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ARTICLE INFO ABSTRACT

Editor: Shu Gao Coral reefs and their associated landforms (carbonate islands and shorelines) are under increasing threat from the
effects of anthropogenic climate change, including sea level rise (SLR). The ability of a reef to keep up with SLR
depends on the rate of calcium carbonate accretion. Census-based carbonate budgets quantify rates of net cal-
cium carbonate production on a reef and facilitate estimations of vertical reef accretion potential (RAP). To date,
most carbonate budget studies have been undertaken in clear-water settings resulting in a limited understanding
of how inshore reefs situated in more marginal environmental settings are functioning now and under future
climate change. Here, we applied census-based carbonate framework across two inshore island reefs exposed to
episodes of high turbidity within the Pilbara, Western Australia. Low net carbonate production (mean = 1.11 and
0.62 kg m~2 yr~!) was predominantly driven by low coral cover (<10%) and low calcification rates. Importantly,
bioerosion rates were also low (<0.1 kg m~2 yr~!), maintaining positive carbonate budgetary states. Net sedi-
ment production rates were also low (mean = 0.06 kg m~2 yr~!) and were found to be mostly derived from coral,
or mollusc material produced by invertivores. Calculated RAP estimates are below current and predicted rates of
SLR, suggesting that these turbid reefs will soon struggle to keep up with increasing water depth and shoreline
inundation.
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1. Introduction

Reef systems provide many ecological functions and are key habitats
for a range of marine organisms, promoting biological diversity and
supporting important economic and social functions (e.g., tourism,
fisheries and culture; Kittinger et al., 2016). Reef accretion is largely
driven by scleractinian corals (Perry and Alvarez-Filip, 2019), whose
association with the symbiotic algae Symbiodinium promotes high rates
of calcium carbonate production (Barott et al., 2014; Roth, 2014; Put-
nam et al., 2017). Reef carbonate production is also supported by other
calcifying organisms such as crustose coralline algae (CCA), which help
to build and stabilise the reef framework (Rasser and Riegl, 2002), as
well as foraminifera, molluscs and Halimeda, which are direct sediment

producers (Harney and Fletcher, 2003). These sediments either support
reef construction (and accretion) by infilling the reef framework (Perry,
1999), or are transported towards shore contributing to landform
building, or offshore into deeper waters (Sadd, 1984; Kench, 1998).
Further, higher percentages of live coral cover is intrinsically linked to
increased reef structural complexity, which in turn reduces wave energy
and resultant coastal erosion of associated landforms (e.g., islands,
beaches; Beck et al., 2018, Harris et al., 2018, Reguero et al., 2021). Reef
growth and sediment production are, however, increasingly impacted
by both warming temperatures and increasing ocean acidification
(Crook et al., 2013; Cornwall et al., 2021). This has implications for the
long-term stability of coral reefs and their associated landforms, as wave
energy has a greater impact on shorelines if reef accretion rates are

* Corresponding author at: School of Molecular and Life Sciences, Curtin University, Kent St, Bentley, Western Australia 6102, Australia.

E-mail address: s.dee@ecu.edu.au (S. Dee).

https://doi.org/10.1016/j.margeo.2024.107324

Received 18 October 2023; Received in revised form 13 May 2024; Accepted 21 May 2024

Available online 23 May 2024

0025-3227/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:s.dee@ecu.edu.au
www.sciencedirect.com/science/journal/00253227
https://www.elsevier.com/locate/margo
https://doi.org/10.1016/j.margeo.2024.107324
https://doi.org/10.1016/j.margeo.2024.107324
https://doi.org/10.1016/j.margeo.2024.107324
http://crossmark.crossref.org/dialog/?doi=10.1016/j.margeo.2024.107324&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Dee et al.

unable to keep up with rising sea-levels (Beetham et al., 2017).

The ecological processes that drive reef framework production and
long-term stability can be assessed via census-based carbonate budgets,
which estimate the net production of reef calcium carbonate. Reef car-
bonate inputs come from primary (scleractinian corals) and secondary
(e.g. calcifying encrusters) sources, while the loss of carbonate from the
framework occurs through physical, chemical, and biological erosion
(see review by Browne et al., 2021). Reef-scale carbonate production
and erosion can be estimated by combining abundances of calcifying
and bioeroding organisms with taxa-specific calcification and erosion
rates. This approach was first developed by Chave et al. (1972) and has
since been adapted (see Perry et al., 2012, Perry et al., 2018a, 2018b)
and used in over 50 studies globally, ~82% of which have occurred
since the turn of the century (Table 1: Browne et al., 2021, and a further
17 additional published studies between 2021 and 2024). The rate of net
carbonate production can be converted to an estimated rate of reef ac-
cretion potential (RAP, Perry et al., 2018a), using reef-specific sediment
production and framework porosity values.

Although carbonate budgets are increasingly used to describe the
health and function of reefs, distinct knowledge gaps remain. Firstly,
there is a lack of diversity of studied reef type, with the majority (~90%)
of census-based carbonate budget studies conducted on tropical clear-
water reefs (e.g., Caribbean, Stearn and Scoffin, 1977; Sadd, 1984; Perry
et al., 2013; de Bakker et al., 2019; Great Barrier Reef, Hamylton et al.,
2013). In particular there have been relatively few carbonate budget
studies of “marginal” reef systems such as turbid or polluted reefs (see
blow). Secondly, it may be difficult or time consuming to collect site
specific data which improve the accuracy of budget estimates (i.e., coral
calcification rates; Browne et al., 2021). Thirdly, studies rarely incor-
porate carbonate sediment budgets (but see Perry et al., 2023: SedBudget
method) despite the fact that carbonate budgets are associated with
landform stability through the production of sediment on reefs (e.g.,
Perry et al., 2011; de Bakker et al., 2019; Kane and Fletcher, 2020; East
et al., 2023). Lastly, very few studies have included environmental data
(i.e. temperature, pH, salinity, light) reducing our ability to confidently
relate how rates of net carbonate production and reef accretion may

Table 1
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change under varying climate scenarios (Browne et al., 2021).

