 || Habitat
A1

v2

3
¢4
05

Figure 4.5. Multidimensional scaling (MDS) ordiratiof meiofaunal samples
from the five lagoon habitats based on Bray-Cuwitisilarities calculated from
fourth-root transformed data.
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Figure 4.6. Multidimensional scaling (MDS) ordiratiof meiofaunal samples
from the five lagoon habitats based on Bray-Cuwitisilarities calculated from
fourth-root transformed data. Data have been aeerdy site with 6 replicates
per site for visual clarity.

Two-way nested ANOSIM tests of taxonomic assemblsgacture (without
averaging) on fourth root transformed data for eimclividual habitat revealed
that there were no significant small scale diffeenbetween plots nested within
sites. Therefore a two-way nested ANOSIM test usitg groups as samples
with 6 replicates per site was formulated for thi 5 habitat similarity matrix.
Significant differences in meiofaunal taxonomicusture among sites within
habitats and among habitats was detected (Tab)e Bdir-wise tests revealed
that meiofaunal taxonomic structure differed betwveeery habitat combination,

except between H4 and H5 (Table 4.5), statisticatipfirming the patterns

observed in the MDS ordinations.
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Table 4.5R-statistic values and significance of two-way nésA&lOSIM tests
for differences in meiofaunal taxonomic structuegvizen habitats and sites
(using site groups as samples after checking fazignficant area effect at the
plot spatial scale). All results are derived fromaygCurtis similarity matrices
using fourth-root transformed data.

Global Test R P
Habitats 0.758 0.001
Sites within Habitats 0.151 0.001
Comparison

Habitats R P
1vs.2 0.74 0.029
1vs. 3 1 0.029
lvs. 4 0.906 0.029
1vs.5 0.979 0.029
2vs. 3 0.927 0.029
2vs. 4 0.719 0.029
2vs.5 0.542 0.029
3vs. 4 0.875 0.029
3vs.5 0.875 0.029
4vs. 5 0.198 0.086

In order to determine the contribution of individltexa towards the Bray-Curtis
similarities within habitats, as well as dissimii@s between habitats, the
Similarity Percentages (SIMPER) routine using fbtmdot transformed data was
utilised. Similarity between replicates within imdiual habitats ranged from
78.3 to 81.5 %. Nematodes and copepods were the typeal taxa within all
habitats contributing between 36.6 to 42.1 % towasithin habitat similarity.
Between habitat dissimilarity ranged from 22.8%ns&n H4 and H5, to 26.6 %
between H1 and H3. The SIMPER analysis showed that significant
differences in taxonomic community structure betwdwbitats, which was
demonstrated by the ANOSIM tests, were due to absinig the relative
abundance of many taxa, rather than differencgasina few. For each habitat

comparison, no particular taxa dominated the digsiity. Cumulative
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contributions from 4 taxa were needed before a 3ftribution towards
average dissimilarity was reached, with no indigidtaxon contributing more

than 13%.

4.3.4. Relationship between meiofauna, microphyttiees and sediment
properties

As mentioned in Chapter 3, samples for meiofauneraphytobenthos and
sediment properties were not paired with one amofffeés made it impossible to
correlate individual taxonomic abundance to micsxaphenthos or specific
abiotic variables via univariate methods usingftiledata matrix of 120 samples
per variable. Similarly, multivariate assemblageicure could not be linked to
the environmental data via the BIOENV routine inlMER, since this routine
explicitly requires that “The two matrices must ommaguously refer to a
common set of samples otherwise no matching isilpess(see page 121,

PRIMER User Manual / Tutorial in Clarke and Gorl2906)

Nevertheless, mean microphyte biomass has beerteglaagainst mean
meiofauna density at each habitat to envisagedlagionship (Figure 4.7). This
plot suggests that there could have been a pegsdditive relationship between
these variables using all the data, although tlsecensiderable variation around
the relationship. Likewise, it appears there mayehbeen a possible negative
relationship between grain size and abundance,owdth again there is
considerable variation around the relationship fégs.8). Correlations between
means of total abundance and individual common tgs@ps with mean

microphytobenthic biomass and the sediment granefigimvariables for each
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habitat were, however, not significant (Pearsonsetation coefficientp>0.05,

n=5).
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Figure 4.7. Relationship between mean density abfaena and mean biomass
of microphytobenthos (date 2) at habitats 1 to=824; +/- SE).
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Figure 4.8. Relationship between mean grain sidena@an density of meiofauna
at habitats 1 to 5h€24; +/- SE).
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In light of the data being un-paired, in order how the extent of variation in the
sediments and the structure of meiofaunal assemblagth increasing spatial
scales, the average Euclidean distances (sedimamil Bray-Curtis
dissimilarities (meiofauna) were calculated for @diirwise comparisons among
replicates within plots, all plots within sites,daamong all sites within each
habitat (Figure 4.9). Since values are not indepenéi.e. variation within plot
includes variation among replicates, and variati@hin sites includes variation
among plots) they were not formally analysed ang tlo not have associated
error bars (see Chapman and Tolhurst, 2007). Neesleds, all habitats exhibited
an increase in variability with increasing spasiehle for the sediments. Looking
at the magnitude of change in Euclidean Distan¢ed®n individual scales for
the sediments, at H1 to H4 the greatest changasgreccfrom site to site within
habitats. In contrast at H5 most of the change medurom plot to plot within a
site, with the site scale adding little additiomatiation (i.e. Euclidean Distance)

to the overall pattern.

Comparing the patterns of changes in the magnitdideriation between scales
in the sediments and in the benthos, a similaepaits observed only at H2. At
H2 there is a degree of matching between the sealegich the benthos and
environment varied. For H1 and H3, variation in of@unal community

structure among plots within sites exceeds thaaafation among sites and does
not match the pattern of change in the sedimenisileé8ly, at H4 variation in

meiofaunal structure between replicates within pistgreater than among plots
within sites, and there is also little matchingtle pattern of variation at the

different scales between sediment and benthos.5Athid patterns are variable;
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there was more change in the meiofauna among gites there was for the

sediment granulometry.
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Figure 4.9. Mean Euclidian distances from normdlisediment granulometry
parameter data (a) and Bray-Curtis dissimilarifiesn untransformed meiofauna
data (b) for habitats 1-5 for all pairwise compamnis among replicates within
plots (R, white bar), among plots within sites Ry bar), and among sites (S,
black bar).
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4.4. Discussion

This study is the first to extensively document theiofauna from the west
lagoon at Discovery Bay, and provides a generatrggsn of the spatial
variability within five contrasting shallow habigatThese habitats were chosen
on the basis of contrasting visual characteristinsorder to maximise the
probability of detecting significant differences iiotic structure between

habitats.

Meiofaunal abundance in the five habitats variedwben 284 and 5344
individuals 10 cnf. These values correspond well with the rangesrdecbfrom
other tropical calcareous soft-bottom habitatshsagin the Gulf of Agaba in the
Red Sea (181 — 5007 ind. 108rGrelet, 1985), Cebu in the Philippines (744 —
8769 ind. 10ci Faubel, 1984), the central Great Barrier Reef0 (22010 ind.
10cni? Hansenet al, 1987), Rocas Atoll in north-east Brazil (278 -681ind.
10cm? Netto et al, 2003), Tuamotu in Polynesia (390 — 1293 ind. 18cm
Renaud-Moranget al, 1971) and Zanzibar on the east African coast (28822
ind. 10cn? Ndaro and Olafsson, 1999). Upper values founchis tesearch,
however, are roughly an order of magnitude highantthose from Massawa in
the Red Sea (126 — 439 ind. 10trlt, 1995), southern Costa Rica (99 — 575
ind. 10cn? Guzmanet al, 1987), and Moorea Island in French Polynesia{24

961 ind. 10crt Thomassiret al, 1982).
The dominant taxa in all samples from the five tetbiat Discovery Bay were

nematodes, followed by copepods, as has often tleserved in soft-sediments

of coral reef ecosystems (e.g. Mcintyre, 1968; Cdf70; Renaud-Morangt
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al.,, 1971; Rao and Misra, 1983; Villiers, 1988: Negtcal, 1999). However this
is not always the case. At Cebu in the Philippi(femubel, 1984) as well as at
Moorea Island in French Polynesia (Thomassin al, 1982) polychaetes
dominated, whereas off the coast of Costa Ricanioniderans were the main

taxa (Guzmaret al, 1987).

Although the distribution of meiofauna is contrallby many interacting abiotic
and biotic factors, several studies have showngpatial distributions are often
related to sediment granulometry (see Fleeger aech® 1987; Giere, 1993;
Coull, 1999). However numerous factors covary waddiment granulometry,
which has been termed a ‘community-controlling @bie’, due to the
concomitant effects that sediment grain size hasnamy other biologically-
meaningful variables (Gray, 1974). For example, levldopepods are often
reported to dominate exposed zones consistingasecsediments (Gourbaelt
al., 1998), coarse sediments generally exhibit laggme spaces, have higher
advective pore water flow rates, higher oxygen eotrations and contain lower
concentrations of organic matter. Conversely, nedet often dominate
sheltered zones where fine sediments prevail (CA9v0; Hicks and Coull,
1983; Heipet al, 1985). However in finer sediments the concertratif organic
matter is generally increased, pore space and tdequore water flow reduced
and oxygen concentrations lowered (Gray, 1974)eéddin their review on
animal-sediment relations Snelgrove and Butman 4138gue that the real
reasons for observed sediment-species associaiomsmost likely due to

interactions between physical environmental propemvhich create a particular
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sediment environment, rather than the sedimentackeisticsper se(i.e. grain

size, organic content, porosity etc.).

In the present study there were clear differencesneiofaunal abundances
between habitats, and the pattern of difference taaen-specific. While the
abundance of nematodes and turbellarians diffeeddden habitats 1 and 3, the
abundance of copepods, copepod nauplii and ostsadmt not. Interestingly,
both nematodes and copepods had highest densitieedium sands at habitat 2,
which contained the highest biomass of microphyntih@s. In contrast, total
meiofauna and nematode abundance was lowest isec@a@ands subjected to
wave disturbance at habitat 3, whereas at habjtabisisting of medium fine
sands with an increase in silt content, copepodddmce declined. These results
are probably partly due to intolerances of smaihatodes (see Chapter 5) and
other meiofauna to high pore water flow and sedindesturbance, and copepods
to reduced oxygen supply (Giere, 1993) and areeivegal agreement with many
other studies. For example, in an intertidal lagoo#Zanzibar the abundance of
nematodes was significantly positively correlatedthwchlorophyll a and
sediment granulometry (Ndaro and Olafsson, 19995 transect across Davies
Reef on the Great Barrier Reef, lowest nematodsities occurred in a habitat
associated with intense wave action situated jebirid the reef crest (Alongi,
1986). Kotta and Boucher (2001), comparing meidiientaxa from Miyako,
New Caledonia and Moorea in the Pacific Ocean fahatl mean grain size and
silt content of the sediment were important in ekphg the structure of
meiobenthic assemblages; nematode abundances agagvely correlated with

mean grain size whereas the opposite held truedpepods. Thomasskt al.
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(1982) and Rao and Misra (1983) also observed ainplatterns whereby
nematodes were most abundant in fine sands inesédlizones and copepods
dominated more exposed, coarser, cleaner sanda. sie in Bermuda, Coull
(1970) showed that seasonal changes from fine #rseosediments were

accompanied by a change in dominance from nematod=xyepods.

