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Abstract

Fringing coral reef systems shape the dominant ddggramic processes that transport sediment withese
environments which, over long time scales, can leadhe formation of various major planform (horital)
morphological features. In this study, the influerd reef morphology on hydrodynamic processesimighcoral reef
environment was investigated in a field experimzoriducted at Coral Bay (Ningaloo Reef, Western Ausjralith
the aim to identify sediment transport paths that likely to affect the evolution of the adjacemioeeline. The
shoreline position at the site was analyzed totiflenet shoreline movements over an ~60 year pleabdigitized
aerial photography. The sediment characteristicedahroughout the site with extensive regionsetétively coarser
(1.1 — 1.3®) sediment generally associated with areas with kigral coverage, some isolated regions of modgrate
coarse sediment and three large regions of relatfireer sediment (2.2 — 1.8) that were typically associated with
large, un-colonized sandy patches. Whilst the fpwsidf coastline was largely stable (< 0 — 10 m eroent) over the
~60 years of shoreline data available, substantigtations (~ 30 — 150 m) were observed along fedlaections of
coastline. The numerical model XBeach was used teinie reef and lagoon hydrodynamics from which types
of flow were identified: (1) several hydrodynamiiccalation cells that are isolated from adjacentscand (2) an
interconnected cell system whereby an alongshomemupropagates along the coastline and betwels lefore it
empties into a large bay to the north of the giteeleration of flow adjacent to cuspate forelandd an absence of
feature development suggest that some of theserésadre in a state of equilibrium, while the flegparation around
Point Maud and the presence of a persistent edthisabocation is likely to be associated with ttentinual accretion
of this feature over the study period.
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1. Introduction

The development of planform features along a cio@stldjacent to a fringing coral reef involves céemp
interactions between the production of sedimestiransport by hydrodynamic processes and itsrpatte
of deposition. Over long time scales, various mafmastline features such as cuspate forelandsadiedts
have been observed to develop adjacent to botbirfigntropical coral reefs and temperate bedrocksree
(e.g. Sanderson, 2000; Sanderson and Eliot, 1996). However, in order to accurately model the develept

of these features, the regulation of sediment prdiu and transport pathways within reef environtaen
must first be understood. This is not trivial doetlie presence of a complex coral framework thawois
only a major source of sediment production but alsubstantial determinant of hydrodynamic varigbil
across reef systems as well as how sedimentsaargpturted.

The production and reworking of sediment in reefiemments is a balance between constructive and
destructive physical, biological and chemical peses (e.g. Scoffin, 1992) as well as differencethén
ecological state of a reef (Done, 1992). The caatinincorporation of calcium carbonate into reef
frameworks produced by coral calcification (Vecs#004), as well as other sources such as crustose
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coralline algae (Perry and Hepburn, 2008), constraeef environments. Calcium carbonate becomes
mobilized as sediment by destructive processes, (@goio- and mechanical erosion) that act to deégr
these frameworks over time (Scoffin, 1992). Thailtesy carbonate sediment, possibly along with mde
sediment sources such as terrestrial rugfston et al., 2004; Presto et al., 2006; Storlazzi et al., 2004)

and alongshore sediment transport, can then bertexpaway from actively growing regions of the reef
where they may be deposited to form coastline featu

The steep forereef slope and wide shallow reeftRat typically characterize coral reefs reguldte t
hydrodynamic conditions on the reef and within kgoon (Monismith, 2007). Incident waves break on
the shallow reef cregtardy and Young, 1996; Young, 1989) and energy is dissipated and redistributed to
both higher and lower frequenci@isee and Black, 1978; Pomeroy et al., 2012). Wave forces (radiation
stress gradients) establish wave setup variat@mg ¢onsequently a pressure gradient) that drivesmts
across the reef and forces circulation throughlalgeon before it returns to the ocean via chantiels
typically perforate the reef structugeowe et al., 2009; Taebi et al., 2011). The high bottom roughness of
reefs (i.e. as formed by coral reef communitiegjuge frictional dissipation of these hydrodynamic
processes with frictional coefficients that areta@n order of magnitude greater than those estuinair
sandy beach environmenteowe et al., 2005¢c; Pomeroy et al., 2012; Rosman and Hench, 2011; Van
Dongeren et al.,, 2013). While considerable advankagse been made in our understanding of
hydrodynamic processes on reefs, the connectioh sédiment pathways and consequently coastal
morphodynamics is still not well understood.