In the past two decades, less than ten census-based carbonate budget
studies have been conducted on inshore reefs exposed to turbidity or
urban pollution within the Indo-Pacific (e.g., Edinger et al., 2000;
Browne et al., 2013; Herran et al., 2017; Januchowski-Hartley et al.,
2020;) and the Atlantic/ Caribbean (e.g., Mallela and Perry, 2007; Perry
et al., 2012; Perry et al., 2013; Manzello et al., 2018). Inshore reefs are
typically exposed to large fluctuations in turbidity, salinity, and tem-
perature (Kleypas, 1996; Kleypas and McManu, 1999). These harsh
conditions have led to the perception that these reefs are existing at their
environmental limits and therefore support lower coral cover and di-
versity (Morgan et al., 2016, Schoepf et al., 2023). However, recent
studies have recorded high levels of coral cover and diversity at sites
exposed to high turbidity, as well as a capacity to withstand or quickly
recover from disturbance events such as storms or heatwaves (Browne,
2012; Richards et al., 2015; Cacciapaglia and van Woesik, 2016; Guest
et al., 2016; Lafratta et al., 2017; Morgan et al., 2017; Evans et al.,
2020). With predicted impacts of anthropogenic climate change such as
SLR, coupled with local stressors from coastal land-use change, turbidity
on shallow in-shore reefs is expected to increase over the coming de-
cades (Ogston and Field, 2010). As such, an improved understanding of
how ecological drivers of carbonate production and erosion will respond
to changing climatic conditions is becoming increasingly important for
global reef conservation efforts.

Most carbonate budget studies to date have not included an assess-
ment of reef carbonate sediment production. Knowledge on rates of
carbonate sediment production (termed the carbonate sediment budget)
and how they vary over space and time is critical to understanding the
geo-ecological link between reefs and associated landforms (Kench and
Cowell, 2006; Hamylton et al., 2016; Perry et al., 2023). A sediment
budget includes rates of direct sediment production minus that lost
through dissolution (Cyronak et al., 2013; Eyre et al., 2014; Andersson,
2015; Brown et al., 2021) and off reef transport (Kench, 1998; Browne
et al., 2013; Morgan and Kench, 2014). Sediment budgets compliment
the carbonate ‘framework’ budget as the type and size of sediment
grains, and the rate of their production, is directly related to the

Benthic habitat and environmental characteristics of each geomorphic zone together with the mean annual estimates of the environmental variables. Geomorphic
zones of each reef are northern windward forereef (NWF; characterised by high cover of live coral and turfing algae), eastern leeward reef crest and forereef (ELC;
characterised by high live coral cover), southern windward sandbar (SWS; dominated by macroalgae and rubble), southern leeward lagoon (SLL; high sand cover with
occasional small coral bombie or sponges), and western windward forereef (WWF; consisting of high sediment cover with spurs and buttresses. Note that light and
temperature were measured at the benthos at two sites per reef whereas chlorophyll-a, pH, salinity and turbidity were measured offshore of both Eva and Fly;).

Reef Zone  Habitat Average Depth Substrate cover (%) Environment
. 2 ;
size (m") Rugosity (m) Coral MA Ol Sand  Light Temperature Chlorophyll pH Turbidity Salinity
dead (PAR) qo) (gL ™ (FNU)
coral
Eva NWF 156,316 1.6 35 23 56 11 2 142.04 27.15(+0.80)  0.38 (+0.05) 8.18 1.48 38.16
(+£59.90) (£0.01) (£0.33) (£0.42)
Eva ELC 85,589 1.4 3.1 11 38 38 6 311.17 27.15 (+0.80)
(£73.15)
Eva SWS 125,198 1.3 3.6 2 65 4 11 142.04 26.90 (+0.86)
(+£59.90)
Eva SLL 54,307 1.4 2.7 6 66 6 15 311.17 26.90 (+0.86)
(£73.15)
Eva WWF 182,116 1.3 3.4 5 55 6 13 142.04 27.15 (+0.80)
(£59.90)
Fly NWF 274,563 1.5 4.0 6 21 22 12 106.62 27.20 (+0.89)  0.49 (+0.06) 8.19 2.27 38.34
(+36.10) (+0.03) (+0.36) (+0.46)
Fly ELC 157,566 1.7 4.5 23 16 27 15 106.62 27.20 (+0.89)
(£36.10)
Fly SWS 429,132 1.1 3.1 0 73 0 19 127.08 27.32(+0.89)
(£65.53)
Fly SLL 253,656 1.0 3.0 1 27 2 40 127.08 27.32(+0.89)
(£65.53)
Fly WFF 334,414 2.1 2.7 1 48 17 5 106.62 27.20 (+0.89)

(£36.10)
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presence and abundance of sediment producing taxa, which are in turn
dependent on the functions of the reef framework (Perry et al., 2011,
2023). The lack of inclusion of sediment budgets in carbonate budget
studies is likely due to either: the difficulties in accurately assessing rates
of sediment production and transport (see review by Browne et al.,
2021); or the focus lies solely on framework carbonate production and
reef health as opposed to the link between reefs and landforms. None-
theless, there has been growing interest in applying sediment budgets to
predict how unconsolidated carbonate landforms will respond to pre-
dicted SLR scenarios (de Bakker et al., 2019; Kane and Fletcher, 2020).
These assessments require knowledge of carbonate sediment stocks and
rates of sediment transport from reefs to islands to accurately make such
predictions (Yamano et al., 2005; Kench and Cowell, 2006; Morgan and
Kench, 2016; Cuttler et al., 2019).

This study aimed to produce comprehensive census-based carbonate
budgets for two turbid reefs situated in northern Western Australia.
Importantly, these reefs are associated with small reef islands (<60 ha;
Bonesso et al., 2020) that endemic species (e.g., shore birds) and are of
local cultural significance (e.g., Indigenous cultures and recreational
activities; EPA, 2021). As such, our estimates of net carbonate produc-
tion, RAP, and sediment production, provide some of the first insights
into the long-term stability of these reefs and their associated islands.
Further, we have provided a comprehensive environmental dataset that
links ecological responses to environmental change.