The distribution and diversity of macrobenthos ime tshallow lagoon at
Discovery Bay has been related to gradients innsedli stability (Aller and
Dodge, 1974). At H2 the high biomass of microphegtathos would have tended
to increase the cohesive nature of the sediments tu production of
extracellular polymeric substances (EPS) therebgviding a more stable
environment for interstitial organisms. Furthermoreiofauna, and nematodes in
particular, produce EPS and pelletise sedimentniRien and Schrage, 1978)
promoting stability, although meiofaunal bioturloati and grazing on
microphytobenthos can also act as a destabiliseim{&kal, 1984; Reichelt,
1991). Nevertheless, the important influence of ropbytobenthos as a food
resource for meiofaunal organisms (Pace and Carir#36; Moens and Vincx,
1997; Middleburget al, 2000; Nascimenteet al, 2008), either directly or
indirectly, most likely played a large structuringle. Copepod abundance has
been found to be highly correlated with microalgddundance (Decho and
Fleeger, 1988; Blanchard, 1990), and EPS produgeokehthic microalgae can
trap detritus and support high levels of bactds@h of which are consumed by
meiofauna (Hobbie and Lee, 1980; Meyer-Reil andbEgul980; Montagna,
1984). In this study phaeopigment content was @sasured at the same time as

chlorophylla using the method of Lorenzen (1967), and value® ieind to be
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significantly higher at H2 than at other habitafsuskal-Wallis test, H=73.74,
p<0.001, n=72). However Lorenzens’'s method, although accurate the
determination of chlorophylla, has been shown to be inaccurate for the
determination of phaeopigment (Louda and Monghkprd09) and hence
values are not reported in Chapter 3. Nevertheldss, colouration of the
sediments at habitat 2 were noticeably darker thase occurring in the other
habitats, suggesting that they had higher condsmnsa of organic material /

detritus and / or other pigments besides chlordghyl

In studying the nutrition of the echinoill. ventricosaat Discovery Bay,
Hammond (1983) concluded that half of the carbainaitated was of detrital
origin, whereas meiofauna were ingested only inllsmambers and passed
through the gut unassimilated and undigested. ®@utuadreds of hours spent
free-diving within the lagoonM. ventricosawas only observed in the vicinity of
habitat 2. It therefore appears that H2 was a td#yrienriched habitat, with
enhanced biomass of microphytobenthos and breakgwaafucts. This in turn
seemed to positively influence the abundance ofatedes and copepods, which
may have been a response to the diversity in thétgwand quantity of suitable
food resources, such as diatoms, detritus and&iefia, as well as an increase in
sediment stability. Future studies on the meiofamnegelation to these potential
factors would help to clarify the nature of the emction between the
meiobenthos, sediment stability, and food resouatdsabitat 2, and should be

conducted.
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In the shallow lagoon the density of total meiofaumematodes, copepods,
nauplii and oligochaetes did not differ betweenitadb 1, 4, and 5, even though
sediments at H1 were relatively undisturbed whilese at H4 and H5 were
densely occupied by thalassinid shrimps and subjeca high degree of
bioturbation. In tropical lagoons burrowing thaiag$ ghost shrimps actively
bioturbate the sediment during burrow construcéiod feeding, causing changes
in sediment properties and influencing the distidbou and abundance of
sediment infauna (Branch and Pringle, 1987; Mur@nd Kremer, 1992).
However the effects of bioturbation by thalassisidimps on meiofauna can be
both positive or negative. At Davies Reef on theabBarrier Reef, bioturbation
and feeding activities of thalassinid shrimps nieglt influenced meiofaunal
communities (Alongi, 1986; Hanseat al, 1987). In contrast, on a tropical tidal
flat on the north east coast of Australia meiofadeasities were significantly
higher in sediments witfirypaea australiensithan in sediments where shrimps
had been experimentally excluded (Dittmann, 1996)s was explained by the
positive effect of an extension in sediment oxydgemadue to bioturbation, the
trophic influence of shrimp fecal pellets on baieienumbers, and the increase in
chlorophylla in deeper sediment layers due to sediment mixangilar results
were also obtained in a separ@@lianassa sppexclusion study in South Africa

(Branch and Pringle, 1987).

In the study by Hanseet al.(1987), although nematodes, copepods, polychaetes
and ostracods exhibited lowered densities in shriompow ranges at Davies
Reef compared to other lagoon sites, the densityrbtllaria did not seem to be

affected. Similarly, in Dittmann’s (1996) exclusistudy the abundance of
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nematodes and copepods declined significantly iedaareas without ghost
shrimp, whereas differences in turbellarian deesiwere much less pronounced.
In the present study turbellaria were heterogeneac®ss habitats with
significantly higher densities in the undisturbedefsands in H1 with limited
bioturbation. In contrast, the density of meiofdyr@ychaetes was lowest at H1,
which could be due to predatory interactions betwdeese two taxa. In an
experimental manipulation study where the density tarbellarians was
increased, Watzin (1983) found that the densitytadél macrofauna, spionid
polychaetes and various other deposit feeders aeeteand attributed the effect
to predation pressure. In a study by Danoveraal. (1993), the collapse of
macrobenthic polychaete recruits coincided withimerease in abundance of
predatory nematodes and turbellarians, suggeshiag rheiofauna may partly
structure macrofaunal communities. It is therefpossible that the increased
densities of turbellarians at H1 may have prevetttedecruitment of temporary

polychaetes to the benthos, or preyed upon thesn i@&truitment.

Multivariate analyses revealed that taxonomic comitgu structure was

significantly different between all habitats excefst and H5, situated within the
thalassinid shrimp burrow-ranges. Similarly, uniateg analyses were also
unable to detect significant differences in the rafance of common taxa
between H4 and H5. Nonetheless, sediment partide distributions and

sediment granulometry characteristics were sigaifity different between these
habitats (see Chapter 3). This suggests that thta kvere responding to other
aspects of the environment which were perhaps ainnietween H4 and H5,

rather than simply the physical characteristicshefsedimenper se Of course it
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is feasibly possible that these habitats sharedomamon species; however this
could only be inferred by identification of indiwdls to the species level of

taxonomic resolution, rather than to higher taxa.

A main aim of this study was to examine meiofauoammunities between
different habitats, using a sampling design thaangified organism patchiness
and enabled variation at different spatial scate®d assessed. Calculation of
components of variation for the random factorshia &nalysis of variance thus
enabled the proportion of variability occurring\Wween sites, plots, and replicates
to be detected. For total meiofauna and all comtaga, most of the variability
occurred at the smallest spatial scale, i.e. betweplicates within plots. As the
sampling scale increased, the proportion of vditgbsubsequently decreased.
This is a common feature of marine soft-sedimeMsr(isey et al, 1992a;
Azovsky et al, 2004; Chapman and Underwood, 2008), particultotysmall
organisms such as meiofauna which have rapid mfteseproduction and are
intrinsically tied to the sediment. Patchy disttibns of food resources (Decho
and Fleeger, 1988; Blanchard, 1990; Pinckney amtl@k 1990), microscale
gradients in sediment chemistry (Meyetsal, 1987) and other interactions with
the sediment microhabitat cause small scale paishinin contrast, physical
factors which vary over large scales (e.g. curspted, salinity, anthropogenic
disturbance) may be more important at generatirgglacale heterogeneity (&t

al., 1997; Armenterost al, 2008).

Unfortunately it was not possible to directly relahe benthos to the sediment

properties due to samples not being paired with amether. This is a major
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critique of the way in which samples were collectiécttempts are to be made
to match biological and environmental data, studlesuld do their best to make
sure that data are collected from the same samyltese possible, or at least
immediately adjacent to one another if destructaenpling is planned (for
example see Chapman and Tolhurst, 2007). None#)eliésthe biota is
responding to spatial variations in sediment grametry then it should be
expected that patterns in the variation of meidbemntover the range of scales
surveyed would be similar to those of the sedimelest patterns in mean
Euclidean distance and Bray-Curtis dissimilarities both sediments and
meiobenthos appeared to match at habitat 2 only.aFather habitats spatial
variation in the meiofaunal community was weaklytechad to the spatial
variation in the suite of sediment granulometryapageters, suggesting that the
biota were not responding to the variation in thepprties of the sediments

alone.

4.5. Summary

This study has shown that the distribution of meimthos is heterogeneous
within the shallow west lagoon at Discovery Baythdlugh fauna were only
examined at the higher taxon level, differencethendistribution of several taxa
showed preferences for specific habitats. The higimdance of nematodes and
copepods at habitat 2 attests to the role of migrgbenthos in structuring soft-
sediment communities. Variance components attributee bulk of spatial
variation to the residual spatial scale, confirmitige patchy nature of
meiobenthos. Unfortunately since abiotic and bisamples were not paired, it

was difficult to establish correlative relationshipand attempts to match
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community structure to the structure of the bentlsaggested weak links.
Nevertheless, this study has laid the ground workf@irther mensurative and
manipulative studies on the meiofauna at DiscovBay. These studies are
urgently needed in order to increase our knowlemtgéhe ecology of meiofauna
from tropical marine systems, as well as to monédod conserve near shore

marine habitats.
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5. NEMATODE FUNCTIONAL GROUPS,
MORPHOMETRY, AND BIOMASS SIZE-SPECTRA

5.1. Introduction

Nematodes are the most abundant metazoans onahet glomprising four out
of every five multicellular animals (Bongers andrriie 1999). In the marine
environment, which covers 70% of the earth’s swfdcee-living nematodes
exhibit high diversity, are ubiquitous in distribari, and are consistently found
to be the dominant meiofaunal taxon (see reviewdbip et al, 1985). Although

many studies have investigated the macrofauna itihglthe soft-sediments of
coral reef ecosystems, there have been far fewadiest on the smaller
meiofauna component. Further still, only a few madhave specifically
examined the meiofaunal nematodes (Grelet, 198%ng\] 1986; Boucher,

1997; Kotta and Boucher, 2001; Raxsl, 2007; De Troclet al, 2008).

Within coral reef sediments nematodes can be exiyeabundant particularly in
shallow lagoon habitats (Alongi, 1986; Gourbault @&enaud-Mornant, 1990;
Ndaro and Olafsson, 1999). They stimulate decontipas{Findlay and Tenore,
1982; Rieper-Kirchner, 1990; Alkemae¢ al, 1992ab; but see De Messl al,
2003, 2006), and increase sediment solute trangpattpore water exchange
(Reichelt, 1991; Aller and Aller, 1992;). They alsbannel energy from the
microbial/detrital compartment up the food web taghler trophic levels
including many species of macrofaunal invertebrates fish (Colombinget al,
1996; Danovaret al, 2007). Consequently, due to their enormous nusnaed
the varied roles that they play, nematodes areeewly important in marine

ecosystem functioning.



While traditional methods in marine benthic ecotadiresearch generally rely on
the collection of species abundance data to assassnunity structure and
diversity, for a phylum as diverse and abundant tlxs Nematoda, the
identification of animals to species can requirasiderable taxonomic expertise
and time. Moreover, for the Caribbean region, thsra lack of identification
keys to the species of major meiofaunal taxa (si&cthe nematodes). Therefore
many species in the region are likely to be undesdr making their
identification problematical (Richard Warwick, pensl communication). In
contrast, the classification of nematode commusitigy functional groups,
morphometry, and size-based approaches simplifies dcological analysis
whilst offering additional insight into the strucéuof benthic communities
beyond that of traditional species-based approa¢bes Titaet al, 1999;

Vanaverbekeet al, 2003; Schratzberget al, 2007; Schratzberget al, 2008).

The functional group approach works by dividing coamities into groups of
taxa which share similar functional attributes. &ngms which are placed in the
same group are believed or known to process the sasources and possess
similarity in ecosystem function (Blondel, 2003prFmarine nematodes, Wieser
(1953) proposed a scheme containing four functigraups linking feeding
ecology to the size of the buccal cavity. While mmamsearchers have used
Wieser's scheme (e.g. Neta al, 1999; Vanaverbeket al, 2007a; Liuet al,
2008; Morenoet al, 2008; Schratzbergeat al, 2008; Yodnarasret al, 2008),
others have revised it depending on their own tptale observations or to
include additional trophic groups (Jensen, 1987mByn and Bouwman, 1983;

Moens and Vincx, 1997). However, since it is an asgble task to directly
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study the feeding habits of the vast numbers of atede species, Wieser’s
scheme was used in this study since Schratzbergat (2008) state that it
remains the most feasible trophic classificatiorfreé-living marine nematodes

from a variety of marine habitats.

The morphometric approach compares communitiesniayysis of their shape,
which can be quantitatively assessed by non-ddsteumeasurements of length
and width (Vanaverbeket al, 2004). Typically most nematodes are long and
slender and have a high length to maximal widthMLfatio. However some
species, particularly those in the order Desmosade(Soetaeret al, 2002),
are short and plump with a low L/W ratio. The pilemge of a plump
morphotype has been recognised in a number ofdtabitanging from subtidal
sediments in the English Channel (Ratsimbaztfyal, 1994) and North Sea
(Vanaverbekeet al, 2004) to the hadal depths of the South Sandwreinch in

the Antarctic (Vanhovet al, 2004).

The ecological advantages and disadvantages tfaidsfeither morphology
have elicited several hypotheses. For example€litd. (1999) proposed a food-
related hypothesis suggesting that nematode Idagththerefore gut length (see
Romeyn and Bouwman, 1983)] reflects adaptationthéoquality of exploited
food. Nematodes with long guts are suggested te hagher digestive efficiency
making them better adapted to exploit lower qualdgds, while in contrast
those with short guts are adapted to feed on higbelity food. Soetaert al.
(2002) subsequently hypothesised that the differ@orphotypes represent

ecological adaptations towards increased mobilgkender) or reduction in



predation (plump). Furthermore, it is suggested tha different morphotypes
represent adaptations towards constraints poseavaylable oxygen levels
(Soetaeret al, 2002). However the costs and benefits of eitherphotype are
not well understood, and comparisons of morphotypée L/W ratios between

different habitats within a coral reef environmbate not been assessed before.

