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A fast-paced post-glacial sea-level rise and subsequent mid-Holocene sea-level highstand are well documented
at several far field locations away from the presence of former ice sheets but sea-level development during the
late Holocene remains ambiguous. In this study, we present new data from modern and fossil oysters attached
to shoreline rocks along the north-eastern Australian coastline that reveal new constraints on the nature and
timing of relative sea-level change over the past 2500 yr. Surveyed elevations of various contemporary oyster
zones contextualize modern oyster growth forms in relation to sea-level datum and build the reference for our
fossil oyster data. Based on survey data and field observationswe developed a robust set of criteria formeasuring
fossil oysters to determine their relative sea-level position and constrain the uncertainties associated with these
reconstructions. Thick (N10 cm) fossil oyster visors above the equivalent modern growth suggest higher relative
sea-levels in the past (i.e. N1200 cal. yr BP). Radiocarbon analyses of themodern oyster visors suggest continuous
lateral accumulation over the past ~800 yrwhich implies relatively stable sea-level over this period. Themodern
and fossil dataset defines a distinct and rapid relative ~1m sea-level fall between 1200 and 800 cal. yr BP.Wheth-
er the sea-level fall was stepped or followed a broader smooth/monotonic pattern is unclear. The timing coin-
cides with the initiation of some inshore fringing coral reefs in the Great Barrier Reef region and other major
geomorphological changes along the coastal zone. A combination of various factors may have been the driving
mechanism behind this relative sea-level fall with rates between 1.0 to 5.2 mm yr−1.

Crown Copyright © 2015 Published by Elsevier B.V. All rights reserved.
1. Introduction

Coral microatolls, raised coral reef terraces and stratigraphical rela-
tionships of coastal sedimentary deposits have been key sea-level indi-
cators (SLIs) that have helped decipher mid-Holocene sea-level change
(Chappell and Shackleton, 1986; Chappell et al., 1983; Davies and
Montaggioni, 1985). At far field locations (distal from areas with ice
sheets during the Last Glacial Maximum such as the Australian margin)
with minimal glacio-isostatic adjustments (GIA), such SLI data show a
Holocene sea-level highstand of 1–2 m higher than present which ex-
tended from ca. 7500 to 2000 yr ago (Woodroffe, 2003; Sloss et al.,
2007; Lewis et al., 2013). The hydro-isostatic adjustment is thought to
account for these 1–2 m sea-level changes to present levels over the
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past 2000 yr (Lambeck and Nakada, 1990; Lambeck, 2002). Coral
microatolls and coastal and estuarine sedimentary sequences along
the eastern Australian coast suggest a smooth sea-level fall (Chappell,
1983; Chappell et al., 1983; Lewis et al., 2013). In contrast, fixed biolog-
ical indicators (i.e. oysters, barnacles, tubeworms) point toward a
prolonged mid-Holocene highstand with a possible stepped sea-level
fall (Baker and Haworth, 2000a,b; Sloss et al., 2007; Lewis et al., 2008;
Woodroffe, 2009). The different views are also reflected in geophysical
models that are either based on smooth fall or prolonged highstand sce-
narios over the past 7000 yr (Lambeck, 2002; Sloss et al., 2007;
Woodroffe, 2009; Lewis et al., 2013). Although a late Holocene sea-
level fall to its present position is recognised at several far field sites, de-
tails on rates of change, timing and causes are poorly documented due
to few reliable SLI data in the region from the past 2500 yr.