2. Materials and methods
2.1. Regional setting

The southern Pilbara coast of Western Australia hosts >97 carbonate
reef islands (Bonesso et al., 2020). The fringing reef systems that sur-
round these inshore islands are exposed to frequent episodes of high
turbidity (36.5 NTU), fluctuating ranges in temperature (18-32 °C) and
salinity (35.4-39.6), and high energy storm events (e.g., tropical cy-
clones; McKenzie et al., 2009; Richards et al., 2016). Turbidity levels
withing along the Pilbara coastline are result of fine sediments, which
are deposited on large intertidal salt flats by north easterly winds, being
flushed out into the coastal systems during spring tidal events, and
resuspension from oceanic and wind driven swells (Cartwright et al.,
2021).

This study was carried out across two inshore island reef systems,

Kimberley

Exmouth
Gulf

Rottnest
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Eva (—21.918454°, 114.433502°) and Fly (—21.804829°,
114.554003°), situated at the mouth of the Exmouth Gulf (Fig. 1). Both
reef systems have similar characteristics; specifically, the surrounding
reef morphology can be described as a limestone platform which forms
into a fringing reef around the northern edge of each island, a macro-
algae and seagrass dominated sand bar forming off the south/south-
west, and a sandy lagoon hosting small coral bombies around the
south-east of each island.

2.2. Environmental data

Monthly water quality data (chlorophyll-a, conductivity, salinity,
pH, turbidity) was collected offshore of each reef (Fig. 1) during neap
tides between February 2019 and February 2020 (12 months). In situ
sampling was undertaken using a vertical profiling method with a multi-
parameter EXO Sonde 2 (YSI Inc./Xylem Inc.), with detailed methods
given in Dee et al. (2021). Temperature loggers (°C; Hobo Pendant UA-
001-64) and photosynthetic active radiation (PAR) loggers (pmol pho-
tons m~2 s%; Odyssey submersible PAR logger) were deployed at each
site from March 2019 to April 2020 (collected and replaced in
September 2019) with logging intervals of 60 min for benthic temper-
ature and 10 min for PAR loggers (Dee et al., 2021).

2.3. Reef geomorphology, habitats, and zones

To capture the variety of benthic habitats that surround each island,
fifteen 20 m long photo line transects were laid parallel to the shore
between 1 and 4 m depth. Details of image capture and benthic analysis
are outlined in Dee et al. (2020). Following benthic identification, the
marine habitats surrounding each island were sectioned into five ‘zones’
for spatial analysis and carbonate production calculations (Fig. 2). These
zones included a northern windward forereef (NWF; characterised by
high cover of live coral and turfing algae), eastern leeward reef crest and
forereef (ELC; characterised by high live coral cover), southern wind-
ward sandbar (SWS; dominated by macroalgae and rubble), southern
leeward lagoon (SLL; high sand cover with occasional small coral
bombie or sponges), and western windward flat (WWF; consisting of
high sediment cover with spurs and buttresses; Fig. 2; Table 1). In situ
chain and tape rugosity measurements (Rug) were taken with a six-
meter-long chain (links were 5 mm wide and 15 mm long) from the
start of each transect, which were applied to calculate the three-

Fig. 1.. (a) Western Australia, showing location of Exmouth Gulf (b), situated at the southern end of the Pilbara region, and (c) the location of Eva and Fly islands.
White stars indicate the location where water quality parameters (chlorophyll-a, pH, salinity and turbidity) were measured monthly.
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Fig. 2.. Bathymetric imagery of Fly and Eva reefs with transparent overlay displaying the range of each geomorphic reef zone. Reef zones include north windward
forereef (NWF), east leeward crest (ELC), southern leeward lagoon (SLL), southern windward sandbar (SWS), and western windward forereef (WWF). White circles
represent the location of encruster and bioerosion experiments, while black stars represent location of where temperature and light loggers were deployed at the

benthos, and black triangles show the location of coral growth experiments.

dimensional habitat area (mz) of each zone (Ay);

Az = A X Rug, (€8}
where Ay is the zone habitat area (m?), and Rug, is the average rugosity
measured from line transects within that zone, and (A) is the planimetric

area of each zone (mz). Planimetric area was measured from high res-
olution bathymetric LiDAR data (0.1 m; Dee et al., 2020).

2.4. Coral carbonate production

Calcification rates for Acropora spp. and Pocillopora damicornis were

Table 2

measured at four sites across Eva and Fly reefs using the buoyant weight
method (Bak, 1973; Jokiel et al., 1978; Spencer Davies, 1989). These
coral species were used as they are abundant across all zones of each
reef, are easy to sample without damaging large sections of the colony,
and are faster growing so are more reflective of environmental condi-
tions at the time of budget assessment (Ross et al., 2017). Calcification
rates for all other coral genera were sourced from literature (Table 2).
Importantly, we included calcification rates from local studies (e.g.,
Acropora, Pocillopora, Goniastrea, Favia, Porites, Turbinaria; Foster et al.,
2014; Dandan et al., 2015; Ross et al., 2015; Lough et al., 2016) and
studies from inshore turbid reefs (e.g., Browne et al., 2013), where

Coral calcification rates for each major coral genera recorded at Eva and Fly reefs. Here we compare the calcification rates of branching corals measured in situ with off-
site rates from local studies (refs). Local calcification rates for some of the massive corals were available but were supplemented with studies outside of WA. Meth-
odologies used to measure calcification rates were buoyant weight (BW), linear growth bands (LG) or coral core growth bands (CC). All rates of foliose and plating
corals were only available from external studies. * Indicates calcification rate used in this study.

Morphology Genus Calcification Rate (g cm 2 yr’l) Location Method Turbid reef setting Source
Branching Acropora 0.25% Exmouth Gulf BW * This study
0.44 Pilbara and Kimberly BW * Dandan et al. (2015)
0.61 Rottnest Island BW Ross et al. (2015)
0.42 Coral Bay BW Foster et al. (2014)
Pocillopora 0.21* Exmouth Gulf BW * This study
0.23 Rottnest Island BW Ross et al. (2015)
0.34 Coral Bay BW Foster et al. (2014)
Foliose/plate Montipora 1.52* Inshore GBR LG * Browne (2012)
Turbinaria 1.37* Inshore GBR LG * Browne (2012)
0.16 Bremer Bay BW Ross et al. (2019)
Pavona 1.25* Central Mexican Pacific LG Tortolero-Langarica et al. (2020)
Massive Porites 1.62* Pilbara Islands CcC * Lough et al. (2016)
Goniastrea 0.45* Coral Bay BW )Foster et al. (2014)
Favia 0.37* Pilbara and Kimberly BW * Dandan et al. (2015)
Lobophyllia 0.23* Pilbara and Kimberly BW * Dandan et al. (2015)
Platygyra 1.10* Persian Gulf LG Howells et al. (2018)
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possible (Table 2).