Lastly, the sized-based approach plots organistmésés distribution over a
sequence of logarithmically equal body size intkras a biomass size-spectrum.
Originally coined the Sheldon spectrum, after workthe size distribution of
oceanic particles by Sheldost al. (1972), biomass size spectra are useful
ecological tools enabling communities to be comgdre size (Schwinghamer,
1981). Given that body size influences many aspettan organisms life,
including metabolism, energy requirements, life tdng production rate,
physiological and behavioural functions as welab®tic and biotic interactions,

it is an important index of ecosystem organisa(iBaters, 1983; Calder, 1984;

Kerr and Dickie, 2001).

Initially Schwinghamer (1981) was the first to arsa the benthic biomass size
spectra. He found that benthic organisms from aetsaof intertidal habitats
displayed trimodal biomass size spectra, the thredal biomass peaks (0.5 — 1
um, 64 — 125um, and > 2 mm equivalent spherical diameter) cpording to
the sizes of micro-, meio-, and macrobenthos, smdy. Schwinghamer
reasoned that pore space and grain size likelyrdete the upper and lower size
limits for interstitial fauna, causing the charaistéc biomass minima troughs

that he found in the Sheldon spectrum. Furtherissuly Schwinghamer (1983,
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1985) found similar trimodal spectra from habitagsging from the upper
intertidal to the abyssal plain, causing him to alode that the trimodal
distribution of biomass was a conservative andatgi#e feature of marine soft-
sediment benthos. Warwick (1984) however, lookingpeciessize distributions
of metazoans from 8 temperate sites of contrasinagulometry, salinity and
depth, found that the shape of the spectrum wasanebly similar to the
metazoan part of Schwinghametdomasssize spectrum. He noticed that a
species trough occurred at g§, a size at which many life-history traits switch
more or less abruptly (see table 4 Warwick, 198#kcluding type of
development, mode of dispersal, generation timgroduction, feeding mode,
resource partitioning, growth cycle and mobilityhi§ led Warwick to invoke
evolutionary explanations (which do not contrad&thwinghamer's (1981)
theory), that meiofaunal and macrofaunal life-higt@and feeding traits are
optimised at particular body sizes and that depastirom these optima limit the

co-existence of similar sized species (Warwick,4)98

Following these initial investigations a number athers have analysed the
biomass size-spectra of metazoan benthic commarfiig. Gerlaclet al, 1985;
Drgas et al, 1998; Duplisea and Drgas, 1999) and it has bdmwrs that,
unsurprisingly, nematodes generally dominate thefaenal fraction. Drgagt
al. (1998), for example, showed that nematodes canathfrom 46.2 to 96.4%
of total biomass in the weight class 501 ng C {g1C, yet in all other weight
classes up to 500 ng the contribution was almo6@4.0A similar pattern was
also observed (Duplisea and Hargrave, 1996). Tbexefthe construction of

nematode biomass spectra (NBS) is suggested talrav@milar pattern as if all
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meiobenthic animals were measured (Vanhevel, 2004). Moreover, since
meiofauna are suitable indicators of benthic distace (Kennedy and Jacoby,
1999), and nematodes are the dominant meiofaumahtahe use of NBS is
potentially a very valuable and relatively easyl tmouse in the assessment of
environmental perturbation and natural changepahticular, nematode biomass
spectra have recently been used to understandféatseon the benthos of sand
extraction at the Belgian continental shelf (Varheg&e et al, 2007a;
Vanaverbeke and Vincx, 2008), planktonic productoycles (Vanaverbeket

al., 2003; Vanaverbeket al, 2004; Schratzberget al, 2008) and the impact of
beam trawling (Schratzberget al, 2002) in the North Sea, as well as sea floor
dredging on benthic colonisation of different typ#ssediment in an estuary in
SE England (Schratzberget al, 2004). However, studies on nematode biomass
and biomass spectra from tropical marine envirorimare lacking (although see
Grelet, 1985). This study therefore intends to adeathe general understanding

of nematode communities in a coral reef ecosystem.

In the absence of taxonomic feasibility, the aimttoé research is to examine
nematode feeding groups, morphometry, and biomadss-spectra among
habitats within the shallow lagoon at Discovery Bajore specifically, this
research aims to test hypotheses that a) differematode feeding groups have
affinities for particular benthic conditions, anjl that different nematode L/W
relationships and biomass spectra will be foundhabitats with contrasting
sediment granulometry and subject to varying levefs natural benthic

disturbance, such as wave swash and bioturbation.
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5.2. Methods

5.2.1. Nematode sample processing

All nematodes from the meiofauna samples (Chapterete evaporated to pure
glycerol in a cavity block over a period of a feayd before being mounted on to
large wax-ringed slides able to contain a completbple sample (Darwin
Initiative Marine Nematode Project, 2009). Eacldeslivas then examined using
a Zeiss Photomicroscope Il compound microscopeditvith a combination of
Plan and Planapochromatic optics and capable afrmilersion and Normarski
Differential Interference Contrast image enhanceam@inis microscope was
coupled to a JVC digital CCTV camera and linkedatawomputer allowing
images of nematodes to be measured using the Seggmd3o (version 5) image

analysis software package.

5.2.2. Nematode functional groups

From each sample, 50 nematodes were analysedriotidnal group according
to Wieser's (1953) feeding group classification.e$é groups consist of (1A)
selective deposit feeders with a small buccal gawithout armature which

consume bacteria and small-sized organic parti¢EB) non-selective deposit
feeders with large buccal cavities without armatieeding on organic deposits
but targeting larger sized particles; (2A) epigroviteders with small buccal
cavities and armature scraping food off surfacedeeding on diatoms and
microalgae; and (2B) predators feeding on nematoded other small

invertebrates with large buccal cavities with aumet

11z



An index of trophic diversity (ITD) was also calatéd following Heipet al,

(1985). This index is based on the relative prapost of each feeding type, and
ranges from 0.25 (highest trophic diversity whére telative proportion of each
feeding type is equal) to 1.0 (lowest trophic dsigr consisting of only a single

feeding type). ITD is calculated as:
ITD =Y ¢

whered is the relative proportion of feeding types aftéieser (1953).

5.2.3. Nematode morphometry
Each of the 50 nematodes analysed for feeding gveene also measured for

length (excluding filiform tails, if present) andarbody widths.

5.2.4. Nematode biomass
Nematode biovolume was calculated from length arndthwmeasurements

according to the formula by Andrassy (1956):

V=LxW/16x16

where V equals the biovolume, in nL; L and W equasnatode total length
(excluding filiform tails, if present) and mid-bodyidth, respectively, both in
pm. Biovolume was then converted to wet mass asspmispecific gravity of
1.13 (Andrassy, 1956), and wet mass was conveosteldyt mass assuming a wet

to dry ratio of 25% (Wieser, 1960; Feller and Wankyi1988).Carbon content
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was considered to be 40% of dry weight (Feller &varwick, 1988). This is

equivalent to 10% of wet weight according to Heigal.(1985).

5.2.5. Data processing and analysis

5.2.5.1. Nematode functional groups

Differences in the relative abundance of nematodedihg groups within
individual habitats were analysed via one-way ANO\&ignificant results were
followed by Tukey’s HSD test. The structure of néode feeding groups among
habitats was explored by MDS ordinations deriveainfrBray-Curtis matrices
using untransformed relative abundance data. Forsighificance tests
examining the null hypothesis that there were rftedinces in feeding group
structure between sites nested within habitats lzetdveen habitats using site
groups as samples were performed using two-wayedeANOSIM on Bray-
Curtis similarity matrices. Before analysis data revestandardised to %
contribution and analyses were performed on unfoamed abundances so that
no weighting was added to either feeding group. WVignificant differences
were found, SIMPER analysis was undertaken to deter the contribution of

specific feeding groups to the dissimilarity betwdémbitats.

5.2.5.2. Nematode morphometry

Nematode lengths and maximum widths were analysadnested ANOVA
followed by Tukey HSD post-hoc multiple comparisoSgatterplots of width
versus length, as well as L/W frequency distribngiavere also plotted as per
Soetaeret al. (2002).Differences in L/W frequency distributions were lysad

using the Kolmogorov-Smirnov two-sample test. Inlitidn, interquartile range
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boxplots were constructed to allow easy visual cieggn of the distribution of

nematode lengths at each habitat.

5.2.5.3. Nematode biomass spectra

Regular nematode biomass spectra (RNBS) were cotestt according to
Vanaverbekeet al. (2003) using loggroupings of nematode dry weiglptg) on
thex-axis and total biomass per size class (dry wejgit.on they-axis. In other
words, the dry weightug) of each nematode was assigned to a weight cfaas
log, scale, and the magnitude of the class orythgis represented the sum of all
organisms within that weight class. In this stutdgmatode biomass ranged from
0.0049- to 6.9%ug dry weight (dwt). Therefore lggveight classes on theaxis
ranged from -8 (i.e= 2%to < 2’ [equal to= 0.0039 to < 0.0078ig dwt]) to 2
(i.e. 2 2°to <2 [equal to=4 to < 8pg dwt]). RNBS allows the magnitude of

biomass per size class to easily be determined.

Cumulative nematode biomass spectra (CNBS) were edmstructed as an
alternative means of interpreting biomass specti@ndverbekeet al, 2003).

CNBS plot the biomass as a running total and arkpfileto visualise

contributions of particular size classes to the glete spectrum. Cumulative size
spectra were examined by ANOSIM. Formal signifieatests examining the
null hypothesis that there were no differences ire-spectra distributions
between sites nested within habitats and betwebitats (using site groups as
samples) were performed on Euclidean distance ceatriBiomass data from
each size class were first standardised to % duarion and then cumulated

(Bob Clarke, Plymouth Marine Laboratory and PRIMERLtd., personal
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communication 2009). When significant differencegrav found, SIMPER
analysis was undertaken to determine the contdhutif specific size-classes to

the dissimilarity between slopes.

5.3. Results

5.3.1. Nematode functional groups

The relative abundance of nematode functional eeding) groups from the
five different habitats in the shallow lagoon as&ivery Bay is shown in Figure
5.1. The proportion of selective deposit feeders similar between habitats 1 to
4, but declined at habitat 5. Non-selective dedesitlers dominated habitats 1, 4
and 5, and their relative abundance was signifigdmgher than all other groups
(Tukey’'s HSD; Table 5.1). A similar pattern of i@ abundance occurred at
habitats 1, 2 and 4, whereby non-selective depestters had the highest relative
abundance, followed by selective deposit feedaes epigrowth browsers, and
finally predators/omnivores; however these diffeesy were not always
significant (see Tukey post-hoc comparisons, Tablé). At habitat 3,
proportions of non-selective deposit feeders weseebt. Proportions of
epigrowth feeders were highest at habitat 3, aneke$d at habitats 4 and 5.
Highest proportions of predators/omnivores wereomged at habitats 3 and 5,
but were lowest at habitats 1 and 4. Significaffedences in relative abundance
of feeding groups within habitats 1, 2, 4 and 5uocEd but no significant
difference between feeding groups at H3 could beatied (Table 5.1). Trophic
diversity (ITD) ranged from 0.286 at habitat 3 t3@ at habitat 4, however
differences between habitats were not significag Way ANOVA,F, 15 =

0.67,P = 0.615).
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Figure 5.1. Mean (£SE) relative abundance (%) ofia®de feeding groups
from the 5 lagoon habitats at Discovery Bay44, 1200 nematodes analysed per
habitat).

Table 5.1. Results of One Way ANOVA and Tukmst-hoccomparisons
(a=0.05) examining differences in the relative abunuga(%) of nematode
feeding groups within each of the 5 lagoon habaatSiscovery Bay.