Fossil oysters providemeasures of elevation, timing of change and to
some degree the duration of the mid-Holocene sea-level highstand
along NE Australia (Beaman et al., 1994; Lewis et al., 2008, 2013;
Wright, 2011) and SE Asia (Tjia et al., 1984; Tjia, 1992; Davis et al.,
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Fig. 1.Mainmap showing the sites where the oyster and barnacle deposits were sampled
as well as where other SLI data were sourced.
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2000; Boyd and Lam, 2004). The living oyster colonies of Crassostrea
echinata and Saccostrea cucullata occur along rocky coastlines in the in-
tertidal environment between the Mean Low Water Spring (MLWS)
and just above theMeanHighWater Neap (MHWN) tides in NE Austra-
lia (Lewis et al., 2008; Wright, 2011). The upper 40–50 cm growth zone
often forms thick and dense (N10 cm) ‘visor/bed’ deposits (hereafter re-
ferred to as oyster visors) and it is thought that the uppermost oyster
visor zone provides a reproducible sea-level datum. However, the use
of the oyster data as a reliable SLI has been questioned due to: (1) pres-
ervation potential of the fossil counterparts, which are commonly found
behind boulders and may not provide a direct comparison to the con-
temporary deposits; (2) the relationship and reproducibility of the
modern oyster visors to a sea-level datum and hence the limited quan-
tification of uncertainty in the fossil datasets and; (3) their response to
changes in coastalmorphodynamic boundary conditions over time such
as wind/wave/exposure regimes, tidal range and water circulation
within an embayment (Hopley et al., 2007; Perry and Smithers, 2011;
Smithers, 2011; Lewis et al., 2013). In comparison, the coral microatoll
data have more clearly defined criteria for application in sea-level re-
constructions such as the selection of genus (i.e. Porites), their relation-
ship to a tidal datum and the recognition and rejection of moated
counterparts (see Smithers, 2011; Lewis et al., 2013).

In this study, themodern oyster zone in Horseshoe Bay, Magnetic Is-
land was surveyed to examine the elevation of various growth forms to
tidal datum in order to establish the veracity of this SLI and to develop
standard criteria for application in reconstructions of past sea-level.
We obtained six radiocarbon age determinations from three thick
(N50 cm)modern oyster visors to examine initiation and horizontal ac-
cumulation rates in order to refine the timing of the most recent sea-
level fall. The data are compared to two radiocarbon ages from a thick
(60 cm) fossil oyster visor deposit 97 cm above the mean of the upper-
most living visor zone. Our new data indicate a rapid relative sea-level
fall from ~+1 m to its present level between 1200 and 800 cal. yr BP
with little variations since.We also examine the evidence for this appar-
ent fall on a regional and global scale and discuss potential mechanisms
that may account for this fall.

1.1. The ecology of oysters on rocky shores

It is well recognised that certain species of bivalves, barnacles and
tubeworms occupy a distinct zonation within the intertidal range of
rocky shorelines (e.g. Endean et al., 1956a,b; Stephenson and
Stephenson, 1972; Morton and Morton, 1983; Dakin, 1987; Baker and
Haworth, 1997; Baker et al., 2001). Specifically, the zonation and geo-
graphical range distribution of the oysters S. cucullata and C. echinata
have been described in Queensland by Endean et al. (1956a,b)) and in
Hong Kong by Morton and Morton (1983). We note that S. cucullata
has been described in the past as Crassostrea cucullata or Crassostrea
amasa (e.g. Thomson, 1954; Endean et al., 1956a,b; Stephenson and
Stephenson, 1972) and C. echinata has also been described as Saccostrea
echinata (Morton and Morton, 1983). These oyster species grow in
warm waters and are largely tolerant of salinity fluctuations
(Thomson, 1954; Morton and Morton, 1983). Importantly, both S.
cucullata and C. echinata favour sheltered and semi-sheltered areas (in
particular C. echinata becomesmore dominantwith increasing shelter);
they are generally absent on shorelines in more exposed settings, al-
though in these situations they can grow in restricted areas of increased
shelter/protection such as rock crevices (Morton andMorton, 1983; see
also Davis et al., 2000; Baker et al., 2003; Yim and Huang, 2003).

The uppermost zone of S. cucullata and C. echinata has been docu-
mented as ‘always sharply demarcated’ (Endean et al., 1956b p. 133)
and estimated to sit just below or above the MHWN tide across both
NE Australia (Endean et al., 1956a,b; Wright, 2011) and Hong Kong
(Morton andMorton, 1983). Unsurprisingly, the level of this uppermost
zone has been used along with elevated fossil oysters to provide an in-
dicator of past relative sea-level position (Beaman et al., 1994; Davis
et al., 2000; Higley, 2000; Baker et al., 2003; Lewis et al., 2008; Wright,
2011). However, few studies have precisely measured the uppermost
sections of the modern oyster zone in relation to a sea-level datum
and hence the reproducibility of the uppermost oyster level is disputed
(Baker et al., 2003; Yim and Huang, 2002, 2003; Smithers, 2011; Perry
and Smithers, 2011). Laborel and Laborel-Deguen (1996) have argued
that “the altitude of elevated or depressed shorelines is best estimated
by direct measurement of the altitudinal differences between the
upper limit of the elevated (or submerged) remains and the corre-
sponding limit of its present homologue”. It is, therefore, this relative
measurement between the fossil oyster upper boundary and the pres-
ent oyster upper boundary at the same location that establishes past
sea-level position.