A total of 30 coral fragments (15 Acropora and 15 P.damicornis) per
reef were gathered in eastern and northern sites where coral cover is
greatest, and transported to land where they were individually weighed
in seawater and then attached to a PVC plate with marine epoxy. Once
the epoxy was dry, corals were reweighed to determine the combined
weight of the coral, plate and epoxy. Tiles were then attached to metal
tripods (n = 15) and deployed at the fragment sampling sites (Fig. 2).
After 13 months of deployment (September 2019-October 2020),
approximately 40% of all coral nubbins had survived. The remaining
live samples (total n = 16 Acropora, and 9 P.damicornis) were again
buoyantly weighed and coral skeletal mass (g) were calculated using the
following equation:

MswP CaCO3
Mar = Pcacos — Psw @

Where M,;, is the dry weight of the coral skeleton (g), Mgy is the mass
of the sample in seawater (g; minus the weight of the tile and epoxy),
and Pcacos and Py, are the densities of coral and seawater, respectively
(Jokiel et al., 1978). Py, was measured each time samples were being
weighed with a hydrometer, and Pc,cos is the density of aragonite (2.93
g cm®). Rates of coral carbonate production were calculated relative to
coral surface area (Foster et al., 2014; Ross et al., 2019). The surface area
of Acropora and P.damicornis samples were determined using the surface
area to dry weight regressions from Foster et al. (2014), which was
based on the same genera and species collected from a reef ~150 km to
the south (Coral Bay; Fig. 1). Foster et al. (2014) found strong linear
relationships between skeletal weight and colony surface area for
Acropora (R2 = 0.98) and P.damicornis (R2 = 0.97).

Relative carbonate production of each coral genus (CCP; kg yr™1)
was calculated for each zone from the percent cover and mean calcifi-
cation rate of each genus, multiplied by the habitat area (Az) of the zone
as follows:

CCP = coral% x Az x Calcification rate 3)

Gross coral carbonate production (3 CCP; Kg yr™ ') of each zone is
then the sum of each genus CCP within a zone.

2.5. Encruster carbonate production

To obtain encruster carbonate production rates, encruster growth
tiles were deployed at four locations around each of the two reefs (see
Dee et al., 2021 for detailed methods). Tiles were deployed for 12
months, and once collected were dry weighed before and after being
soaked in a dilute (10%) solution of hydrochloric acid (HCI) to dissolve
all calcium carbonate. Tiles were then again rinsed, dried, and
reweighed. Rates of encrusting carbonate production were calculated as
follows:

ECR = (M < SA ) x 365 (4)
days

Where ECR (kg m~2 yr™1) is the rate of encrusters calcification, is
calculated as the total mass (kg) of net carbonate accretion (end weight
(eg) minus initial weight (ig)), divided by the deployment duration
(days) and surface area of the tile (SA, mz), and multiplied by 365 to
provide annual rates (Mallela, 2013; Morgan and Kench, 2017). Zonal
encruster carbonate production (ECP; kg yr ') was then calculated as
the percent cover of CCA multiplied by the encrusting calcification rate
(ECR; kg m~2 yr_l), and the habitat area (A, mZ) of each zone (Eq.5).

ECP = CCA cover% x encrusting calcification rate x Az 5)

CCA benthic cover (%) determined from the in situ transects was
used to represent calcifying encruster abundance as CCA was the
dominant encruster on the tiles (Dee et al., 2021). As tiles were not
deployed in the western zones, we applied calcification rates of the
northern zones, which had similar environmental (i.e., wave exposure,
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depth, light, temperature, substrate cover; Dee et al., 2020).

2.6. Gross carbonate production

Gross carbonate framework production (GF kg yr~1) for each zone
was calculated as the sum of the total mass produced by corals and
encrusting organisms (Eq.6). The normalised gross framework produc-
tion rate (GFN kg m~2 yr~!) for each zone was calculated by dividing the
total mass of carbonate produced by the zone area (Eq.7).

GF = Z CCP + Z ECP (6)

GFN = GF + Az )

2.7. Framework bioerosion

Bioerosion monitoring units (BMU) were used to independently
measure endolithic bioerosion across reef zones. Detailed methods can
be found in Dee et al. (2023), but simply, 16 BMUs (2 x 5 x 1 cm) made
from clean cores of Porites lutea were deployed across each reef for one
year. Prior to deployment, BMUs were scanned using a Micro computed
tomography (micro-CT; Skyscan1176, 90 kV, 273 pA), which was then
repeated after collected BMUs were cleaned of organic matter to
determine volume lost due to bioerosion. By comparing BMU carbonate
volume before and after deployment, endolithic bioerosion rate (EBr; kg
m~2 yr~1) was calculated as:

EBr = (Vol; x P;) + (SA; x T) ®

where i refers to the individual BMU, Vol; is the volume lost (m3) during
deployment, SA; is the surface area of the BMU pre-deployment, P; is the
original density of the BMU pre-deployment, and T is the time in years
that the unit was deployed for (DeCarlo et al., 2014; Silbiger et al.,
2016).

External bioerosion (grazing) rates were quantified using urchin
abundance estimates along 20 m transects (15 per reef) and diver-
operated stereo-video (stereo-DOV) to collect data on fish abundance
and biomass collected using a diver-operated stereo-video system (ste-
reo-DOV) (Dee et al., 2023; also see Goetze et al., 2019). Stereo-DOV
surveys were carried out along four 50 m transects with 10 m of sepa-
ration at five sites across Eva Island (n = 20) (one survey among each
WWF, ELC, SWS, and two among NWF zones). DOV surveys were not
able to be undertaken at Fly reef, however grazing data from Eva was
applied to the same zones of Fly as abundance of grazing parrotfish was
observed to be similar. Bioerosion rates (BrN) for grazing parrot fish
were determined using the Indo-Pacific data spreadsheet available from
the Reef Budget website (Perry et al., 2018a; https://www.exeter.ac.uk/
research/projects/geography/reefbudget/). Given very low urchin
abundance across both reefs (<5 individuals per reef), urchins were
excluded from the analysis. Gross bioerosion (GBrN) was the sum of
endolithic bioerosion and grazing for each zone.