Relative Abundance

Source of Variation df MS F P Tukey HSD
H1' | Feeding Group 3 0.235 33.82 0.000 1B>1A>2B, 1A=2A,
Residual 92 0.007 2A=2B
H2' | Feeding Group 3 0.033 2.74 0.048 1B>2B, 1B=1A=2A,
Residual 92 0.012 1A=2A=2B
H3 | Feeding Group 3 74.8 0.81 0.4PWNo significant difference

Residual 92 919
H4 | Feeding Group 3 19173 24.83 0.000 _
Residual 92 77.2 1B>1A>2A=28
H5' | Feeding Group 3 0.129 14.17 0.000 1B>2B>1A, 2B=2A,
Residual 92 0.009 2A=1A

! Data arcsine transformed before analysis
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MDS ordinations (Figure 5.2), based on the siteayed proportions of
nematode feeding groups for visual clarity, segatahe trophic structure at
habitats 1 and 4 from habitat 5. Habitats 2 ane\&aled a large degree of
variability in feeding group structure as evidenbgdhe distance between sites.
Feeding group structure between sites within hebita4 and 5 was more similar
than between sites within habitats 2 and 3. GI&DSIM formal significance
tests revealed significant site and habitat efféCable 5.2); however R values,
which are an absolute measure of the differencesdes groups (Clarke, 1993;
Clarke and Gorley, 2006), were very low indicatihgt differences were limited.
ANOSIM pairwise comparisons, on unaveraged Brayti€wimilarity data,
showed that in 5 out of the 9 tests no significdiffierences in feeding group
structure between habitats could be detected (T&aRBle Pair-wise comparisons
between habitats 1 and 4, as well as habitats Zapstlealed negative values,
indicating that slightly more variability existedithin habitats than between

them.
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Figure 5.2. MDS ordinations of nematode feedingigreelative abundance from
the 5 lagoon habitats at Discovery Bay. Each p@ptesents a single site.

Table 5.2 R-statistic values and significance of pairwise ANR3ests for
differences in nematode feeding group structure/éen the 5 lagoon habitats at
Discovery Bay.

Global Test R P

Difference between nested Sites across all Habitats0.125  0.001
Difference between Habitats using Sites as samples0.26 0.002

Habitat Comparisons R P
lvs. 2 0.135  0.229
1vs.3 0.615  0.029
lvs. 4 -0.146 1
1lvs.5 0.438 0.029
2vs. 3 -0.104  0.657
2vs. 4 0.208 0.2
2vs. 5 0.052 0.371
3vs. 4 0.719  0.029
3vs.5 0.292  0.086
4vs.5 0.594  0.029
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5.3.2. Nematode morphometry

In this study a total of 6000 nematodes were measurl200 from 24 samples
taken from each of the five 30 x 2 m transects fa&bitats). A summary of
nematode lengths, widths, individual and populatimomasses are shown in
Table 5.3. Nematode length spanned 3 orders of muagn the shortest
nematode measured 88n and was found at habitat 2 while the longest
nematode measured 46@f and occurred at habitat 3. Widths ranged between
9- and 120um, with the thinnest nematode found at habitat d the fattest at
habitat 3. Length and width frequency distributiovese both positively skewed
(not shown). Median lengths and widths from all swwaments were 721- and
33 um, respectively. Mean lengths and widths were 8&hd 38 pm,

respectively.

Mean nematode lengths and widths were significarghable at the (small) plot
scale but not at the (meso) site scale (Figuresabd35.4; Tables 5.5 and 5.6).
Significant differences in mean lengths and widtlese found between habitats
(Tables 5.5 and 5.6). Mean nematode lengths attdtabil and 2 were
significantly lower than at habitats 4 and 5 whiaére significantly lower than at
habitat 3 (Tukey's HSD test; Figure 5.3; Table 5Mean nematode width was
significantly lower at habitat 2 than at habitat [39wever no significant
differences were detected between the remainingtatal(Tukey’'s HSD test;

Figure 5.4; Table 5.6).

Individual nematode biomass was highest at haBitand lowest at habitat 1

(Table 5.3). Mean nematode population biomassmestid from the product of
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average abundance and mean individual biomass gigtah ranged from 237-
398 pug dwt 10 crif, equivalent to 95 to 1599 C 10 cnf (Table 5.3).
Considering all 6000 measurements, a rough figorenématode biomass in the
west lagoon is calculated at 1fi§ C 10 cnif (0.113 g C rif). This figure is

based on the average of five values from the fivfferént habitats.
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Table 5.3. Length, width and biomass charactesisifilmematode assemblages from the 5 lagoon hahbit&liscovery Bay.
Numbers in brackets indicate 1 standard deviatieaZ00). Pop. Biomass = Population Biomass, estinfaten the product of mean
abundance and mean individual biomass per habwett= dry weight. C = carbon.

Pop. Biomass

Length (um) Width @m) Ind. Biomassy(g dwt) (ug 10 cn?).

Hab.| Min. | Max. Mean Median Min. | Max. Mean Medianl Min. | Max. Mean Mediar] dwt C

144 | 3723 728 (482 616 9 112 38(20Q.4) 32 0.004| 5.571| 0.210 (0.325) 0.125 241 96.4

88 | 4377 760 (594 599 121 117 37(17.8)30 0.010| 5.731| 0.247 (0.455) 0.111 398 159.2

173 | 4699 1144 (635) 970 5 120| 39(15.3) 35 0.017| 6.949| 0.447 (0.672) 0.211 247 98.8

157 | 4584 946 (561 767 14 9 38(1538) 34 0.013| 4.036| 0.319 (0.425) 0.168 286 114.4

QW [(N|PF

141 | 3778 829 (491 704 10 105 37(15.8)33 0.005| 3.651| 0.267 (0.400) 0.138 237 94.8
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Table 5.4. Pearson correlation matrix between nneamatode abundance, mean
length, mean width, mean L/W ratio, mean individoi@imass, and nematode
population biomass with mean chlorophgbbiomass, mean grain size, mean %
porosity and mean % silt/clay for the 5 lagoon tetbiat Discovery Bay.

Chla biomass Grain size Porosity Silt/clay

Abundance 0.819 -0.461 -0.850  0.025
Length -0.378 0.886* 0.571  -0.349
Width -0.559 0.459 0.232  -0.537
L/W ratio -0.504 0.803 0.596  -0.400
Mean ind. Biomass -0.280 0.927* 0.540 -0.408
Population biomass  0.906* 0.106 -0.759  -0.146

* Indicates significant correlatiom, <0.05

Pearson correlation analyses between selected oenmvantal variables and
nematode abundance, lengths, widths, L/W ratiogjvidual biomass and
population biomass and environmental parametersh®b habitats in the lagoon
are shown in Table 5.4. Mean nematode length arahnradividual biomass
both exhibited significant positive correlations< 0.05) with mean grain size.
Positive correlations between population biomasd amean chlorophylla
biomass were also significamqt € 0.05). Correlations for the remaining variables

were not significant> 0.05).
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Figure 5.3. Mean lengths of nematodes from thegbda habitats at Discovery
Bay (=2, £1SE). Habitats with the same letter are nghificantly different
from one another (Tukey’s HSD teat:0.05).

Table 5.5. Results of the three-factor nested ANQGa%amining differences in
mean nematode length from the 5 habitats within shallow lagoon at
Discovery Bay.

Source of Variation df MS F p Sig.  Error terms
Habitat 4 9.99 53.810.000 *** Site (Hab)

Site (Hab) 15 0.186 1.06 0.423 ns Plot(Hab(Site))
Plot(Site(Hab)) 40 0.1752.90 0.000 *** Error

Error 5940 0.060

! Data transformed to Lg(x)
ns = not significant; $<0.05; ** p<0.01; *** p<0.001

12t



50

1

30

Width (um)

201

101

0
Plot 13123 123123 123 123 1B 13 123 13 123 123 123 123 123 13 123 13 1B 13
Ste 12 34 1234 1234123401234
Habitat 1 2 3 4 5

Figure 5.4. Mean widths of nematodes from the ®daghabitats at Discovery
Bay (=2, £1SE). Habitats with the same letter are nghificantly different
from one another (Tukey’s HSD teat:0.05).

Table 5.6. Results of the three-factor nested ANQGd%amining differences in
mean nematode width from the 5 habitats withinsthallow lagoon at Discovery
Bay.

Source of Variation df MS F p Sig.  Error terms

Habitat 4 0.3244.17 0.018 * Site (Hab)
Site (Hab) 15 0.0781.02 0.458 ns Plot(Hab(Site))
Plot(Site(Hab)) 40 0.0762.53 0.000 *** Error

Error 5940 0.030

! Data transformed to Lag(x)
ns = not significant; $<0.05; ** p<0.01; *** p<0.001
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Figure 5.5. Boxplots of nematode length for eaduieg group from each of the
5 lagoon habitats. Note that box width is propardio to the number of
nematodes measured, which varied from 188 to 458 hmitat-group

combination. The connecting line represents themaé@ach feeding group.

Comparisons of nematode length for each feedingpezross habitats revealed
that the median length, first and third quartilesper whisker as well as mean

length were all highest at habitat 3 (Figure 5.5).

Figures 5.6 and 5.7 show scatterplots of nematodg tvidth versus length, and
corresponding L/W frequency distributions for edudbitat. Scatterplots and
frequency distributions for all habitats pooled étiger are also shown. Body
width versus length scatterplots confirm the presenf two morphotypes
inhabiting habitats 1, 2, 4 and 5. These morphatygf®w up in the scatterplots
as two distinct clusters of points and in the fieaey distributions as two distinct
peaks, the first peak corresponding to the plummpatede morphotype at around
a L/W ratio of 4, and the second peak correspondinghe typical slender
morphotype at a L/W ratio of 22. In between thaese peaks is a trough at a

minimum L/W ratio of 10 to 12. However the actualsftion of the peaks and



troughs appears to vary slightly depending on habaAt habitats 1 and 2 the
plump nematode peak occurs at a L/W ratio of 4,rede at habitats 4 and 5 the
peak occurs at a higher L/W ratio of 8. These peaksseparated by troughs at a
L/W ratio of 9 at habitats 1, 7 at habitat 2, andlLh at habitats 4 and 5. At
habitat 3, although a few plump nematodes existjrthumbers are vastly
reduced with very few individuals having a L/W mtiess than 10. If the
demarcation between plump and slender nematodehwoiyges is set at a L/IW
ratio of 9, then 10.7- and 89.3 % of nematodes wdr@lump and slender
morphotypes, respectively. Although nematodes wetadentified, many of the
plump nematodes (Figure 5.8) were of the gdRightersiaSteiner, 1916 (Pastor
de Ward and Lo Russo, 200Richtersiaspp have large buccal cavities without
armature and are non-selective deposit feedersgli(fgeype 1b).Desmoscolex
spp. were also found in the plump nematode asseepthese individuals are

selective deposit feeders (feeding type 1a).

Frequency distributions of nematode L/W ratio weié right skewed and
differed significantly between habitats (Kolmogoi®mirnov Test,p<0.05).
Only 28 nematodes had L/W ratios greater than 8@s& were composed of all
feeding groups, including 11 selective deposit é&s8d6 non-selective deposit
feeders, 5 epigrowth browsers and 7 predators. fEationship between
nematode body width and length and feeding growpaied two main clumps
and many outliers (Figure 5.9). The main clump aot® most of the nematodes
and is composed of all feeding groups in the midafiehe triangular area.
Towards the line at the top edge there is a sectumdp consisting of plump

nematodes which were predominantly non-selectiveposié feeders.
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Figure 5.6. Scatterplots of body width versus largtnematodes from lagoon
habitats 1 to 3 at Discovery Bay (left side), andesponding frequency
distributions of length/width ratios (right siddR00 nematodes were measured

per scatterplot / frequency distribution.
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Figure 5.8. Plump nematodeichtersiasp.
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Figure 5.9. Relationship between nematode bodyhwadd length and feeding
group. Plump nematodes are found nearer the top efdipe triangular area
whereas slender nematodes are found nearer tlwbetige.
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5.3.3. Nematode biomass and biomass spectra

Nematode biomass was significantly correlated widmatode length (Figure
5.10; Pearson'’s correlation coefficient; 0.703,p < 0.001,n = 6000 ). Individual
nematode biomass was highest at habitat 3 and {aatdsabitat 1 (Table 5.3).
Mean nematode population biomass, calculated gsrttkict of average densities
at each habitat and average individual biomassedfigm 237 to 398g dwt 10
cm? (Table 5.3) equivalent @5 to 159ug C 10 cnif. Considering all the data, a
crude mean figure of 118g C 10 cnf (0.113 g C n¥) is calculated for the

biomass of nematodes in the sediments in the \wwgsbh at Discovery Bay.

5.3.3.1. Regular biomass spectra
Regular nematode biomass spectra are shown inéd=lgdd. In general, spectra
increased with increasing body size up to sizeseks2 or -1 before decreasing in

the larger size classes. For habitats 1 and 2,dsermeaked at size class -2 (0.25 —
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to 0.5ug dwt, equivalent to 0.1 to 0j2g C), whereas for habitats 3, 4 and 5,
biomass peaked at size class -1 (0.5 touty.@wt, equivalent to 0.2 — Oy C).

Of note is that at H2 a second mode at size clagsdrred due to a high predator
and non-selective deposit feeder biomass. Visisgdeaations of the spectra show
that total biomass at the peak size class diffeetdieen the habitats. At habitats
1, 2 and 5, total biomass at the peak size classdvaetween 70 and §{y dwt.