2. Study sites and methods

Our study area (Fig. 1: Cleveland and Halifax Bays, NE Australia) re-
sides in an intra-plate setting in a far field location away from the influ-
ence ofmajor ice sheets present during the Last GlacialMaximum. Some
land subsidence is recognised in the region based on the elevations re-
corded from a small number of last interglacial deposits from Queens-
land (~4 m below to 5 m above present sea-level: Murray-Wallace
and Woodroffe, 2014). Assuming a last interglacial highstand of 5 m
above present sea-level (marine isotope stage 5e: Murray-Wallace
and Belperio, 1991), this equates to a total subsidence of b15 cm (i.e.
≤0.075 mm yr−1) over the past 2000 yr. The climate, bathymetry,
tides, wind regimes, waves and circulation of the study area are de-
scribed in Carter et al. (1993).

The modern oyster zone was surveyed to sea-level datum using a
laser level across a 400m sectionwithinHorseshoe Bay,Magnetic Island
(Fig. 1). This embayment contains abundant thick (N10 cm) oyster



22 S.E. Lewis et al. / Marine Geology 370 (2015) 20–30
visors. The transect has a clear morphological transition to a higher en-
ergy environment where the beach is steeper. C. echinata is ubiquitous
and the main species of oyster that forms the visors in Horseshoe Bay
while the other common intertidal oyster S. cucullata was observed in
the more exposed section of the transect. The survey captured the full
variability of the upper oyster zone along the transect as well as the ori-
entation of the oysters (i.e. direction they are facing). The still water
level at the time of survey was recorded and the survey measurements
were calibrated based on actual Townsville tide gauge measurements
relative to LAT sea-level datum.

We defined three commonoyster growth forms in our survey: ‘com-
plete blanketing’ of oysters; thick oyster visors (oyster thickness
N10 cm); and solitary oyster colonies (see Fig. 2). The ‘complete
blanketing zone’ is defined as the oyster zone where colonies fully
cover the bedrock as a pavement. The uppermost confining growth
level of this blanketing zone was used as a survey reference. The oyster
visor is defined as a zone where the oysters form deposits thicker than
10 cm that are roughly parallel to the water level. The upper limit, ver-
tical range andmaximum thickness of these visors weremeasured. Sol-
itary oyster colonies are defined as individual oysters or small patches
that do not exhibit a complete blanketing coverage. We only surveyed
oysters where bare rock was present above the oyster growth to ensure
rock accommodation space was not a limiting factor.

Thick (N50 cm) living oyster visors (S. cucullata and C. echinata)
were sampled from Magnetic Island (Arthur Bay), Orpheus Island and
Hinchinbrook Island, NE Australia (Figs. 1 & 3). The oyster visor in Ar-
thur Bay was removed from the boulder, while the oyster visors around
Orpheus and Hinchinbrook Islands were sampled using a diamond
corer (12 cm long). OnMagnetic Island, fossil oysterswere also sampled
from Horseshoe Bay (60 cm thick visor; Fig. 4A) and Picnic Bay (b5 cm
thick deposit; Fig. 4B), while fossil barnacles (Octomeris brunnea) were
collected fromRadical Bay (Fig. 4C). The uppermost elevation of the fos-
sil oysters and barnacles were determined using a laser level and mea-
sured against the mean elevation of the uppermost thick (N10 cm)
living oyster visor zone.
Fig. 2.Anexample of the relationship between awell-preserved fossil oyster visor and themode
complete oyster blanketing and solitary oyster colonies. Thefigure indicates themeasurements
main text for calculations). The measurements for the fossil oyster visor are shown in Fig. 5 (H
AMS radiocarbon age datingwas performed at the Australian Nucle-
ar Science and Technology Organisation (ANSTO), according to the
method described by Fink et al. (2004). Samples were selected from
the oldest (closest oyster attached to boulder/bedrock) and middle
growth areas of themodern oyster visors (see Table 1 for sample details
and Fig. 3 for where the samples were collected from within the oyster
visors). The outermost part of the visor contains the living oysters,
which together with the AMS datawere used to calculate horizontal ac-
cumulation rates at each site (Fig. 3). The radiocarbon ages were cali-
brated using the Marine13 14C “global” marine calibration dataset
(Reimer et al., 2013) in the Calib 7.02 program (Stuiver and Reimer,
1993). The program corrects for a 400-year global marine reservoir ef-
fect and a regionalmarine reservoir correction (ΔR) of 12±7 yr forma-
rine carbonates from the central Great Barrier Reef (Ulm, 2002) was
used. The calibrated 14C ages were rounded to the nearest 5 yr and pre-
sented with 2σ errors as calibrated years before present (BP).