2.8. Reef accretion and growth

To calculate net carbonate framework production (G, kg m™2 yr™1)
the following equation was applied:

G = GFN — GBrN )

Where GFN is the gross normalised framework carbonate production
by corals and encrusting organisms, and GBrN is the gross normalised
bioerosion rate by endolithic organisms and parrotfish across the zone.
The reef accretion potential (RAP mm yr~'; Eq. 12) for each zone is
determined by dividing the net framework production (G; kg m~2y~1)
by the weight of aragonite required for a reef to accrete 1 cm (29.3 kg)
and correcting for reef porosity (Rpor) (Kinsey, 1985; Toth et al., 2022),
which is taken as 20% as observed within reef cores extracted from
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turbid zone reefs on the GBR (Palmer et al., 2010).
RAP = ((G + 29.3) = (100 — Rpor)) x 1000 10)

2.9. Reef sediment budget estimates

Surficial sediment samples were taken from each transect location
(15 samples), and were carefully collected with a scoop (250 cm?) from
the upper layer of a 10x10cm area of sand at the start of each transect
and placed into a zip-lock bag. Sediments were soaked with bleach for
24 h to remove organic matter and then rinsed with distilled water and
dried at 50 °C for 24 h before being weighed. Carbonate content was
determined using approximately 5-7 g of the original sample to which
10% HCI solution was added to dissolve the calcium carbonate. After 24
h the non-carbonate residue was filtered through a pre-weighed 90 pm
pore size filter paper using a suction filter and oven dried at 50 °C for 24
h. Once the filter paper was dry, the paper and the sample were
reweighed. Carbonate content (%; Eq. 11) was calculated by subtracting
the post-dissolved sample minus filter paper weight (Sp) from the pre-
dissolved sample minus filter paper weight (S;), divided by S; and then
multiplied by 100.

CaC03% = (Sgisp)

i

x 100 an

Sediment type was determined using a stereo microscope (Nikon
SMZ745T). A subsample (~200 g) was dry sieved into five sieve frac-
tions (<63 pm, 63-150 pm, 150-250 pm, 0.25-0.5 mm, 0.5-1 mm, 1-2
mm, >2 mm) and composition was assessed by identifying 100 sediment
grains for each size class >150 pm as one of the following: hard coral,
Mollusc (bivalve or gastropod), CCA, foraminifera, serpulid worms,
crustacean, sponge spicules, echinoderm spine, unknown, or terrige-
nous. Sediment composition was expressed as the relative percentage
abundance of the total sample and for each of the sieved sub-samples.

Direct carbonate sediment production (SPR, kg m~2 yr!) for each
zone was assessed using the SedBudget methodology (Perry et al., 2023).
Molluscs, CCA, foraminifera, and halimeda abundance data from photo
transects and previous benthic quadrat surveys (see Bonesso et al.,
2022), as well as sediment grain data, were applied to data sheets
available from the SedBudget website (https://www.exeter.ac.uk/res
earch/projects/geography/sedbudget/).

As detailed benthic quadrat surveys were not undertaken at Fly Reef,
an accurate sediment budget could not be assessed for comparison.

Net sediment budget for Eva was calculated using gross sediment
production minus the rate of sediment dissolution. Gross carbonate
sediment production (GSP kg yr_l) was determined by adding the
annual amount of bioeroded sediment from macroborers and grazers
(BrG) to the annual amount of carbonate sediments produced by the
direct sediment producers (ASP). Sediment production rates by grazing
parrotfish are considered to equate to bioerosion rates (Lange et al.,
2020), assuming that all ingested material is excreted as sand (Bellwood,
1996). Sediment produced by macroborers is considered to be 80% of
total macroboring as approximately 20% of eroded volume is estimated
to be lost through chemical dissolution (Nava and Carballo, 2008). Rates
from microborers were excluded as majority of microboring processes
involve chemical dissolutions (i.e., no sediment is formed; Perry et al.,
2017). GSP was then normalised by dividing by the habitat area (m?, Eq.
12 and 13).

GSP = ASP + (BrG) 12

GSPN = GSP + Az 13)

To account for sediment dissolution for each zone, we used rates
recorded in Brown et al. (2021) based on zone geomorphic setting. A
sediment dissolution rate of 0.296 kg m~2 yr~! was applied to forereef
zones (NWF, ELC, WWF), while a rate of 1.07 kg m~2 yr~! was applied
for lagoonal settings (SLL, SWS; Brown et al., 2021). To calculate the
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final rate of sediment produced per zone (NSP; kg m 2y~ 1), we sub-
tracted the appropriate sediment dissolution rate from the GSPN of each
zone (Eq. 14)

NSP = GSPN — sediment dissolution rate a4)
3. Results
3.1. Environment

Environmental variables had minimal variation between reefs, such
as average benthic water temperature (Fly 24.9 + 0.02 °C; Eva 24.8 +
0.02 °C), salinity (Fly mean = 38.16 + 0.42; Eva mean = 38.34 + 0.46),
and conductivity (Fly mean = 57,149 + 982 puS cm™'; Eva mean =
57,150 + 965 pS cm™};

3.2. Benthic community description

Benthic cover was comparable between reefs, with similar coral
cover (8% at Fly, 10% at Eva) and fleshy algal cover dominating the
benthos (macroalgae = 56% at Eva, and 35% at Fly; turfing algae = 16%
at Eva, and 15% at Fly). Both reefs displayed distinct differences in
benthic cover between south and north/east reef zones. Southern zones
were characterised by higher macroalgae cover (52 and 67% for Fly and
Eva, respectively) and exceptionally low coral cover (0-2%). Whereas
northern and eastern zones displayed lower macroalgae cover (0-28%)
and higher coral cover (29-37%), and high cover of turfing algae
(16-35%), with the latter growing predominantly on dead coral sub-
strate. Eva reef hosts a higher percentage of branching corals compared
to Fly (Eva = 26%, Fly = 15%), whereas a higher percentage of massives
were observed at Fly (Eva = 35%, Fly =45%), and an equal percentage
of foliose corals between reefs (Eva = 39%, Fly = 40%; Fig. 3a). The
highest coral cover recorded at Eva reef was 62% within the northern
zone, while a maximum cover of 48% was recorded within the eastern
zone of Fly reef. Turbinaria sp. displayed the greatest relative coral cover
at each reef (~20% at Eva reef and 31% at Fly reef), followed by massive
Porites spp. (16% at Eva and 17% at Fly; Fig. 3a). Pocillopora was the
most common branching genera across both reefs (~15% at Eva and
12% at Fly; Fig. 3a).