In this study we present the results of a fielddgtthat included the collection of hydrodynamic and
sediment data, in order to understand the distdhutf different sediment characteristics throughau
fringing coral reef and their relationship to hydyaamic forcing. Analysis of long-term (~60 yeaof)
digitized shoreline data is then used to understamd the presence of the reef structures influence
contemporary shoreline changes, including quamigfyiegions of accretion and erosion. We then use th
numerical model XBeach to simulate the dominantrbgignamic processes at the site. The implicatidns o
the hydrodynamic circulation patterns and bed shiass distributions on the dominant sedimensfrart
pathways, as well as their role in regulating shieeedevelopment, are then discussed.

2. Methods
2.1 Sitedescription

The field experiment was conducted at Coral Bay°(28' S, 113° 45 E, Figure 1), in the southern
section of Ningaloo Reef in Western Australia. Bipecific study region was bounded by Point Maud and
North Passage to the north (which connects thisoseof reef to the larger reef-fringed Bateman Bayd
Point Anderson in the south. The reef that frintés section of coastline has a number of chanmeétk,

the most prominent being North Passage in the ramth False Passage in the north-west. A number of
smaller channels also permit the return of waveedriflow along this section of reef (Figure 1). Tieef

flat is ~0.6 — 1.5 m below mean sea level and glpicanges between ~300 to 800 m in width. Thedag

is generally ~3 m deep and isnaected with deeper channels that are up to ~6 m deep; it also varies in
width along the coast. Coral coverage at Coral Bagxtensive (~40 % inside the lagoon to ~90 %hat t
outer reef margin) and is primarily populated bgaps of Acropora and Montipora (Wyatt et al., 2010

2.2 Field experiment

The field experiment was conducted during the 28astral winter (# — 14" July). Zhang et al. (2012)
describes the full experiment and only a brief samnof the key hydrodynamic aspects of the expartme
relevant to the present study are presented here.

A 1 MHz Nortek AWAC current profiler/directional wa gauge was deployed on the forereef (S1,
Figure 1). Surface water elevations were measuwyextbustic surface tracking at 1 Hz and currenfileso
with a bin size of 0.5 m were measured every fiveutes. On the reef flat (S2, Figure 1) a 2 MHz tdkr
AquaDopp profiler (ADP) measured current profilegthwhigh vertical resolution (0.1 m) every 15
minutes. The flow within the lagoon was measuregh g5 minutes with a 0.15 m vertical resolutiothwi

1266



Coastal Dynamics 2013

x10° x 10°
7.443
7.448
7.442
7.446
7.441
7.444
7.44
7.442
E 7.439 A E-
744
2 7438 W Maud
2 [m] i 24381 False
€ 7.437 E G Passage
P Z
7.436 57436
7.435 10 7.434 +
7.434 f i 7432
-15
7.433 : N
? ¢ & 7431 ) e Anderson ﬁ
) y 20 ; A i i
7.81 7.82 7.83 7.84 7.8 7.82 7.84 7.86
East UTM [m] | ¢ East UTM [m]  {¢°

Figure 1. (a) Study site at Coral Bay with the lomasi of sediment grab samples (grey circles) and the
location of hydrodynamic instruments (black squarés) Some key morphological features of Coral
Bay. The depth of the bathymetry is indicated by ¢béor bar. (c) Location of Coral Bay within
Australia.

a 1200 kHz RD Instruments ADCP (S3, Figure 1) dadffow out of the lagoon via the North Passage was
measured every 15 minutes with a 600 kHz RD InstnismmADCP deployed in the center of the channel
(S6, Figure 1) with a 0.3 m bin size. Table 1 sumimes the instrument locations and sampling
configurations.