3. Results

3.1. Modern oyster deposits

The uppermost level of the complete blanketing oysters in Horse-
shoe Bay ranges from 32 cm above the mean low water springs tide
(+0.75 m LAT) to 32 cm below the mean high water springs tide
(+3.01 m), hence covering a 162 cm range (Fig. 5). The mean of the
upper level (+2.29 m) is slightly above the mean high water neap
(MHWN) tide forMagnetic Island (+2.17m). In contrast, the thick oys-
ter visors (N10 cm) have a much tighter uppermost growth range of
42 cm with a mean elevation of +2.34 m (i.e. 17 cm above the
MHWN tide) and a 1σ standard deviation of 12 cm (Fig. 5). Interesting-
ly, the upper level of the oyster visor in themore exposed area was only
3 cm above the mean uppermost oyster visor elevation in the Bay. The
entire oyster visor vertical growth ranges from 42 cm below the
MHWN tide to 36 cm above the MHWN tide (Fig. 5). The largest oyster
visor measured in our study had a vertical range of 70 cm (i.e. where
rn oyster visor zone fromHorseshoe Bay,Magnetic Island. Also highlighted are examples of
required to produce a sea-level reconstruction using fossil oyster data (see Table 2 and also
B1).



Fig. 3. Photos and cross-sectional drawings of the oyster visors with living colonies on their exterior sampled from Arthur Bay, Magnetic Island, Hinchinbrook Island and Orpheus Island.
The cross-sections show where the samples were taken for radiocarbon analysis. The ages presented are calibrated years BP.
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thickness was N10 cm) with a maximum thickness of 110 cm (from
bedrock to tip of visor).

All oyster visors with live colonies from the three sampled sites have
considerably different ages of initiation. The 90 cm thick visor (C.
echinata) on Hinchinbrook Island has an innermost age (nearest to the
bedrock) of 145 ± 100 cal. yr BP (Fig. 3). An earlier growth phase pre-
served just below this main visor recorded an age of 230 ±
90 cal. yr BP. Similarly, the innermost growth of the S. cucullata visor
(53 cm thick) from Orpheus Island started at 115 ± 110 cal. yr BP. In
contrast, the 50 cm thick visor (S. cucullata) from Arthur Bay, Magnetic
Island initiated significantly earlier at 760±120 cal. yr BP (Table 1). Im-
portantly, the ages from themiddle sections of oyster visors fromArthur
Bay (375 ± 90 cal. yr BP) and Hinchinbrook Island (70 ± 70 cal. yr BP)
are between the initiation age and the ‘present day’ living colonies,
which suggests that horizontal oyster visor accumulation rates have
generally been consistent since initiation. These ages were used to de-
termine horizontal accumulation rates assuming a modern age for the
outermost growth. On Magnetic Island (Arthur Bay), accumulation
rates range between 0.60 and 0.72 mm yr−1, while on Orpheus Island,
the rate was 4.6 mm yr−1. Hinchinbrook Island (Ramsey Bay) showed
the fastest horizontal accumulation rates of 6.0 to 6.4 mm yr−1.

3.2. Fossil deposits

Past sea-level position indicated by the fossil oyster data along with
robust estimates of uncertainty can be determined using the oyster