At the coarse sand habitat H3 and the shallow ¢kalal habitat H4 this value
was much higher at ~130 and 10§ dwt, respectively. While there was a rapid
drop in biomass after the peak at size class hlaitdt 4, this decrease is far less
pronounced at habitat 3 and at size class 0 biomastll above 11qug dwt. Of
note is that no nematodes within the smallest siasses 8 or 7 were found at
habitat 3, or in size class 8 at habitat 2 or #il8rly no nematodes were found in
the largest size class at habitat 5, even thougtbithmass at size class 1 for this
habitat was still relatively high (38 dwt). While biomass was relatively low at
the largest size class for habitats 1 and 4, atdteband 3 it was approximately

15- and 41ug dwt, respectively.

5.3.3.2. Cumulative biomass spectra

Cumulative nematode biomass spectra are showngurd=i5.12. These spectra
show biomass per size class as a running total.spdictra appear relatively

similar up to size class -3. At size class -2 gpebiegin to depart from one

another with differences in the rate of increasdiomass at larger size classes
depending on habitat. The rate of increase in bssnad size classes larger than -2
is greatest for H3 and least for H1. Cumulativaltdiomass at H3 is more than

twice the biomass at H1; other habitats were inégliate these two extremes. In
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increasing order, cumulative total biomass forréraaining habitats was found at
H2, H5, and H4, respectively. It should be pointed that these biomass totals

are based on the measurements of 1200 nematodes&ch habitat.

Nested ANOSIM revealed that there were no significhfferences in cumulative
biomass spectra between sites nested within hapitadbwever significant
differences between habitats were apparent (Tallg Size spectra from the
following habitats were significantly different froone another: 1 and 3, 1 and 4,
2 and 3, 3 and 4, and 3 and 5, with resped@walues ranging from 0.427 to 1
(Table 5.7). Similarity percentages analysis (SINRPBf total biomass per size
class was used to determine the contribution ofividdal size classes to
Euclidean dissimilarities between habitats. Infatiora from SIMPER revealed
that size classes -2 and -1, and to a lesser esisntlass 0 contributed most to
the dissimilarity between habitats. This is mossilgaseen in the regular

nematode biomass spectra (Figure 5.11).
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Figure 5.11. Regular nematode biomass spectradamrh of the 5 lagoon habitats
at Discovery Bay. Individual spectra represent diaian 1200 nematodes.
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Figure 5.12. Cumulative nematode biomass speaima &ach of the 5 lagoon
habitats at Discovery Bay. Individual spectra repré data from 1200 nematodes.
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Table 5.7 R-statistic values and significance of pairwise ANR3ests for
differences in cumulative biomass spectra betweerbtiagoon habitats at

Discovery Bay.

Global Test R P

Difference between nested Sites across all Habitats 0.05 0.07
Difference between Habitats using Sites as samples 0.458 0.001
Comparisons between Habitats R P

1vs.2 0.135 0.171
1vs.3 1 0.029
1vs. 4 0.854 0.029
1vs.5 0.281 0.086
2vs. 3 0.677 0.029
2vs. 4 0.318 0.086
2vs. 5 -0.01 0.40
3vs. 4 0.427 0.029
3vs.5 0.573 0.029
4vs.5 -0.031 0.543
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5.3.3.3. Abundance spectra

Nematode abundance spectra are shown in Figure BeEk abundance occurred
at different size classes depending on habitatk Réandance occurred at size
class -5 for habitat 2, at size class -4 for halfitaand at size class -3 for the
remaining habitats. At habitats 1 and 2 abundanege higher in the smaller size
classes (-8 to -6). At habitats 3 and 4 abundanege higher in the larger size

classes (-2 to 0).
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Figure 5.13. Nematode abundance spectra from dabk & lagoon habitats at
Discovery Bay. Individual spectra represent datanfll200 nematodes.



5.4. Discussion

5.4.1. Nematode feeding groups

The study by Alongi (1986) was one of the firstewamine the structure of
nematode feeding groups within a coral reef envirent. He found that different
groups were associated with different functionahes of Davies Reef, on the
Great Barrier Reef. At the reef crest and acrossréef flat coarse to medium
sands were inhabited primarily by predators/omrégoand epigrowth-feeding
nematodes, while in fine to very fine sands in tagoon non-selective and
selective deposit feeders dominated. GourbaultRewaud-Mornant (1990) also
found that proportions of feeding groups differedvieen habitats in a Polynesian
atoll, with non-selective deposit feeders domimatiine to medium clean sands

and epigrowth browsers found in fine sands withgh Isilt content.

Like most lagoons, Discovery Bay is a heterogenesmusronment, containing
habitats which vary in sediment granulometry, biesnaf microphytobenthos,
extent of bioturbation and hydrodynamics. To adaegtent the hydrography of
any lagoon determines the characteristics of thérsents, with coarser particles
dominating areas of wave swash and increased watton, while finer particles
are found in the more quiescent regions. Since twea are highly selective
with regards to size, shape and quality of foocerefl (Wieser, 1953; Jensen,
1987), differences in the distribution of feedingpés can give insight into the
prevailing trophic conditions and food sources with specific area. Although it
is established that sediment organic content inftae nematode distributions,
rates of deposition of organic material exhibit igpatial and temporal

heterogeneity within coral reef lagoons, as do meedi organic matter
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concentrations (Sorokin, 1993; Alongi, 1998). Whileis often expected that
organic matter deposition should be higher in mguéscent areas, in coarse
sediment reef zones deposition is not necessaned than in areas where finer
sediments prevail. For example Koop and Larkum T)}9&und highest
deposition rates in the backreef area along a @mnsom the forereef to the
lagoon. In contrast, due to large temporal vargblansenet al. (1992) were
unable to find any difference between a shallow situated behind the reef crest
and a deeper site in the main lagoon. Westrum aagek$ (1978), working at
Discovery Bay measured carbon content of reef wiatartransect running from
the west forereef to the lagoon and detected arease in TOC at a station
situated just behind the reef crest. These autbamsluded that “organic matter
contributed at the crest is available as a resouramly a limited portion of the
backreef community — that part located directlyibdithe reef crest”. However
this conclusion appears to be too simplistic. Imes of adverse weather
macroalgal detritus and organic particles, presiynsloughed off reefs on the
seaward side of the reef crest and at the creddf, itwre often observed wafting
towards land within the water column. Furthermodring algal blooms
filamentous species such &haetomorpha linumare often deposited in the
vicinity of habitats 4 and 5 (Pers. Com. Dr Jerémgodley, former Director of

DBML, and own observations).

In the present study it was hypothesised that fepdjroups would display
particular affinities for certain habitats. In pewiar it was hypothesised that
epigrowth-feeders, which use their teeth to scriyme surface of sand grains

thereby grazing upon attached microalgae and bakteucilages (Wieser, 1953;



Giere, 1993) would dominate at habitat 2 where the®mass of

microphytobenthos was highest. In contrast, noeesige deposit feeders were
hypothesized to dominate the medium/fine sedimantsabitats 4 and 5 (Aller
and Dodge, 1974), situated in the quiescent regiothe lagoon occupied by
thalassinid shrimps, where the deposition and pnteat of particulate organic

material between mounds was regularly observed.

While the data presented here indicate that nematedding group structure
varied between habitats, some results were unesgheleeeding group structure at
habitat 2 was not dominated by epigrowth feedand, therefore this hypothesis
was rejected. In fact no particular group dominaté¢dH?2, although deposit
feeders were most numerous. This may be becausy seective and non-
selective deposit feeders exhibit trophic plastieihd will consume diatoms and
cyanophytes (Heipt al, 1985; Moens and Vincx, 1997). Indeed Perkins §)95
who studied nematode feeding habits off the codsKent, concluded that
Wieser's 1b group feed on diatoms and bacteria gnak measure. While
microphytobenthos may be consumed, the formationdetfitus from dead
microalgae and leaching of extra polymeric substancan also enrich the
sediment stimulating the microbial loop and prowgla further food resource for
deposit feeders (Uthicke and Klumpp, 1998). A nundfestudies have, however,
shown that the relative abundance of epigrowthdeedan be highest in coarse
grained coral reef sediments (Alongi, 1986; Bouch®97; Ndaro and Olafsson,
1999; Nettoet al, 1999; Rae=t al, 2007). This is consistent with the results of
the present study, although the difference in irsdaabundance between feeding

groups in coarse sediments at H3 was not signifidavidence that the biomass
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of microphytobenthos in reef sediments is ofternégy in coarse grained sands
(Johnstoneet al, 1990; Garrigue, 1998; Jonesal, 1999) may nonetheless partly
explain why epigrowth feeders have been found tmidate reef habitats of
similar granulometry. In comparison, in muddy seeints in the North Sea, non-
selective deposit feeders and epigrowth feedersirdded nematode trophic
structure, which was largely explained by grairesind the total organic carbon

content of the sediment (Schratzbergeal, 2008).

Compared to temperate marine sediments, coralsarafs generally contain less
organic material. Besides being highly permealenaihg for efficient advective
exchange of particulate and dissolved materialé witerlying waters, filtered
organic material in coarse reef sands is rapidiyemdlised by the microbial
community (Rasheedt al, 2003; Wildet al, 2005; Sgrenseat al, 2007). The
lower proportion of non-selective deposit feeders1a therefore likely reflects
the oligotrophic nature of coarse reef sedimentsdl8n, 1993) and the removal
of phytodetritus from the sediment surface due ttong hydrodynamic stress
(Raeset al, 2007). This results in the higher proportiongpigrowth-feeders and
predators/omnivores, although nematode predatioth tap-down control of
deposit feeders cannot be ruled out (Moehsal, 2000). In addition physical
disturbance may partly regulate nematode feedimymrstructure, since some
diatom-feeding nematodes are more active than slowing bacterial feeders and
are therefore less prone to physical disturban&e$iratzberger and Warwick,
1998). As will be discussed later, the length ahatodes at H3 was significantly
greater than at other habitats, reflecting both ltdrger size of predators (and

therefore the increased ability to consume smakheividuals), as well as a
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possible adaptation to lower quality food resourcesulting in species with

longer gut lengths (Titat al, 1999).

At habitats 4 and 5 non-selective deposit feedersidated the shrimp burrow
habitats as hypothesized. This is probably becatiaa increase in the deposition
of particulate detritus and associated bacterihigpart of the lagoon. On many
occasions, particularly after adverse weather, bwmicroalgal and seagrass
detritus were often seen accumulating within thpsdbetween ghost shrimp
mounds which appear to act as a catchment ardeafwsient detritus. This matter
would sometimes take from a few days to a weekarento fully decompose and

would often be observed becoming overlaid with rsegtit.

Surprisingly feeding group structure was similatween habitats 1 and 4, an
observation which was unexpected considering réspecdifferences in
sedimentary characteristics, although the biomdssicrophytobenthos did not
differ between the two habitats (Chapter 3). Glsbsimps are deposit feeders and
tend to be found in areas where there is incredepdsition of detritus, resulting
in sediments richer in organic matter which thegdfeon by removing it from
around their mounds. This is suggested to slowebiattgrowth rates (Hanseat
al., 1987). Although neither nematode densities nedifegy type are reported to
differ depending on the top, side or bottom of theund, Alongi (1986) found
that nematode communities among ghost shrimp bumamges are almost
exclusively dominated by non-selective deposit &ed In contrast, in the

Adriatic Sea, Kollert al.(2006) found that epistrate browsers dominatedaserf
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sediments situated around mounds. The distribusfothe macrobenthos within
the Discovery Bay Lagoon has previously been rdlatea gradient in sediment
stability; sediments in the western side of theotag in the vicinity of habitat 4,
were shown to be less stable due to high levelsiajenic reworking by ghost
shrimps and contained a lowered diversity of madenina compared to those on
the eastern side (Aller and Dodge, 1974). Althotlggse factors do not explain
the similarity in nematode feeding group structbeéween such diverse habitats,
they may offer further insight into the ecology babitat 4 allowing future
hypotheses about nematode feeding group strucaiveebn habitats 1 and 4 to be

constructed.

5.4.2. Nematode morphometrics — lengths and widths

Nematode size-frequency distributions are typicaltijnt skewed with a long tail
due to the high abundance of juveniles, a decreaggowth and increase in
mortality with age (Soetaeet al, 2002). In the lagoon at Discovery Bay the L/W
size frequency distributions confirmed this gengralof pattern. To my
knowledge, the study by Grelet (1985) appears tthbeonly published study on
the morphometry of nematodes from within a coraf environment. Conducted
along the coast of Jordan in the Red Sea, Gre®&5(1found that there was no
difference in length between different habitatshaligh he didn’t offer any

explanations for his findings.