Wave spectré,; were estimated for each hourly burst of data bymating the spectral density of the
water surface elevation fluctuationnsmeasured directly by the AWAC AST. The spectraenveosmputed
using a Welch's averaged modified periodogram, V@@i®% overlap and Hanning windows applied, to
reduce spectral leakage. From these wave spele&rdnourly root mean squared (rms) wave heighis,
peak periodd, and peak wave directiofiy, were computed.

A staggered array of 156 sediment samples wasnautahdy taking surface grab samples (~ 0 — 7. cm
below the bed) on a regular grid (~200 m in thessrshore direction, ~350 m in the along shore tine
during the field experiment (Figure 1a). The samplere carefully collected manually by divers i 28l
jars and capped immediately (at the bottom durhmg dive) to retain fine particles. The collectioh o
surface samples enabled the sediment directly expts the prevalent near-bed shear stresses to be
compared to the wave conditions observed duringe#periment. The sediment samples were analyzed in
the laboratory at The University of Western Aus&ralo determine the sediment composition and
characteristics. A 2.20 m settling tube was usedetermine the cumulative rate of sediment depositi
which was then converted to an equivalent sphegcah size distribution following Gibbs et al. {19.

The characteristics (e.g. mean, sorting, skewrkestsis) of the distributions were then quantified

2.3 Shoreline change analysis
Historical shoreline changes were quantified widria photography (1949 to 2008) using the Digital
Shoreline Analysis System (Thieler et al., 2008)AitGIS. The images (n = 25) were rectified by

resampling the original image to a new coordinagf&tesn using a cubic convolution and control points
defined on a previously geo-rectified 2002 Coraly BaExmouth Mosaic with ~1.4 m pixel resolution.
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Local accuracy was preserved by use of spine wamstion to rubber sheet the images. The shoreline
position in the rectified images was digitized malhuand was defined from the vegetation line (Mnor
2000; Thieler et al., 2008). The digitized shoreline positions for each yearawhen subjected to a digital
shoreline analysis from which the net shorelinengeawas estimated. The root mean squared erroe)rms
associated with the rectification and analysis métwas calculated by using 20 randomly distributed
locations from which the Euclidian distance betwéeat point in the target and reference images were
determined. The uncertainty associated with piedolution in the images (<0.8 m) and from the
identification of the shoreline was quantified anduded in the error analysis. Newer images (sit&e0)
were found to have a root mean squared positiar efdess than 4 m. Images from the 1960’s weumdb

to have an rms error of ~4.3 m while the oldesb$@nages (1949) had an error of ~9 m.

Table 1. Instrument site information and samplingfiguration

Site Depth (m) I nstrument Sampling I nformation

S1 (forereef) 12.7 Nortek 1 MHz AWAC 1 Hz with 2048 s burst every 3600 s; velocity
profiles every 300 s in 0.5 m bins. Instrument teda
0.3 m from the bed.

S2 (reef flat) 1.3 Nortek 2MHz ADP Velocity pra@ every 900 s in 0.1 m bins.
Instrument located 0.1 m from the bed.

S3 (lagoon) 3.1 1200 kHz RDI ADCP Velocity profileseey 900 s in 0.1 m bins.
Instrument located 0.3 m from the bed.

S6 (northern channel) 7.8 600 kHz RDI ADCP Velocitgfiles every 900 s in 0.3 m bins.

Instrument located 0.5 m from the bed.

2.4 Numerical modeling

Hydrodynamic processes at the site were simulatéd tve numerical model XBeach (Roelvink et al.,
2009), which was validated against hindcast sirmratof the data obtained during the experimene Th
focus of this initial numerical study was not oretldirect simulation of sediment transport and
morphodynamics but instead concentrated on undhelisig. how sediment properties, combined with shear
stress distributions, can explain erosional andsigpnal patterns along a coastline fringed byiakreef.
The bathymetry of the model was interpolated omtardable curvilinear grid that extended from Batem
Bay in the north to Point Anderson in the southe Thid cell sizes ranged from ~50 m offshore of réaef

to ~10 m in the lagoon. High-resolution bathym&8y6 m horizontal) derived from hyperspectral imgge
with less than 10% rms depth error was interpolatgd the grid in the shallow regions of the domair8

m) while lower-resolution boat sounding data preddy the Western Australia Department of Transport
(200 m horizontal) with less than 0.2 m depth ewes interpolated onto the grid in the deeper regiof

the domain (> 8 m).