Fig. 4. Photos of the fossil oyster deposits sampled inHorseshoe Bay (A) and Picnic Bay (B)
and the O. brunnea barnacle sampled in Radical Bay (C). Note the difference in preserva-
tion between the fossil oyster visor at Horseshoe Bay and the fossil deposit in Picnic Bay.
The ages presented are calibrated years BP.
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visor survey data. For example, the uppermost elevation of the fossil
oyster visor from Horseshoe Bay shown in Fig. 2 is 1.23 m above the
mean of the uppermost modern oyster visor zone and 1.04 m above
the highest living oyster visor measured in this embayment. Hence we
assign aminus 20 cm error to this fossil zone to cover themeasured dif-
ference between the levels of highest modern growth and mean mod-
ern growth (i.e. 19 cm) and to cover a 1 cm measurement error.
Because the vertical range of the fossil oyster visor is alsowell preserved
(65 cm: i.e. only 13 cm lower than the maximum recorded vertical
range in the bay), we assign a plus 14 cm error to capture this difference
and a 1 cmmeasurement error. Therefore this fossil oyster visor (HB1 in
Fig. 5) is situated 123 cm (+14 cm, −20 cm) above the equivalent
modern oyster visors. Applying this approach we assign the dated fossil
oyster visor in Horseshoe Bay (HB2 in Fig. 5) to be 97 cm (+39 cm,
−20 cm) above the upper modern oyster visor zone (i.e. the larger
plus error is because the preserved vertical range was 40 cm).

The fossil oyster from Picnic Bay was measured at 20 cm above the
modern complete blanketing oyster zone and was assigned a large
uncertainty level of ±100 cm due to the fact that no thick visor was
present. The range uncertainty applied to this oyster deposit is precau-
tionary to capture the variability of the upper complete blanketing oys-
ter zone and the full oyster growth range as it is uncertain that it formed
in the upper blanketing zone (PB1 in Fig. 5). A +50 cm, −70 cm error
was applied to theO. brunnea barnacle deposit to account for the uncer-
tainty in the growth range of this species. The modern O. brunnea
growth range extends from ~10 cm below the top of themodern oyster
zone to ~40 cm above the uppermost oyster zone (Lewis et al., 2008).

The well-preserved thick fossil oyster visor on Magnetic Island
(Horseshoe Bay), 97 cm (+39 cm,−20 cm) above themean of the up-
permost contemporary oyster visors with live colonies, shows an inner-
most age of 2210 ± 100 and a middle age of 1225 ± 75 cal. yr BP (Fig.
4A). The calculated horizontal accumulation rate is 0.30 mm/year (as-
suming continuous accumulation), which is about half the rate of the
living oyster visor from Arthur Bay. The fossil oyster deposit in Picnic
Bay located 20 cm higher than the mean of the living complete
blanketing oyster growth yielded an age of 1400 ± 95 cal. yr BP. This
fossil deposit was poorly preserved and was less than 5 cm thick and
hence did not conform to our ‘oyster visor’ definition (Fig. 4B); no fossil
or living oyster visors N10 cm thickwere observed in this bay. The fossil
barnacle deposit in Radical Bay (Magnetic Island) is preserved 85 cm
above the modern oyster visor zone and has a similar age of 1560 ±
120 cal. yr BP.

3.3. Sea-level change reconstructions

Radiocarbon age data compilation of the living and fossil oyster vi-
sors and the barnacle deposit were combined with seven previously
published ages of precise SLIs from the Cleveland Bay/Halifax Bay area
(from Chappell et al., 1983; Woodroffe, 2009; Yu and Zhao, 2010) to
provide a comprehensive sea-level dataset for the past 2500 cal. yr BP
from the study area (Fig. 1). Although different SLIs are used, the data
show good agreement (Fig. 6). The data infer a relative sea-level of ap-
proximately +1.0 m between 2500 and 1200 cal. yr BP and a present
level starting around 800 cal. yr BP (Fig. 6). Our oyster data from Mag-
netic Island define amean rate of sea-level fall of 2.1 mm yr−1 between
1200 and 800 cal. yr BP with a range of 1.0 mm yr−1 to 5.2 mm yr−1

when incorporating the elevation and age-distribution uncertainties
(Fig. 6). Interestingly, the mean rate of sea-level fall calculated for this
period is comparable to the rate of rise determined for the past 20 yr
(~3.0 mm yr−1: Church et al., 2011). We have drawn the sea-level fall
envelope in Fig. 6 to capture the full uncertainty inherent in our oyster
data. The predicted sea-level curves from the hydro-isostatic models
for Townsville (Lambeck and Nakada, 1990) and Orpheus Island
(Lambeck, 2002) generally fall on either side of our envelope when
overlaid on our data (Fig. 6). This result may reflect the timing of the
cessation of ice melting used within the model framework or it may
imply that other climatically-driven factors have contributed to this ob-
served sea-level fall. While we cannot delineate between a monotonic
or stepped sea-level fall, our data indicate that climatically-driven fac-
tors appear to have influenced the late Holocene sea-level fall outside
of that produced by the glacio-isostatic adjustment.