In the present study nematode length was greatesbarse sands, the L/W

distribution shifting towards larger individuals habitat 3. Longer nematodes,
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besides having longer guts, are more mobile thaallesmindividuals providing
them with a greater ability to seek accessible f@®detaertet al, 2002). As
previously mentioned, the proportion of non-selextileposit feeders was much
reduced at H3, possibly suggesting that the sedsnkead lower quantities of
suitable food resources and/or that the qualitjootl was lower. Consequently,
by having a longer gut the transit time of foodhivitthe body may be increased,
resulting in a potential increase in absorptioncefficy (Soetaerét al, 2002). In

a temporal study in the North Sea during and aftgpring bloom event, decreases
in the chlorophylla concentration in bottom water after the bloom cmlad with

a decrease in small and corpulent species, andaeaise in the abundance of
larger adults (Vanaverbelat al, 2004). The findings of this temporal study seem
synonymous with the differences between habitatstha present spatial
investigation. In the more quiescent regions of l#goon L/W histograms show
an abundance of smaller, as well as plumper indaigl Yet at habitat 3 where
deposition is limited and the substrate regulaistwibed by wave action, the
histogram mode moves towards longer individualscokding to Titaet al.
(1999), long guts are characteristic of animaldatpg low energy food. In their
study, looking at nematode morphometry in the Stremce Estuary in Canada,
they found that nematodes with small width-to-léngttios were characteristic of
microvores, whereas greater ratios were typical epigrowth-feeders and
predators. Intermediate w/l ratios were found ilate-feeders, deposit-feeders
and facultative predators. Tigd al. (1999) subsequently proposed a morphotype
food-related hypothesis, whereby species morphotgikects the quality of

exploited food: nematodes with long guts such agawores (i.e. small w/l ratio)

144



favour digestive efficiency, while those with shgtits (i.e. larger w/l ratio), such

as epigrowth-feeders and predators are adaptadhajbality food.

Besides increased digestive efficiency, length alag convey advantages related
to stability within the sediment, and hence thelitgbito prevent passive
displacement into the water column, i.e. invertebrdrift (Palmer, 1988). At
increased water velocities nematodes are more piilsieeto being dislodged
from sediments (Gamenick and Giere, 1994). Mariematodes move through
sediment interstices via a sinusoidal undulation tleéir longitudinal body
musculature. Consequently, the minimum pore sphosugh which they can
move is primarily related to the length of the néwda, since the amplitude of
undulation is proportional to body length (Kirchregral, 1980). Larger, longer
nematodes, particularly those with long setae tlawaght to be better adapted to
hanging on to sediments in high energy environm@Marwick, 1971; Tietjen,
1976). Plus due to their length and wider girthytsbould also be better able to
bridge sediment grains subjected to high advegore water flow. Compared to
finer sands and silts, coarse calcareous sandsnwidef systems are highly
permeable and less cohesive, resulting in higheecive pore water flow rates
(Rasheedet al, 2003). Therefore, nematodes in coarse calcarsansls are
potentially more likely to be subjected to highessve forces, than individuals of
similar size in finer grained sediments where ativeqore water flow rates are

lower.

14¢



In a study on nematode morphometry from the sloethé deep sea in European
marine waters, longest average nematode lengthe Wwemd in sandbanks
subjected to strong currents where food availgbiNtas extremely low
(Vanaverbekeet al, 2007b). As in this study, these authors hypossesihat the
increased length probably prevents nematodes fremgberoded. Increased
nematode length may therefore be an ecologicalradga helping to maintain
occupancy within the sediment in habitats subjettetligh levels of advective
pore water flow or disturbance resulting in thepamsion of individuals into the
water column. This hypothesis is further backeabservations that the increased
length of nematodes at H3 is independent of feedjrmyp, i.e. the increased
length is not simply due to the longer average tleref predators/omnivores.

Minimum and median nematode lengths were also Bightehabitat 3.

It is nevertheless possible that shorter nematdulesowed deeper into the
sediment to avoid being swept away and were noguately sampled in this
study by the 5 cm deep sediment core. Howeavertu experiments conducted in
sands of similar granulometry on the forereef sedwaf H3 showed that
nematodes did not increase in deeper sedimentslagecurrent speed increased,
to the point at which there was visible sedimestutbance (Gamenick and Giere,
1994). Furthermore, laboratory flume experimentsfbthat as the speed of the
water over the sediment increased, nematodes wdraireed into the water
column and their abundance in deeper sedimentdajesreased (Gamenick and
Giere, 1994). These observations therefore sugiedtthe larger lengths of
nematodes at habitat 3 were not due to samplirdaais. Lowest abundances of

nematodes at habitat 3 (Chapter 4) further sugtest this habitat is less
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hospitable to nematodes compared to the otherseyedvwithin the lagoon.

While nematodes were not identified to speciesjreustudies should attempt to
assess whether the increase in size at H3 is dile ttommunity being composed
of larger individuals of similar species as foumdthe rest of the lagoon, or
alternatively whether there is a community shifvaods different species that are

longer and better adapted to the localised hydranhyecal disturbance.

5.4.3. Nematode morphometrics — plump and slensirablages

Ratsimbazafyet al. (1994) were the first to confirm the existencetwb distinct
nematode morphotypes, consisting of a plump assagahlith low L/W ratios,
and a slender assemblage with much higher L/W gakarther studies by other
researchers have found these findings to be widadpfe.g. Soetaeet al, 2002;
Vanaverbekeet al, 2004; Vanhoveet al, 2004). The results of the present study
confirmed the existence of both plump and slen@enatode morphotypes in the
sediments of the coral reef lagoon at Discovery.Bay my knowledge, this is
the first time that both morphotypes have been omied from a coral reef
environment. However, what is particularly intenegt is that the plump
morphotype was virtually absent in coarse sedimanthabitat 3. In order to
explain this finding, it is pertinent to discus< tktheories that have been put

forward regarding the adaptive advantages convbydaking small and plump.

While slender nematodes comprise a large varietynerhatode taxa, plump
assemblages are typically composed of just a femh @s the desmoscolecids

Tricomaspp.,Desmoscolespp.,and Richtersiaspp., as well as members of the



epsilonematidsg(Soetaertet al, 2002; Vanaverbeket al, 2004). Since both
morphotype groups include members from distantlgteel taxa, the duality in
nematode design was hypothesized by Soetdeat. (2002) to be an ecological
adaptation conveying either greater mobility (skender/longer morphotype) or
reduced vulnerability to predation (i.e. plump muostype). This hypothesis was
based on the fact that longer nematodes are motelerend able to penetrate
deeper into the sediment than shorter plump nereafodvhereas plump
nematodes are heavily cuticularised with protecfivetrusions suggesting that
these adaptations may be a defense mechanism tageedstion. Soetaest al.
(2002) further suggested that thin slender nematdédee a higher tolerance to
lower oxygen levels than plump nematodes with iaseel body widths. Smaller
nematode species likely have higher growth rates feters, 1983) and therefore
the age at first breeding is reduced, since thaglredulthood faster than species
that grow to a larger size. Consequently plump riedes may be opportunists
which take advantage of food supplies, but alsaldyidiminish in numbers

when there are food shortages (see Vanavenrbiekke 2004).

So why were plump nematodes absent from habitat323 sediment porosity
was generally higher than at most other habitatap@r 3). Although porosity is
of limited biological significance since it doesmiecessarily correspond to the
pore volume available to animals (Giere, 1993)haigporosities and a low
silt/clay fraction suggest larger interstitial spaavould be found at H3, thus not
physically precluding fat plump nematodes. Morepvemimum, maximum and
mean nematode widths were all highest at H3, amnfig that the size of the

interstices were not a limiting factor for mostiwiduals. It is possible that low
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oxygen levels prevented plump nematodes from csilogisediments at H3, since
compared to fine carbonate sediments oxygen cortsumpates are greater in
coarse carbonate sands (Rasheteal, 2003). This may partly explain why longer
individuals and individuals with higher L/W ratiggedominated, since they are
better adapted to bridge gaps between oxic andi@ateyers in the sediment. If
plump nematodes are more susceptible to low oxygeels they would have
been expected to reside within the top layers efgldiment, rather than being
almost completely absent. This again rules out otitogical artefacts caused by
cores not being taken to a deep enough depth. Sihoep nematodes were
predominantly non-selective deposit feeders, pevliagir abundance was limited
at H3 by the availability of suitable food resow®en sediments of the same
median grain size but with different proportionssif, Tita et al. (1999) found
that nematodes with smaller L/W ratios were moranalant in sediments with
increased organic matter, supporting their morgh®tipod related hypothesis.
Also, since plump nematodes are less mobile than slender morphotype
(Soetaertet al, 2002), it is possible they are less adapted tdrddynamic
sediment disturbance and hence were unable to amaicwntact with the benthos
at higher friction velocities (a measure of shdsrss or erosive force imparted by
flowing water on bottom sediments and meiofauna (Balmer, 1988)). It is
therefore suggested that a combination of factoay ime responsible for the
absence of plump nematodes at H3. These includdability of oxygen,
suitability of food resources, and the inabilityiedividuals to resist dislodgement
and erosion from sediments. In order to test teoty, as a first step laboratory
flume experiments similar to those conducted by &aiok and Giere (1994), but

comparing nematode morphometry both in the watdunso and benthos
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concurrently over a range of sediment particle sizath different oxygen

consumption rates should be conducted.

5.4.4. Nematode biomass and abundance / biomassaspe

The population biomass of nematodes varied betvimaditats within the lagoon
but was highest at H2 which contained the highashass of microphytobenthos
and abundance of nematodes (Chapters 3 and 4ghAyhsignificant correlation

between population biomass and microphytobenthos faand underlining the
importance of this food resource, either directly onsumption or indirectly due
to it's effect on sediment stability and the midgedbweb (Miller et al, 1996;

Moenset al, 2002; van Oeveleet al, 2006).

Average individual nematode biomass was highesthaitat 3 and was
significantly positively correlated with grain sjzeorroborating the findings of
Grelet (1985) for reef sediments in the Red Seaalstudy examining the
relationship between nematode size and water depth 120 locations around
the world, mean nematode size was strongly coeelatith median grain size
over all depth ranges (Udal@t al, 2005). Yet in contrast to the present study,
when depth was removed from the model, the corosldietween nematode size
and grain size within the 0 to 10 m depth rangeatrexinsignificant. However in
the North Sea, average individual body size in@dasith decreasing grain size
(Schratzbergeet al, 2008). Likewise, in the St Lawrence Estuary imé&da,
mean individual nematode biomass was highest indpsddiments compared to
sandy sediments of similar median grain size (&ttal, 1999). This was because

muddy sediments were mostly inhabited by large dwirrg species. Above a
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critical median grain size of about 20fh most meiofauna are interstitial species
(Wieser, 1959). For nematodes, however, the crigcan size is suggested to be
even smaller (120- to 12pm) due to their distinct slender morphology and
sliding mode of transport which enables them to entwough the slightest of
spaces between sediment grains (Wieser, 1959; ,Ci@8B). Since all sediment
samples in the present study had median grain $zB82 pym, the majority of
nematodes were presumed to be interstitial ratiem burrowing species, hence

the much higher abundance of the slender morphotype

The range of nematode biomass (0.02- tu@8vet weight) found in this study is
similar to the values found in other studies (&\geser, 1960; Gerlackt al,
1985; Duplisea and Hargrave, 1996). Average neneabiaimass figures of 0.3 g
m? dwt and 0.113 g C thfor the west lagoon at Discovery Bay are calculated
based on the product of average density and avdriageass from all samples.
These figures compare favourably to values foundha southern zone of the
North Sea (0.5 g dwt fHeip et al, 1985) and lagoon sands in French Polynesia
(~0.095 g C rif, calculated from Table 4 of Villiers, 1988), buedower than in
Helgoland Bight (0.6 g C iGerlachet al, 1985) and tropical sediments in Gulf
of Agaba (1.06 g dwt i Greletet al, 1987). Of course biomasses vary both
spatially and temporally. Nevertheless these aeexadues are the first obtained
for this lagoon and should hopefully be of use theo studies, in particular
trophic balance models such as ECOPATH (e.g. Pmdo\i984; Arias-Gonzalez,

1994; Rosado-Solorzano and Guzman Del Proo, 1998).
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The present study is the first to examine nematndmass spectra from a coral
reef ecosystem. The results of the ANOSIM test destrated clearly that CNBS
differed between habitats in the lagoon contairsediments ranging from fine to
coarse sands. Consequently, the null hypothesistitese is no difference in
nematode biomass spectra between habitats with rasbimg sediment
granulometry in the lagoon at Discovery Bay carrdjected. In coarse sands at
H3 a shift towards higher biomasses in larger siasses (-1) was observed,
while individuals were absent in the two smallese <lasses (-8, -7). NBS from
the remaining habitats were intermediate betweemamtilH3, but shifted towards
higher biomasses at larger size classes in thelyhigioturbated medium to
medium/fine sands at H4 and H5, respectively. Feuntore, average individual
biomass in coarse sands at H3, where nematode ahcmavas lowest (Chapter

4), was more than double the amount found in uadbed fine sands at H1.