A coral habitat map was parameterized with corahmanities represented using a hydraulic roughness
parameter and implemented in the model as a variadd friction overlay. The XBeach model simulates
the dynamics of short period waves (e.g., swell esqvand long period motions (including both
infragravity waves and mean currents) separately; therefore, different bed friction parameters were uged
account for the frequency-dependent differencedigeipation for these types of motion. In this stuee
used the same parameter values that were derivaddietailed hydrodynamic modeling study that was
undertaken at Sandy Bay in Ningaloo Reef (locat@@80km north of the present site) which was also
conducted with XBeach (Van Dongeren et al., 20T8gse include a short-wave friction factor for dwel
over the coral substratd,(= 0.6), a friction coefficient for low frequencyniean currents over coral
(¢ = 0.05) that was reduced over sand patcties§.003).

Current vector fields were computed for the modehdin to determine the magnitude and direction of
the mean flow paths around the site. The bed s$teass calculated in the model (Egs. 0.21 and .22
Roelvink et al. (2009) was used to determine theef® applied by the hydrodynamic processes oneble b
sediment. These forces were compared to the dritied shear stress,) required to mobilize the bed
sediment samples obtained in the experiment. Titieadrbed shear stress was estimated by substitwi
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the critical Shield’s paramete@yf) estimated following Soulsby and Whitehouse (198if) the non-
dimensional Shield’s equation with a constant sedirensity equivalent to Aragonite £ 2830 kg 7).
We use this approach as the Soulsby and WhiteHd98&) equation follows the Shield’s curve reasdnab
well and enables calculation of the critical Shieldarameter directly from the spatially variablean
sediment size obtained from the observations.

3. Results
3.1 Hydrodynamic field data

A broad range of wave heights were measured duhiadield experiment (Figure 2a). The first fiveyda

of the experiment were characterized by low wavss(= ~0.65 m) before a storm event occurred on the
9™ July when the wave height increased over a 12 hetipd to a maximum height of ~3 m. The wave
heights then decreased over the subsequent thyse Thae peak period of the waves was consistently
within the range of 10 to 14 seconds, with the pkoe of the storm event where the waves decreased
period to a minimum of 5.5 s (Figure 2b). The wadirection fluctuations were minimal and approached

U, [ms l]
o
S o=

- 1
v (2)
:\9’ 0 1 1 1 1 1
06 07 08 09 10 11 12
July 2010

Figure 2. Hydrodynamic measurements obtained irfi¢he: experiment. The vertical lines denote

the period considered in the numerical model coreporf this study. (a) Root Mean Squared

wave height, (b) peak wave period, (c) peak wavection and (d) tidal elevation measured on the
forereef at S1. (e-g) Depth averaged velocity ntagiei for the three sites in the reef (S2, S3, S6),
respectively.
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the reef consistently at an angle of ~245° (10thudfcross-reef direction, 255°, Figure 1) excepird) the
storm event where the wave direction shifted to°2&fore it returned to the dominant direction otrex
next 12 hours (Figure 2c). The maximum tidal rangserved over this experiment was ~1.5 m (Figure
2d). Currents with the reef system were relatively before the passage of the storm event (Figarg)2
with current magnitudes typically between 0 andl+8.s". However, during the storm event, the currents
significantly increased in magnitude with the flowt of North Passage (Figure 2g) reaching ~0.5'm s

3.2 Historical shoreline changes and sediment characteristics

The shoreline within the study area was found tanostly stable (<10 m change in shoreline position
over the ~60 year duration of the survey); however, there were also well-defined regions of accretion and
erosion (Figure 3a). Significant accretion and iemsvere considered to have occurred when theipaosit
of a section of shoreline had changed by more &am over the survey duration. The greatest acareti
occurred at Point Maud (~150 m, Figure 3b). Poiaiull accreted consistently westward and grew most at
the southern side of this cuspate foreland. Betwl9® and 1995 the form of Point Maud became more
rounded in shape and has remained approximatdbjesita form and position between 1995-2008. Both
the southern and northern sides of Point Maud lads@ consistently accreted, although the northele s
showed a period of erosion during the 1960’s —.70’s