3.3. Gross carbonate production

Coral calcification rates measured in this study were low (Acropora
= 0.25 g em2 yr'l, Pocillopora = 0.21 g em? yr'!), yet comparable to
buoyant weight measures of these and other taxa along the Western
Australian coast (Foster et al., 2014; Dandan et al., 2015; Ross et al.,
2015, Table 2). As such, due to low coral cover and low calcification
rates, Eva and Fly reefs had low average coral carbonate production
rates (Eva = 0.97 + 0.26 kg m™2 yr'!, Fly = 0.54 + 0.49 kg m™2 yr'!). The
zones of highest coral carbonate production were the northern zone
(NWF) of Eva (2.54 + 1.33 kg m2 yr'l) and the eastern zone (ELC) of Fly
(2.03 + 0.98 kg m2 yr'!), while the lowest coral carbonate production at
both reefs was among the southern sand-bar zone (SWS; 0.08 + 0.01 kg
m2 yr'! and 0.00 kg m2 yr! at Eva and Fly, respectively; Appendix A
Table 1). Pavona produced the highest relative contribution to Eva reef’s
gross carbonate (~30%), while across both reefs Turbinaria (26-38%)
and Porites (27-33%) also made up large contributions of calcium car-
bonate production (Fig. 3).

Average encruster carbonate production rates at Eva and Fly reef
were 0.12 £ 0.05 kg m™ yr'! and 0.08 + 0.03 kg m™2 yr’}, respectively
(Dee et al., 2021, Appendix A Table 1). The eastern zone (ELC) of Eva
reef produced the highest average carbonate production rates (0.31 +
0.01 kg m? yr'!, while the southern zone (SWS) of each reef produced
the lowest (0.03 = 0.01 kg m2 yr'! at both reefs).

Total annual gross carbonate production was 239 x 103 kg yr'! at Eva
Reef of which 88% was produced by corals, and 125 x 10% kg yr-1 at Fly
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Fig. 3.. The relative cover (a) and contribution of each major coral genera to the overall coral carbonate production (b) at Eva and Fly reefs, error bars represent

standard error.

reef, of which 82% was produced by corals. This equates to an average
gross production rate of 1.11 + 0.26 and 0.62 + 0.49 kg m™? y! at Eva
and Fly reef, respectively.

3.4. Bioerosion

Mean normalised bioerosion rates were 0.07 + 0.02 kg m™ yr! at
Eva, and 0.08 & 0.02 kg m™ yr'! at Fly (Appendix A Table 2). Bioerosion
by grazing parrotfish made up 51% of bioerosion at Eva reef, and 47% at
Fly reef. The highest rates of total bioerosion were recorded in the WWF
zone of each reef (~0.14 kg m™2 yr'!), while the lowest rates of bio-
erosion were recorded at the NWF zone of Eva (0.04 kg m2 yr'l), and SLL
of (0.02 kg m™ yr'!, Appendix A Table 2).

It is worth noting that endolithic bioerosion rates measured in this
study are expected to be an underestimate due to the resolution of CT
scans (microbioerosion) and the relatively short deployment period of
BMUs across reef sides (i.e. 12 months for macrobioerosion).

3.5. Net carbonate framework production and accretion

Mean net carbonate framework production at Eva reef was 1.04 +
0.45 kg m2 yr'!, while Fly displayed a mean net carbonate framework
production rate of 0.55 + 0.37 kg m™2 yr'! (Fig. 4). Across Eva reef, net
carbonate framework production ranged from 0.06 kg m2 yr! in the
SWS zone to 2.62 kg m yr'! in the NWF zone. Net carbonate framework

production at Fly ranged from 0.00 kg m yr'! in the SWS zone to 1.96
kg m2 yr! in the ELC (Fig. 4).

The average RAP across the entire Eva Reef was 0.44 + 0.19 mm yr'},
while Fly Reef had a lower average RAP of 0.19 + 0.13 mm yr'! (Ap-
pendix A Table 3). The NWF zone of Eva Reef showed the greatest RAP at
1.12 mm yr'\, followed by the ELC and SLL zones both at 0.47 mm yr'l.
At Fly, the ELC zone showed the greatest RAP at 0.67 mm yr''. The SWS
zone of each reef showed the lowest RAP (Eva = 0.02 mm yr'; Fly =
0.00 mm yr'; Appendix A Table 3).

3.6. Direct sediment production

Sediments collected from Eva were classified as coarse sand and
consisted of ~95% carbonate. The two dominant components at Eva
were coral fragments (~37%) and mollusc materials (34%, Appendix A
Table 4). Sediments consisted of approximately 6% CCA and ~ 7%
foraminifera, with the remaining contents made up of spicules, crusta-
cean, serpulid, bryozoan, echinoderm and terrigenous materials.

Average direct sediment production was 0.90 + 0.19 kg m? yrl.
Mollusc made up the majority of benthic taxa that would contribute to
sediment productions, with rates from halimedia and live foraminifera
being almost negligible.
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Fig. 4.. Benthic habitat and estimated carbonate production, bioerosion, and net carbonate budget (kg m yr'!) for each geomorphic reef zone of Eva and Fly reefs.

3.7. Net carbonate sediment production

Across Evareef, the average amount of bioeroded sediment produced
from macroborers and grazers was 7.40 + 3.67 x 10° kg yr'! (Table 3).
When combined with estimates of direct sediment produced on the reefs,
the average normalised gross sediment production rate of Eva reef was
0.06 + 0.02 kg m? yr'l. Taking sediment dissolution into account, rate
of net sediment production at Eva reef is —0.55 kg m™2 yr'l.