While a number of studies have examined the ebhtomass spectra of metazoan
benthic organisms, Vanaverbeke al. (2003) quoting (Edgar, 1990) mentioned
that using different sampling gear and sieves wiiffierent mesh sizes (e.qg.
Gerlachet al, 1985) can lead to the overestimation of biomastheé lower size
classes. Vanaverbeket al. (2003) further remarked that the use of different
sampling gear could also introduce bias since glesitype of gear is designed to
effectively sample organisms within a specific sia@ge. Hence these authors
suggested that using a single type of samplingpaggit and a single sieve mesh
size to sample a single taxon such as the domimembfaunal taxon, i.e. the

nematodes, could overcome some of these problems.
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Unfortunately literature on nematode biomass specom sites of similar depth
is not available; moreover there are no reporthénliterature of benthic biomass
spectra from tropical marine habitats. Neverthetk8srences in biomass spectra
have been suggested to be due to numerous fadtwkding sediment
disturbance and food supply, For example, on thigi&e Continental Shelf the
temporal effects of a phytoplankton bloom (foodsedlon NBS were examined
(Vanaverbekeet al, 2003). Concomitant with an increase in chloroplaylin
bottom waters, nematode biomass increased in thilenipart of the regular
nematode biomass spectra, due to an increase abthredance of juveniles. This
was attributed to the higher food availability etmonths proceeding the bloom.
In the present study a similar yet spatial effeesviound. While it is only just
evident in the regular biomass size spectra, thenddince size spectra clearly
shows an increase in the number of individualsahitat 2 in size classes -6 and -
5. These nematodes were most likely juveniles arsiff@ll opportunistic species
possibly responding to the increased availability microphytobenthos,
breakdown products, or other related factors (@etrapolymeric substances,
bacteria, detritus, sediment stability). In orgailicenriched sediments, Duplisea
and Hargrave (1996) showed that small meiofaunapose a larger fraction of
the meiobenthos. Nonetheless, the slope of therumgieof the CNBS at habitat 2
was less steep than habitats 3, 4 and 5, suggdbhaihdghe increased biomass of
microphytobenthos and relative increase in the rernab individuals in smaller
size classes had limited influence on the total Wative biomass. Thus the
consistent elevated levels of microphytobenthoklztover the study period did
not seem to produce the same sort of effect obithreass spectra as documented

by Vanaverbekeet al. (2003). Of note though is the small second peathen
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RNBS at H2 at size class 1 which was due to a tegel non-selective deposit
feeders and predators/omnivores. The predators pessibly responding to the
increase in abundance of smaller prey nematodesay’ aoted by Schratzberger
et al. (2008), community metrics can obscure strong nese® of individual
species, since increases in body size in respangeotd availability is highly

species-specific (e.g. dos Sanabsl, 2008).

In the North Sea the effects of an annual phytdgtam production cycle on

nematode community dynamics were followed (Schextzéret al, 2008). While

most nematode species bred continuously througtimitsampling period, the
epigrowth-feeding speciesSpilophorella paradoxa had increased growth
following the deposition of the spring phytoplanktdloom. Body size

distributions of this species varied spatially aednporally but were clearly
related to differences in food resources in thensent. High levels of both fresh
and refractory material coincided with equal prajns of juveniles and adults in
the population. However as carbon resources dimeaver the winter months,
smaller individuals increased and larger nematoéetined. Although the present
study did not attempt to assess biomass spectranddfidual species, it is

interesting that the abundance spectra at H2, tbst productive habitat, was
dominated by smaller individuals yet with low biogsain the larger adult size
classes. At several stations in the Bay of FundyCemada, causal analysis
suggested meiofaunal biomass spectra were a fundiofine sand and the
abundance of microalgal biomass (Schwinghamer, 1I8®lisea and Hargrave
(1996), also working in the Bay of Fundy, were uUeatp detect differences

between meiobenthic biomass spectra along a gradiersediment organic
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enrichment in the vicinity of a salmon aquacultdaem, suggesting that the
additional organic material had limited effect. Hoxer in the deep sea, although
nematode body size tends to decline with depth rdewy to the body size
miniaturisation hypothesis (Thiel, 1975), siteshninicreased food resources tend
to have larger nematodes and higher biomassesrgerlesize classes than
oligotrophic sites (Vanreuset al, 1995; Sommer and Pfannkuche, 2000; Udalov

et al, 2005; Kaariainen and Bett, 2006).

Besides the availability of food, nematode biomsyesctra may also be affected
by sediment disturbance caused by sand extractimh teawling. On the
Kwintebank off the coast of Belgium, at a high saxtraction station biomass
peaked earlier in the spectra relative to unexpibgandbanks and areas with low
sand extraction, although differences in spectrawden stations were not
significant (Vanaverbeket al, 2003). These authors suggested the peak could be
due to smaller species being more resilient touthsinces caused by sediment
removal, resuspension and changes in overlying maierents, since smaller
species show rapid growth and early reproductiod ame often deemed
‘colonisers’. Vanaverbeket al. (2003) also found that biomass peaked at higher
size classes at their Kwintebank gully station wiimited extraction, and
attributed this to the station having fine sedirsesith a median grain size of 171
pm. This is in contrast to the present study whatind biomass peaked at lower
size classes in fine sands at habitat 1, and higjherclasses in disturbed sands at
3, 4 and 5. In the Baltic Sea, Duplisea and Drd@9%) examined the complete
metazoan size spectra across sites ranging fromseaand to mud; however

significant differences in spectra were found amlgr the smallest metazoan size
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ranges corresponding to the meiofauna. In finensedis biomass peaked at lower
size classes than in the coarser sediments, iremgm with the results of the

present study.

Where biomass spectra have been utilised to exath@eeffects of trawling
disturbance on meiofauna communities, and nematodes particular,
Schratzbergeet al. (2002) showed that there were no short- to medam (1 —
392 days after trawling) impacts on nematode biemas diversity, although
community structure was slightly affected. Thesethaxs reasoned that
nematodes, due to their small size, were likelyuspended by the benthic trawls
and therefore suffered limited mortality; high taver rates and short life cycles
compensating for any short term negative effectdntrast in the Aegean Sea,
Lampadariouet al. (2005) found that 30 days after trawling most loé farge
nematodes were absent due to the disturbance atsitexs studied. However this
was not the case at their coarsest sediment sedi@m diameter 127 um), a fact

they could only relate to the size of the sediments

Interestingly, when the magnitude of differencauerage median grain size (um)
between any two habitats is less than 130 um, d¢ispective spectra are not
significantly different (apart from habitat combiimen 1 vs. 4: 340 — 210 = 130

pm; see Chapter 3). This suggests that spectratiedntats with large differences
in median grain size are more different to one la@gtwhereas those with similar
grain size are more similar. Nonetheless, whiles thiudy has shown that
nematode biomass spectra from habitats of coniagtianulometry differed, the

granulometry characteristics largely reflect thgrde of exposure to currents and
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waves. Despite the fact that grain size varied betwhabitats in this study,
sediment disturbance caused by wave swash andrlmiion also varied.
Although sediment disturbance was not quantifiezjiment resuspension and
bioturbation at a number of sites located closthéohabitats in the present study
have previously been evaluated by Aller and Dodd#4). At their A5 station
located in the vicinity of habitats 4 and 5, seditsewere highly unstable due to
intense bioturbation bZallianassaspp. and easily dispersed and resuspended by
wave action (average 19 mg sediment?cper day). In contrast, sediment
resuspension was much lower at their B5 statioeréme 6 mg sediment énper
day), which was located in close proximity to habR. Furthermore, sediments at
B5 were bound with benthic algae (supporting ole@ns in Chapter 3), which
helped to stabilise the sediments (Aller and Dodd¥4; Miller et al, 1996).
According to Gray (1981), sediments composed Igrgélparticles around 180
Km in size are the most stable of all, and occuerehvave and current action are
minimal. At habitat 1, average median grain sizes\240 pm and there was
limited bioturbation by epifauna and little sedirhatisturbance due to wave
action. Therefore habitat 1 was deemed the modilestaut of all habitats
surveyed in the present study. Although it is aekedged that grazing by
spatangoid urchins and bioturbation by the abundeidfauna community would
tend to destabilise sediments at habitat 2, thi higmass of microphytobenthos
would have an opposite, stabilising effect (Chaptand Aller and Dodge, 1974;
Miller et al, 1996). Hence sediments at habitat 2 were alsmeééeaelatively
stable. Considering that habitat 3 was subjecintense wave swash, and that

habitats 4 and 5 were intensely bioturbated, tliferdnces in biomass spectra



could also possibly be explained by variationsatural disturbance at the various

habitats.

In the marine environment disturbances due to wawgon and bioturbation are
key factors which influence the structure and dywanof soft-sediment benthic
communities (see reviews by Hall al, 1994; Sousa, 2001). However NBS have
not been specifically compared between habitatgestdd to differing amounts of
wave motion and bioturbation before. Yet since rteai@ biomass is significantly
positively correlated with length, larger heavierbgit only fractionally so)
nematodes may be better adapted to withstand setlim&ability in two ways:
firstly they may be less delicate than smaller vidilials and thus more able to
withstand increased sediment movement, and secoddly to their weight, it
would take more energy to suspend them into theewedlumn than lighter
individuals. Obviously a key factor which smallHigbenthic organisms have to
contend with is living in sediments subjected tovement, resuspension and
advective porewater flow. These factors would alidt to increase the passive
incorporation of surface dwelling nematodes inte Wmater column (see Palmer,

1988; Boeckneet al, 2009).

As mentioned above, Vanaverbeiteal.(2007b) recently reported finding longest
average nematode lengths in sandbanks subjecttbty currents and suggested
that the increased length probably prevents themm fbeing eroded. In highly
dynamic sediments, large body size and long ceplsaliae are also suggested to
help provide anchorage (see Warwick, 1971). Theeefohile food availability

and sediment disturbance influence nematode abuadamd biomass size
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spectra, it is also suggested that spectra in liaflosv lagoon at Discovery Bay
are also influenced by localised hydrodynamics. ddeer, it is hypothesized that
water flow over and through the benthos selectiveipoves smaller individuals.
Furthermore, it is suggested that this effect msaggst in sediments subjected to
disturbances caused by high wave swash and bidtombavhich result in high
advective porewater flow due to high pressure grmdi (Precht and Huettel,
2003) and sediment resuspension (Aller and Dodd#/4)l respectively.
Therefore, in order to more fully understand thases of variation in nematode
biomass spectra, the effect of hydrodynamics, hiation and sediment

disturbance on nematode communities should bedustudied.

5.5. Summary

Nematodes are increasingly being used to moniterituence of natural and
man-made disturbances on the marine environmens. Sthdy, conducted in a
relatively pristine environment, revealed that eliént methodological approaches
offer diverse insights into the relationships betwethe nematodes and the
benthos. Differences in feeding groups, morphometng biomass spectra were
found within the lagoon, however relationships wstidiment characteristics and
food resources were complex. Community metrics aggue to shift towards
larger nematode lengths and higher biomassesgarlaize classes as sediments
shift from fine to coarse sand. While localised toghynamics largely cause
observed grain size distributions, sediment stgbéind the potential for erosion
of smaller individuals from sediments appears toabplausible theory partly
explaining the observed variations in morphometend size spectra within the

lagoon. The observations in this study should floeeefurther enhance our



knowledge of the most abundant metazoan in thenmamvironment, while also
allowing specific hypotheses to be constructed. Témults presented can also
provide baseline data from which to monitor natucdlange in nematode
communities, as well as the effects of man-madeidiance on the benthos in the

lagoon in the future.
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6. SYNTHESISAND CONCLUSIONS

The overall aim of this thesis is to understandgpatio-temporal patterns in the
benthos within the shallow west lagoon at Discovgay, in order to gain further
insight into the ecology of meiofauna and micropingnthos. As one of the best
studied coral reef ecosystems in the world, it igpssing that so few
investigations have been conducted on the softrsmti lagoon benthos. Since
meiofauna are imperative to the structure and fanuotg of marine ecosystems,
and microphytobenthos are at the base of soft-sdiniood chains, this
mensurative thesis aimed to investigate patterns nreiofauna and

microphytobenthos in characteristic habitats withia shallow lagoon.