At Coral Bay Beach (Figure 3d), accretion was alsserved and was greatest between 1949 and 1963.
Since then the form of this section of coastlines hemained approximately stable (<10m change in
shoreline position), with the exception of a peradrosion between 1969 and 1976. Between PoinidMa
and Coral Bay Beach, there is a region of erosion; however, this location has not always been associated
with coastline erosion (Figure 3c). Between 1948 4883 the coastline at this location accreted vy a
much as ~50 m before the coastline began to enudlebased on the present data set, continuesde.ero

e
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Figure 3. (a) Shoreline evolution along one parthef Ningaloo Reef coastline (red: erosion, green:
accretion) and sediment size distribution at CB&yf (July 2010). The reef crest is shaded in lighy/g
and patches of sand amongst the coral communiteeswlined in pink. The shoreline evolution (net
shoreline movement) was measured as the chandwiglime position (m/year) from the most recent
position (2008) compared to the original positid®49). Coastline position at (b) Point Maud, (c)
between Point Maud and North Coral Bay (d) Coral BagdBeand (e) Five Fingers.
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The Five Fingers cuspate foreland has remainedqunlilerium and has experienced only minimal
fluctuations in its coastline position (Figure 3e).

The sediment characteristics varied spatially adotine site with the mean sediment size ranging from
1.1 - 2.2® (Figure 3a), i.e. classified as medium grain sakdser sediments (2.2 — 1d8) were typically
associated with un-colonized sandy regions whastreer sediments (1.1 — 18 were typically observed
within areas of the reef dominated by coral commesi(i.e., suggesting more recent biogenic pradnct
or that the hydrodynamic processes within the cesoare sufficient to transport finer sediments it
coarser séiments); however, this result was not always consistent. Three distinct regions of finer sediment
were observed. The northern region (opposite Rdaid) was located slightly north of False Passamgk a
behind the end of the reef crest north of the chhmh smaller region was located to the south déé&a
Passage adjacent to North Coral Bay while a lagg®on was located adjacent to Five Fingers andrgshn
a section of reef as well as a large patch of sdmdly Medium grain sediment (1.6 — 1Y was located
close to the coastline within a coral community bdjacent to an erosive section of the coastlife T
mean sediment size throughout the remainder afethien consisted of coarser medium grain sediment.

3.3 Circulation and bed shear stress distributions

The dissipation of incident swell waves on the fee and reef crest consistently drives strongscresf
flows that circulate through the lagoons and rettinchannels to the ocean (Figure 4a). The flowhist
site can be separated into two major circulatiaiuees:

The first are a series of “independent” reef ciatioin cells (Figure 4b), which are generated bwflo
over the reef that is partitioned in the lagoon amére the flow returns via a channel to the oc€anthis
case, the hydrodynamic circulation within a reedumfel cell has minimal hydrodynamic connection with
the adjacent regions of the reef. These classi@wdaiven circulation features have been shown taiom
many other fringing reef sections, particularlysbdhat are approximately parallel with the shaee(e.g.
Lowe et al., 2009; Taebi et al., 2011).

The second is an inter-connected hydrodynamicsgstiem (Figure 4c) where a wave-driven alongshore
current is generated and propagates along thelioeast the lagoon between adjacent reef regiowns. F
this circulation type, cross-reef flow is partitexh on the reef and in the lagoon with part of tosvf
converging with the alongshore current and thergbhet of the flow circulating near the reef antliraing
to the ocean via channels. This flow case occutkamorthern area of the study area where an shamg
current is generated adjacent to Five Fingers eackels northward through the system and finallytsexi
into Bateman Bay near Point Maud. At Point Maud ¢bavergence between the cross-reef flow and the
alongshore current generates a strong north-eastiedcted current which continues to travel aldhg
coastline within Bateman Bay with decreasing magtat At the location near Point Maud where flow
enters Bateman Bay, shear between the strong chamment and the water near the shoreline, which i
shadowed by Point Maud, leads to the formation peesistent clockwise eddy on the northern side of
Point Maud.