4. Discussion
4.1. Pilbara islands reef carbonate budgets

Eva and Fly reefs currently have a low but positive reef budgetary
state with net carbonate framework production at 1.04 + 0.45 and 0.55
+ 0.37 kg m? yr'l, respectively. In contrast, neighbouring Ningaloo
Reef, which lies in the clear waters off the western side of the Exmouth
peninsula, was estimated to have a greater net carbonate production rate
between 1.4 and 3.9 kg m2 yr'1 (see Perry et al., 2018b). Rates of net
carbonate production measured in this study are, however, comparable
to some carbonate budget states recorded among turbid or polluted reefs
of the Indo-Pacific and Caribbean. A recent study on Singapore’s inshore
turbid reefs recorded a low mean net carbonate budget of 0.68 kg m™2 yr’

Table 3

1 (Januchowski-Hartley et al., 2020), while Mallela and Perry (2007)
recorded net carbonate budget rate of 1.89 kg m™? yr! at an inshore
Jamaican reef site exposed to riverine induced turbidity, and de Backker
etal. (2019) recorded average rates of 0.58 and 0.85 kg m™ yr'! at urban
reefs of Bonaire heavily influenced by anthropogenic pressures. These
comparisons between polluted and turbid settings support previous as-
sumptions that the southern Pilbara reefs are existing within marginal
environmental settings despite a lack of local anthropogenic stressors.

4.2. Carbonate production rates

In this study, we recorded average calcification rates of 0.25 g cm™
yr'! for Acropora spp. and 0.21 g em yr’! for Pocillopora damicornis,
which were comparable to rates measured in local studies using the
same buoyant weight methodology. For example, Dandan et al. (2015)
measured an Acropora calcification rate of 0.44 g cm™ yr'! within the
Pilbara and similarly turbid Kimberly region to the north. While Foster
et al. (2014) recorded an Acropora calcification rate of 0.42 g cm-2 yr-1
and P. damicornis growth rates of 0.34 g cm-2 yr-1 in near by clear water
Coral Bay (Fig. 1). Further south, Ross et al. (2015) recorded growth
rates for P. damicornis of 0.23 g cm-2 yr-1 at Rottnest Island, a high
latitude reef. It is well acknowledged that using local growth rates will
increase the accuracy of census-based reef carbonate production

Sediment budget for Eva reef including calculated gross sediment production (kg cm ™2 yr™!) from direct sediment production and sediment derived from bioerosion,
estimated sediment dissolution rates (kg cm ™2 yr—1), and net carbonate sediment production rates for each geomorphic zone.

Direct sediment Bioeroded sediment

Normalised Gross Carbonate sediment

Sediment dissolution Net Carbonate sediment

production kg m? yr ! production kg m? yr~! production kg m 2 yr—! kgm 2yr! production kg m~2 yr~!
Eva
NWF 0.007 0.03 0.03 0.30 —0.26
ELC 0.006 0.07 0.08 0.30 —0.22
SWS - 0.03 0.03 1.07 —-1.04
SLL - 0.03 0.03 1.07 —1.04
WWF 0.006 0.12 0.13 0.30 -0.17
Mean + 0.006 + <0.001 0.06 + 0.06 + 0.02 0.61 + 0.19 —0.55 + 0.19

se
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estimates (Perry et al., 2018a; Browne et al., 2021). This may not always
be possible given that assessment of coral growth rates require longer
time frames (several months) than many in situ benthic surveys require.
In these situations, it is encouraged that growth rates from similar reef
settings (e.g. clearwater, turbid, high latitude etc.) be substituted into
the carbonate calculations.

Accurate carbonate production estimates also rely on assessing the
true surface area of the benthos and coral cover. There are two ap-
proaches that can be used to incorporate this element. The first
approach, which was used here, was to measure reef rugosity using the
chain and tape method. The second approach is to measure the total
coral colony contour of each coral colony that intercept the transect line.
This approach is more accurate as it calculates calcification on a colony-
level and has been updated for the ReefBudget method (Perry et al.,
2012; Perry et al., 2018a). No comparisons have been made between
these two approaches to assess if they differ significantly and if these
differences are consistent between reef habitats characterised by
different coral community compositions. It is likely that there will be
some differences but until this research is undertaken it cannot be
determined which approach is more appropriate. However, care should
be taken when comparing data between the different approaches.

4.3. Bioerosion rates

Much like coral carbonate production rates, bioerosion rates across
Eva and Fly reefs were also low compared to previous studies. Average
total bioerosion rates were 0.07 kg m-2 yr-1 at Eva and 0.08 kg m-2 yr-1
at Fly. Bioerosion rates vary spatially from inshore to offshore (Sam-
marco and Risk, 1990; Cooper et al., 2008), with inshore sites typically
experiencing higher macroboring and lower external grazing than
offshore reefs (Tribollet et al., 2002; Hutchings et al., 2005). High
sedimentation and turbidity on inshore reefs are known to negatively
affect the abundance of herbivorous reef fish (Cheal et al., 2013),
reducing what can be a dominant driver of bioerosion rates. Within this
study we observed very low numbers of parrot fish (13 total) between 11
and 30 cm in length, which indicated low grazing rates. However, par-
rotfish species abundance is known to vary with tides and time of day,
and so it is possible DOV transects conducted throughout the middle of
the day may not have captured the full extent of the local population.
Although personal observations over a number of years and rare sight-
ings of grazing scars on corals over multiple field expeditions support the
assumption that parrotfish populations are low within Exmouth Gulf.

Sedimentation may also inhibit the settlement and development of
microboring taxa such as endolithic algae (Hutchings et al., 2005). In
contrast, higher rates of macro-boring on inshore reefs has been linked
to higher levels of nutrients in coastal waters (Edinger et al., 2000; Le
Grand and Fabricius, 2011). As such, previous carbonate budget studies
conducted on reefs close to urban centres (e.g., Singapore, Januchowski-
Hartley et al., 2020; Jepara, Edinger et al., 2000; Townsville Browne
et al., 2013) have found macro-borers to be the dominant bioeroding
group. In this study, rates of macro bioerosion were comparatively low
(0.02 kg m? yr! at Eva and 0.03 kg m? yr'! at Fly), which could
potentially be appointed to the lack of local anthropogenic pressure (e.
g., urban runoff, pollutants, nutrients) and to the short timeframe of
block deployment (compared to other studies which usually deploy for
3+ years). Under this “natural” setting, low bioerosion pressure has
facilitated a positive budgetary state despite low net carbonate
production.