6.1. Aim 1: To characterise the sediment granulometry of five characteristic

and visibly different habitats within the shallow lagoon

As a prerequisite to any benthic sampling campédigs,sediment characteristics
of the study areas were assessed. These includdidhese particle size
distributions and derived granulometric statistiédthough sediments within
seagrass beds were not examined, the habitatdeskbleracompassed a range that
were typical for the shallow lagoon. These includied white fine sands in a
sheltered area to coarse sands at a site borddmngackreef subject to wave
break. Grey enriched medium sands of increaseduptivity midway between
the reef crest and land were also surveyed, as twereéopographically-complex
thalassinid shrimp mound habitats, one shallowtaedther slightly deeper both

with increased proportions of fine particles.
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Among the study sites there was a large degreeaoétion in the univariate
physical characteristics of the benthos, yet thdtivamiate analyses effectively
separated the stations into discrete habitatsjrooinfy initial visual observations.

Hence the first aim of this study was successftdigpleted.

6.2. Aim 2: To assessthe spatial and temporal variation in

microphytobenthos within the shallow lagoon

In soft-sediment habitats microphytobenthos ishat base of the food chain,
stabilises sediments, and plays a large role imienit cycles. Assessment of
microphytobenthos is therefore a fundamental pssouto the many processes
driven by microphytobenthic primary production. Hoxer until the present study
was conducted, microphytobenthos in the west laduah never been assessed

before.

The biomass of microphytobenthos within the 5 kabittompared favourably

with other tropical lagoon systems. In agreemeitl the literature, biomass was
extremely patchy over small spatial distances, witist of the variation attributed

to the plot scale. While average biomass was sinfiktween most habitats,

elevated levels were consistently found at haBitaver 3 sampling events during
the study period. Between 1995 and 1996, survegdued within the main bay

showed that sites in deeper waters and those esit@abund the south west of the
bay were richer in nitrate, possibly due to a latkproper sewage treatment
systems and the wide-spread use of soak-awaynpiteilocal vicinity (Webbeet

al., 2005). While the influence ah situ decomposition was not mentioned, the
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deep main bay acts as a sink for particulate dstitafting in from reefs situated
north east of the lagoon. It is therefore plausthk this area is also a source of
recycled nutrients. Consequently, the elevated agmat H2 was explained by the
large body of water that travels over that habgapplying nutrients derived from
both anthropogenic sources as well as the minatalis of detritus deposited in

the main bay.

Considering the abundance of meiofauna at H2, tlewated biomass of
microphytobenthos almost certainly had an effecthen sediment communities.
Furthermore, deposit feeding heart urchins wereacttd to the area and
consumed the rich sediment deposits. As heart nschburrow they release
trapped nutrients, enhance the flux of oxygen ithe sediments further
stimulating microbial decomposition and remineiisn, and provide a source of
excretory ammonium (Lohraat al, 2004; Lohreeet al, 2005; Vopekt al, 2007).
These factors combined further enhance microalgadyction. High numbers of
deposit- and epigrowth feeding nematodes, as vgefirasumably many grazing
and bacteria-consuming copepods, were most likedyagned both directly by the
microphytobenthos itself, and indirectly due todk#own products, exudates and
it's effect on the microbial web. Like the hearthins, nitrogenous excretion by
the high density of meiofauna (Gray, 1985) alsoaeks benthic primary
production helping to maintain the high levels @nthic microphyte biomass

over time at habitat 2.
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6.3. Aim 3: Assessthe spatial variation in meiobenthos within the shallow

lagoon

Total meiofaunal abundance was in line with manyeotstudies from similar
habitats. Accordingly, nematodes dominated the fasim with copepods
coming second. A total of 22 higher taxa were rdedr of which 6 (nematodes,
copepods, turbellarians, polychaetes, oligochaeted ostracods) contributed

more than 1% to total abundance.

The distribution of common taxa was heterogeneottsiwthe lagoon, and the
structure of the communities clearly differed betwehabitats. As mentioned
already, the high biomass of microphytobenthosadiitat 2 appeared to have a
positive effect, either directly or indirectly, dhe abundance of nematodes and
copepods whose abundances were highest there.ngar@mponents revealed
that the proportion of variation was greatest a ®mallest spatial scales,

confirming the patchy nature of meiofauna commesiti

Unfortunately biotic and abotic samples were natgohwith one another at the
time of sampling. Therefore attempts to correlatenatch the patterns in faunal
distributions to the benthos using the completea datatrix were prevented.
Efforts were therefore made to indirectly match vhagation in spatial patterns by
plotting average Euclidean distances (sediment) Bray-Curtis dissimilarities

(meiofauna) for each spatial scale against onehanot his was done to see if the
fauna varied at similar spatial scales to that lé sediment granulometry

parameters. However only habitat 2 showed a sinp&tern of change in the
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magnitude of the two indices at the different sglagcales. This suggests that, for
the most part, the meiofauna were not respondirectly to the variation in the
measured sediment characteristics, and impliesothat factors were most likely
interacting to cause observed spatial distributiom&is is not surprising
considering the whole host of other factors besgiment granulometry which
influence patterns in the distribution of benthiganisms, such as predation,

competition and sediment biogeochemical properties.

6.4. Aim 4: Examine nematode feeding groups among habitatsin order to test

hypotheses that different groups have affinitiesfor certain benthic conditions

Based on visual observations of accumulated magabaind seagrass detritus at
H4 and H5, as well as the fact that sedimentsgndas colonised by thalassinid
shrimps are usually enriched with detritus and mi@anatter, it was hypothesized
that non-selective deposit feeding nematodes wdaidinate at habitats 4 and 5.
This was indeed correct and the relative abundahti@s group was significantly
higher than the rest. Non-selective deposit feedtss dominated at H1 in the
fine clean sands perhaps due to it being a staivieomment with high microbial
resources. Additionally, epigrowth feeders weredtlipsized to dominate where
the biomass of microphytobenthos was highest. Hewekis hypothesis was
rejected since no particular group dominated atithgt?2. Deposit feeders,
however, were most numerous, probably becauseeofdahed range of sizes and
types of food items that these two groups can aoesWhile it was apparent that
different groups had affinities for particular halbs, the minimum relative

proportion of any feeding group was ~ 15%, thusdme degree all groups were
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represented at each habitat. This was confirmedhbyhigh index of trophic

diversity at each habitat.

6.5. Aim 5: Examine nematode body size and biomass spectra from
communities subjected to different sediment conditions and for ms of natural

distur bance.

Differences in nematode lengths were found betweanitats although widths
were more homogeneous. Nematode lengths were shantehe more stable
habitats H1 and H2, longer in the bioturbated laibiH4 and H5, and longest at
H3 in coarse sediments subject to wave swash. iliglge differences could have
been due to variations in the age structure andiespecomposition of the
communities, it is argued that length conveys athges towards stability within
the sediment and erosion from it regardless. Fregyudistributions of L/W ratios
documented the shift in nematode size among thetatsband revealed the
disappearance of the plump morphotype group of teaea at the wave disturbed
habitat 3. Due to the high wave swash at H3, dépasof detritus is decreased
there and high advective pore water flow likely oaes much of the particulate
organic matter and also many of the smaller neneatodividuals from the
sediments. Hence the longer size is possibly aftlgb-response to erosive
hydrodynamic forces and lowered food quantity andfaality; nematodes from
food poor environments being hypothesized to haeeeased L/W ratios in order
to maximise assimilation efficiency of availableotbresources (Soetaest al,

2002; Titaet al, 1999).
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For the first time nematode abundance and bionzssra were constructed for a
coral reef environment, and significant differenceshiomass spectra between
habitats of contrasting sediment grain sizes wetmd. In disturbed sediments
spectra shifted towards larger size classes andtrappeaks were recorded at
higher biomasses. These results were in contraséveral published reports of
disturbance due to trawling and sand extractione Téasons for this are not
entirely clear, but may suggest a differential cese of nematode morphometrics
to levels of natural compared to anthropogenicaliguced disturbances.
Nevertheless, it is hypothesized that larger nedesto which are also longer
individuals, are better adapted to natural distuckacaused by waves and
bioturbation. This may be due to being physicatiprsger, more able to resist
erosion, or simply since they are heavier (althoogirginally so) and therefore

not as likely to be entrained into the water column

6.6. Discussion of methodology

Although this study showed that there were no tewmpdifferences in the
biomass of microphytobenthos between dates, véitiaim microphytobenthos
over small times scales in the order of days isAkndn order to show that there
were indeed no significant differences (or sigmifit differences, for that matter)
between dates a few weeks apart, replication ofsdrapling unit, i.e. time, is
needed (Underwood, 1997). Without this extra lefedampling the findings are,
in effect, spatial ones since there is no tempoeglication to unconfound
variability at the 3 weekly time scale from thatiah could, and most likely,
occurred at faster intervals (Underwood, 1997}hmpresent study replication of

the temporal sampling unit was not undertaken au¢hé massive additional



amount of sampling effort that would have been ededonsidering the high
resolution of the spatial sampling design. Thiasible criticism of the temporal

sampling design used in this study.

Regarding the spatially nested sampling desigshdauld also be mentioned that
the possibility arose for sites nested within retkitas well as for plots within a
site to be adjacent to one another. Although thsitipaning of sites within a
habitat were never contiguous, it cannot be remeeabié plots within a site ever
were. If they had been, the assumption of indepetelef sampling units would
have been violated. If so, it is recognised thatati@n at the residual scale would
not have been able to be separated from variatiothe plot scale in the
proceeding nested Analysis of Variance (Underwot@97). In hindsight,
replicates at all nested scales should have besgnasl to positions within the
relative habitat under the constraint that repdicanits could not be contiguous.
This would have alleviated the possibility of lackindependence in sampling
units if plot samples had been contiguous to orathemn. Nevertheless, it is not
possible to correct for this after the event aretdfore the analysis was run as
planned. The consequence of this is that, if ghaid been assigned to contiguous
positions depending on the random number generaseguence, residual

variation would be confounded by variation at tbals of plots.

As discussed by Udaloet al. (2005), there are a number of sources of error,
including preservation effects, weight calculatiodstermined by different
gravimetric and volumetric methodology, as welcasaversion factors which one

should be cautious of when making comparisons leEtwéiomasses of
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meiofauna. In the present study a 40% conversiotoifaf dry weight to carbon
biomass has been used in line with the majoritystofdies in the literature.
Nonetheless, empirical determinations have sugdeatedry mass to carbon
conversion factor of 51.4% is more appropriate (Baget al, 2004). This would
tend to increase the figure calculated for cafbiomass of nematodes within the
lagoon. Likewise, the 6@m mesh aperture used for the separation of meiafaun
from sediments would undoubtedly allow some ofghmllest metazoans to pass

through, thus underestimating the densities regdrézein.

The number of measurements on nematodes from editathwas equal (50 per
sample,n=24, 1200 nematodes measured per habitat), yetwbsabundance
among habitats varied. In order to obtain more mteubiomass spectra data,
either all nematodes should be measured, or ifithisot possible the number
measured should be stratified so that the sameopiop from each habitat is

assessed.

6.7. Suggestions for further work

i) Meoma ventricosare easily collected in the field, due to theresitracks and
surface burrowing lifestylein situ enclosure experiments could be conducted at
habitat 2 to assess the effects of different diexssiof M. ventricosaon the
biomass and production of microphytobenthos, thendance and diversity of the
meiofaunal community, and nematode feeding grooqmsphometry and biomass

spectra.



i) Stable isotope analysis of flora, fauna andmeedts would help to unravel the
complicated interactions and trophic relationstipsveen the different benthic

compartments. In particular, th€C andd™N isotopic compositions of selective
nematode and copepod species could be used t® @issaselative importance of

different food sources.

iii) In order to test whether nematode length hgdpsvent against erosion from
sediments, laboratory flume experiments could bedooted at different flow
speeds and with natural sediments of varying mediam sizes (e.g. Gamenick
and Giere, 1994). Morphometric analysis of orgasismsediments and the water
column over a range of flow speeds would help tofiom the hypothesis that
longer nematodes are better adapted to resistoerdsdbm sedimentsin situ
experiments using suitable baffles to limit currepeéed and advective pore water
flow, and cages to exclude thalassinid shrimps,levalso help to understand the

relationship between hydrodynamics, bioturbatiod a@matode morphometrics.

6.8. Concluding remarks

It is believed that this mensurative thesis had kae groundwork for future
studies on the benthic meiofauna and microphytdtmenin the shallow west
lagoon at Discovery Bay. In light of the fact thshallow lagoon and bay
ecosystems are currently under threat due to tleetefof man, the observations
and results contained within this thesis will syrbe of help in the design of

future monitoring protocols and ecological experirse
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