4. Discussion

Fossil and modern oyster data suggest that relative sea-level along
the NE Australian coastline was ~1 m above its present level before
1200 cal. yr BP and fell to its present position between 1225 and
760 cal. yr BP (i.e. fall of 0.97 m with error of +0.39 m, −0.20 m).
Other reliable SLIs such as coral microatolls are either absent, not well
represented or have not been sampled from this region for this period
(i.e. between 400 and 2500 cal. yr BP). Hence our oyster data provide
the first reliable sea-level reconstruction for the east coast of Australia
for the past 2500 yr. In the following discussion, we address details of
(1) the veracity of the oyster data to examine past sea-level change



Table 1
Sample details of the sea-level indicators analysed in this study.

Lab code Material Maximum
bed
thickness

Sample
location

Species Location Latitude (°
S)

Longitude
(°E)

14C age ±
(1σ)

Cal.
age

±
(2σ)

Elevation
to LAT

Inferred
palaeo-sea
position
(m)

Indicative meaning

(yr BP) (cal.
yr
BP)

OZL588 Oyster 50 cm 23 cm
from
inner
growth

S.
cucullata

Arthur Bay,
Magnetic I.

−19.12845 146.87989 745 45 375 90 +2.3 to
+2.5 m

0.0 (+0.1,
−0.1)

Samples from living
oyster visor from
uppermost growth
range (slightly above
MHWN tide)OZL589 Oyster 50 cm Earliest

growth
S.
cucullata

Arthur Bay,
Magnetic I.

−19.12845 146.87989 1200 60 760 120 +2.3 to
+2.5 m

0.0 (+0.1,
−0.1)

OZM271 Oyster 90 cm Earliest
growth

C.
echinata

Ramsey Bay,
Hinchinbrook
I.

−18.34792 146.30133 520 30 145 100 +2.0 to
+2.2 m

0.0 (+0.1,
−0.1)

Samples from living
oyster visor from
lower growth range
(slightly below
MHWN tide)

OZM272 Oyster 90 cm 45 cm
from
inner
growth

C.
echinata

Ramsey Bay,
Hinchinbrook
I.

−18.34792 146.30133 460 30 70 70 +2.0 to
+2.2 m

0.0 (+0.1,
−0.1)

OZM273 Oyster 5 cm Earliest
growth

C.
echinata

Ramsey Bay,
Hinchinbrook
I.

−18.34792 146.30133 625 30 230 90 +1.8 to
+2.0 m

−0.05
(+0.1,
−0.1)

Sample from below
living oyster visor
(below MHWN tide)

OZM275 Oyster 53 cm Earliest
growth

S.
cucullata

Harrier Point,
Orpheus I.

−18.66831 146.489 485 35 115 110 +2.3 to
+2.5 m

0.0 (+0.1,
−0.1)

Sample from living
oyster visor from
uppermost growth
range (slightly above
MHWN tide)

OZM276 Oyster 60 cm Earliest
growth

C.
echinata

Horseshoe
Bay,
Magnetic I.

−19.11614 146.86356 2550 35 2210 100 +3.2 to
+3.4 m

+0.97
(+0.31,
−0.20)

Samples from
uppermost fossil
oyster visor 97 cm
above the mean of the
uppermost modern
oyster visor level

OZM277 Oyster 60 cm 30 cm
from
inner
growth

C.
echinata

Horseshoe
Bay,
Magnetic I.

−19.11614 146.86356 1685 35 1225 75 +3.2 to
+3.4 m

+0.97
(+0.31,
−0.20)

OZM278 Oyster 5 cm Earliest
growth

S.
cucullata

Picnic Bay,
Magnetic I.

−19.18055 146.84398 1865 35 1400 95 +2.4 to
+2.6 m

+0.20
(+1.0,
−1.0)

Sample from fossil
oyster 20 cm above the
mean of the
uppermost modern
blanketing oyster
growth

OZM280 Barnacle O.
brunnea

Radical Bay,
Magnetic I.

−19.11235 146.87693 2010 40 1560 120 +3.1 to
+3.3 m

+0.85
(+0.50,
−0.70)

Fossil barnacle sample
85 cm above the mean
of the uppermost
modern oyster visor
level

GBR-G8a Coral Porites Geoffrey Bay,
Magnetic I.