4.4. Spatial variations and environmental pressure

Carbonate production and removal varied spatially within and be-
tween both reefs. In particular, Eva reef showed the greatest rates of
carbonate production, potentially driven by higher average light levels
measured at this reef. In contrast, Fly reef was exposed to higher levels of
turbidity and chlorophyll-a, which may have hindered carbonate
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production rates as well as increased endolithic bioerosion (Le Grand
and Fabricius, 2011). Rates of bioerosion were, however, greater in the
WWEF and SWW zones of each reef. These small-scale (1 to 10 km) spatial
differences highlight the variation in reef habitat types around islands,
and how net carbonate production differs between them. It is therefore
essential that island reef carbonate budget studies include all sur-
rounding habitats (see also; Hamylton, 2014; Hamylton and Mallela,
2019; Ryan et al., 2019). In doing so, it is likely that predictions of how
reefs and associated islands may respond to changing environmental and
hydrodynamic conditions into the future will improve (Cuttler et al.,
2020; Masselink et al., 2020; Masselink et al., 2021).

Small-scale spatial differences in production rates also highlight the
need for caution when up-scaling rates of net carbonate production from
a limited number of transects to whole reef systems. A potential
approach that could improve the upscaling of carbonate budgets to reef
systems is to develop empirical relationships that describe how key
ecological processes that drive budgets (e.g., calcification rates, bio-
erosion) are responding to individual and interacting environmental
drivers. These quantified relationships could then be combined with
remotely sensed habitat maps to estimate net carbonate production at
the reef scale and better predict future rates of change (Hamylton et al.,
2013).

4.5. Sediment budget

The carbonate sediment budget of Eva reef is low at 0.06 + 0.02 kg
m-2 yr-1. This rate is comparably low to clear water as well as turbid
studies within the Indo-Pacific. For example, net sediment production
rate of 2.82 kg m-2 yr-1 has been estimated for Heron Island reef on the
southern GBR (Brown et al., 2021). Further, sediment production
quantified in this study is also a magnitude lower than that of turbid
inshore reefs of the GBR (~0.2 kg m-2 yr-1 Browne et al., 2013).

It has been well established that parrotfish are leading producers of
carbonate sediments within tropical clear water reefs (Bellwood, 1996),
but this is not always the case for other reef types. For example, reef
sediments have been found to be dominated by fragments of Halimeda
spp. (e.g., Timor Sea, North-western Australia; Hayward et al., 1997),
foraminifera (e.g. Green Island and Raine Island, North-eastern
Australia; Yamano et al., 2000; Dawson et al., 2014) and molluscs (e.
g. Lagoonal waters of New Caledonia; Chevillon, 1996), highlighting the
role of other organisms in carbonate sediment production and supply.
Here we found that reef sediments were largely made up on mollusc
material (>30%), which is also reflected within sediments collected
from the associated reef islands (Bonesso et al., 2022). Nilsen et al.
(2022) identified invertivores as the dominant feeding guild (based on
biomass) at Eva reef, and their gut contents were >95% carbonate
material (e.g. molluscs, echinoderms).

The low rate of sediment production at Eva reef is expected to be an
underestimate as sediment production as key invertivore species were
not taken into account when applying the ReefBudget or SedBudget
methodologies. While these methods include invertivore fish types such
as trigger fish and puffer fish, they do not currently include tusk fish
species such as Choerodon cyanodus and Choerodon schoenleinii, as well as
emperor species Lethrinus laticaudis, which all feed on molluscs, yet no
feeding rates could be found in the literature. This highlights there is
more research required to fully understand the role of invertivore fish in
sediment production particularly within more turbid waters where these
fish guilds may be more abundant.

An additional limitation to quantifying a sediment budget within this
study is the lack of onsite dissolution data, as well as the lack of sediment
transport estimates. As stated above, these can be difficult to accurately
estimate, and the required field logistics were not achievable during this
study due to travel restrictions.



S. Dee et al.
4.6. Reef accretion and future island stability

Reef accretion potential (RAP) rates varied between 0.00 and 1.11
mm yr-1 with an average rate of 0.45 £+ 0.19 mm yr-1 for Eva and 0.19
+ 0.12 mm yr-1 for Fly reef. These estimates fall below even the most
conservative global mean SLR prediction of 4.4 mm yr-1 under the In-
ternational Panel on Climate Change (IPCC) Representative Concentra-
tion Pathway (RCP) scenario 2.6, and is well below current globally
averaged SLR of approximately 3 mm yr-1 (Church and Gregory, 2019).
Within in Pilbara coast line in Northwest Western Australia, RCP sce-
nario 2.6 predicts a sea level increase of 0.39 m by 2090, with scenario
4.5 predicting an increase of 0.46 m by 2030. Under these expected
water level increases and tidal ranges in this region (2-3 m), increased
water depth above reef substrate will result in increased wave energy
reaching the island shore, and hence increasing impacts of wave-driven
erosion (Storlazzi et al., 2015; Kane and Fletcher, 2020). Ultimately,
there remains a level of uncertainty regarding how reefs will respond to
SLR as well as how islands and sediment regimes will be altered under
predicted SLR and hydrodynamic scenarios in conjunction with, as well
as independent of RAP (East et al., 2018, 2020; Masselink et al., 2020;
Tuck et al., 2021).

Recent research into the morpho-dynamics of Eva and Fly islands
showed that these islands have remained stable over the past two de-
cades, despite displaying dynamic morphological responses to seasonal
shifts in wave climate and water levels (Cuttler et al., 2020). Bonesso
et al. (2020) showed that the reef platform area of Eva and Fly reef was
directly linked to the net volume of their associated islands, with a larger
platform area providing a greater sediment factory and direct sediment
feed (also see East et al., 2018). In this scenario, RAP may have smaller
impact on rates of direct sediment feed as majority of sediment pro-
duction is expected to be derived from predation on molluscs in the
surrounding habitat. If this is the case, Eva and Fly may sustain island
stability into the future through positive sediment production, although
this scenario is far more likely under combined environmental variables
supportive of positive carbonate budget states.
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