A number of smaller-scale, localized circulatiomtfges are also observed in the circulation patern
and include: strong flow between the Five Fingers cuspate foreland and the reef; eddies on the reef tips at
the channel located in the southern reef cell; and two offshore eddies located in the channels located
between Five Fingers and Coral Bay Beach (Figuje 4a

The estimated critical bed shear stress requiraddbilize the sediment (Figure 5a) varied across th

field experiment site, i.e. dependent on the sedingeain size ¢, = 0.16 — 0.25 N ). The bed shear
stress estimated by the numerical model under ratelevave conditions offshore (e.Hims = 1 m,
T, = 14 s) was greater than the typical critical bhdar stress required to mobilize sediment overaaé
flat (Figure 5b). This suggests that sediment pcedwn the reef flat (even coarse-grained sedinuemt)
be mobilized and transported over the reef andtitdagoon, a process that explains the coarsémeat
observed on the back reef (Figure 3a).

Within the lagoon, the bed shear stress imposethéyhydrodynamic conditions under the 1 m wave
condition was considerably smaller (Figure 5b).sTlas caused by the attenuation of the incidenewav
due to the shallow reef crest (~0.6 — 1 m). Regithag consist almost exclusively of finer sediment
experienced far less bed stresses than those segimered by established coral communities. Adjatten
the Five Fingers cusp, enhanced flow due to thstdation between the reef and the cuspate forgland
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Figure 4. (a) Eulerian current velocity vectors fiwe whole domain (b) Higher resolution
velocities for the southern half of the domain Kliyher resolution velocities for the northern half
of the domain. The vectors displayed in each figuaee been plotted on a 10 m x 10 m vector
scale.

combined with a narrow lagoon and greater wave ggapon amplifies the shear stress at this location
Similarly, near Point Maud, established reef comitiesalong with strong currents about Point Malsh a
generate high bed shear stresses. For higher eamgitions Hns = 3.0 m, T, = 14 s), such as those that
occurred during the storm in the field experimehg bed shear stress across the entire reef andriag
suggest that sediment will be mobilized over thgomity of the domain (Figure 5c¢). The validity dfi$
assessment is discussed further in Section 4.2.

4. Discussion
4.1 Coastline morphological formations

The Five Fingers cuspate foreland is in an equilibrstate (at least since 1949). This suggeststhigat
northward alongshore current inside the lagoon dleatlerates between this protrusion and the lateisf
critical to the development and maintenance offdddure. It is conceptually proposed (Figure &a} this
feature develops due to the transport of reef g@edrsediment across the lagoon which is then @edos
at the shoreline due to (1) a reduction of wavexradl shear stress behind the reef and (2) a diveege
the cross reef flow, analogous to the mechanismpgsed for the formation of shoreline features behin
sand bars (Ranasinghe et al., 2004). Howevergasu$pate foreland develops and extends towards the
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Figure 5. (a) The critical bed shear stress reduioemobilize sediment based on the sediment grain
size distributions. (b) The magnitude of the beéashstress estimated by XBeach for moderate
conditions H;ms = 1 m, T, = 14 s) (c) The magnitude of the bed shear sesated by XBeach for a
storm condition ;s = 3 M, T, = 14 s)

ocean, the alongshore current is accelerated dugaetdocally-constricted width of the lagoon (and
supplemented by cross-reef flow) such that thedtesr increases (Figure 6b) hindering further dicere
until a state of equilibrium is reached. This depehent is consistent with the presence of coarse¢enmal
observed at the site slightly north of Five Fingdrat may be transported by this accelerated culren
would be deposited as the current decreases initndgnoutside the constriction. The circulationl cel
mechanism of salient development that has beennaabebehind offshore submerged breakwaters
(Ranasinghe and Turner, 2006) was not observedis study. This may be due to the geometrical
differences associated with a natural offshore r@étler, longer and further offshore) or that the
development of an alongshore current in this regiaifies the dominant hydrodynamics conditions at
this site.

In contrast to the Five Fingers area, Point Maud wanuch more dynamic feature during the study
period. Whilst the tip of the cuspate foreland apeo be in a state of equilibrium over the pastadie
(possibly for the same reasons as for Five Fingaxgretion along the northern and southern cosats
continuous with sediment eroded from the coast betwNorth Coral Bay and Point Maud by alongshore
currents and possibly wave action that propagdtesutth False Passage during storm events. This
sediment is transported along the coast by thentthat is initially developed at Five Fingersrttagound
the tip of Point Maud. Due to the high currentsuad this tip, sediment remains mobilized but evalhy,

w.high Tw.high Tuw.low Tw.high

Figure 6. Conceptual feature development. (a) Dantiprocesses that result in the development of a
cuspate foreland (b) Change in bed shear stresgetodhe development of the cuspate foreland (c)
Development of Point Maud by accelerated flow amkpositional eddy.
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due to the decrease in current magnitude in BateB@an sediment is deposited on the northern side of
Point Maud (Figure 6c¢). Very low shear stress srthmerical model at the location of the circulatémdy
(Figure 5c) is consistent with the entrapment agodition of sediment in the conceptual model.

4.2 Applicability of bed shear stresses to estimates of sediment mobility

In this study (as well as all other historical reefliment transport studies), the mobilization edisent

was inferred from bed shear stress driven by hygdrachic processes (e.g. waves, currents), which
describes the rate of momentum transfer to thel@®afThis approach is consistent with all sediment
transport numerical models that use shear stressaputed from hydrodynamic models to determine the
threshold of sediment motion. Ultimately this apgmio assumes that the stress exerted on a bed of
sediment is equal and opposite to the stress lieabterlying water column experiences. This is lidva
assumption over a flat sandy surface where the flawinteract directly with sediments, but may teisu

an inaccurate estimation of the true bed stresgreeqed by sediment near the bottom of coral reef
canopies.

In reef environments, momentum transfer (or theigaion of hydrodynamic energy) can be dominated
by the drag exerted by the reef canopies whicleésanted for in hydrodynamic models with much highe
friction coefficients (typically an order of magnite or larger). Whilst this approach enables tloeréct’
hydrodynamic bulk processes to be modeled, it n@ycorrectly account for the fact that shear seess
acting on sediments embedded in reef canopies bleviheight of the roughness may be significantly
reduced. For example, it has been shown that tleeitseprofile within the water column is modulateg
the density and form of the coral community and tha near-bed orbital velocities can be considgrab
less than those at the top of the can@pywe et al., 2005a; Lowe et al., 2005b; Rosman and Hench, 2011).

As a consequence, the presence of high rugosifyceempies has the potential to significantly mpdife
sediment deposition and re-suspension processesrtieless, there is presently no practical way to
describe sediment transport through such canopies.

Ultimately this implies that the true shear stressegerted on sediments within and adjacent to reef
canopies in this study will be lower than thosedpoted from the hydrodynamic model, thereby resglti
in greater sediment stability and less sedimenspart than predicted by our study — an importastilt if
the purpose of the model is to understand sediahamamics in a reef environment. This may explairy wh
in this study, under storm conditions the critibald shear stress is exceeded and that (theongitiad
entire bed should be mobilized, when in realitméy not in regions with dense coral reef assemblage

5. Conclusion

The coastline fringed by Ningaloo Reef (Westerntfal&) from Point Anderson to Point Maud was found
to be relatively stable, but with some well-definedjions of significant accretion and erosion. Kéa
wave-driven alongshore current from Five FingerBtieman Bay that is generated and supported by
cross reef flows is likely to play an importanteah the transport of sediment northwards while als
controlling coastline feature development via lofdalv accelerations between the hard coral reefthed
accretionary shoreline cuspate features. The sediomaracteristics, particularly within the sanégions

of the site, are predicted by the model to rem&ible under normal conditions but are likely to mov
within the coral communities under strong hydrodynamic conditions; however, there is uncertainty in these
estimates due to effects that the large roughnelsshave on momentum dissipation and bed stresses
within a reef canopy. Further research is therefoequired in order to develop accurate but
computationally efficient methods to address thmmlexities associated with sediment transport withi
reef structures.
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