−19.153 146.86383 2287 10 2236 27 +1.5 to
+1.6 m

+0.80
(+0.15,
−0.20)

Fossil Porites
microatoll 80 cm
above the open water
living microatolls
around MLWS

a U-series date from Yu and Zhao (2010).
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and; (2) other SLI and geomorphological data from the broader NE Aus-
tralian region and their significance for our new data.

4.1. Oyster data

Thick and regionally extensive oyster visors along the rocky coast-
lines of NE Australia may be the key to obtaining better insights into
sea-level variability during the late Holocene. Our survey data show
that the elevation range of the uppermost level of complete blanketing
oysters varies between 32 cm above the low water spring tide and
50 cm above the MHWN tide levels. This large variation is largely ex-
plained by the orientation of the oysterswhere those facing thewestern
sun reside at much lower elevation. Previous measurements of the
upper oyster zone (C. echinata) at Louns Beach, Cleveland Bay by
Higley (2000) also fall within the range reported in our study (Fig. 5).
At our study location, the uppermost section of the oyster visor growth
sits between 6 cm below and 36 cm above the MHWN tide (mean of
upper zone is 17 cm above MHWN or 50 cm above Australian Height
Datum, i.e. AHD). Our data range is consistent with the uppermost
oyster visor levels measured in neighbouring Balding Bay, Magnetic Is-
land by Beaman et al. (1994: S. cucullata reported at +40 cm AHD =
7 cm above MHWN), Louns Beach by Higley, (2000: C. echinata visors
reported at 37 cm and 39 cm above AHD = 4 and 6 cm above
MHWN: Fig. 5) and Wright (2011), who measured oyster visor eleva-
tions along the broader Queensland coastline and offshore islands. It is
this uppermost thick (N10 cm) accumulation zone that forms a highly
reliable sea-level indicator provided it can be identified in the fossil re-
cord. Our study has highlighted that the elevation of the uppermost oys-
ter visors are restricted to a relatively narrow vertical range of 42 cm.
While we note that our definition for an oyster visor (N10 cm thick) is
appropriate for our study, the vertical range of even thicker visors (e.g.
N30 cm) is likely to be much narrower and should be the subject of fu-
ture study. Detailed surveying and measurements of the oyster zone
along rocky boulders are logistically difficult and further survey mea-
surement data of the uppermost oyster visor zone from other locations
would be desirable to further refine the oyster elevation. Nevertheless
our survey data from Horseshoe Bay are directly comparable with our
fossil oyster visor data (i.e. same location). Between Townsville and



Fig. 5. Summary of the surveyed oyster growth elevation data showing the uppermost complete blanketing oyster growth, the uppermost oyster visor zone, the total range of the oyster
visors and the elevations of the fossil oysters in relation to Magnetic Island sea-level datum. The data are compared to measurements taken from previous studies from Louns Beach (LB:
Higley, 2000) and Balding Bay (BB: Beaman et al., 1994). The box represents the 1σ standard deviation of the data, the solid lines within the boxes represent themean and the dotted lines
within the boxes represent themedian. The vertical lines on the outside of the boxes represent the full range of the data and n=number of survey points. The boxes labelled HB1 (see Fig.
2) and HB2 (Fig. 4A) show the elevation range of the fossil oyster visors from Horseshoe Bay and PB1 is the elevation range of the fossil oyster from Picnic Bay.
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Cardwell (~ 150 km north of Townsville; this range covers our sites
within Cleveland and Halifax Bays, see Fig. 1) there is only an 11 cmdif-
ference in the MHWN tide levels.

In certain restricted areas or ‘splash’ zones (where rocks form
funnels forwaves) the growth of solitary oyster coloniesmay be present
up to 20–40 cm above the level where the oysters form complete blan-
kets. Field observations show that oyster visors often form roughly par-
allel to the water level and are unlikely to develop such water level
parallel visors in wave splash areas. Some studies suggest that wave
splash or changes in morphodynamic boundary conditions (e.g. wave
climate) may have produced elevated fossil oyster visor deposits pre-
served behind boulders and hence may not be directly comparable to
modern oyster growth (e.g. Hopley et al., 2007; Lewis et al., 2013;
Smithers, 2011; Woodroffe, 2009). In Horseshoe Bay, the well-devel-
oped fossil oyster visors analysed in this study have typical water level
parallel growth and occur along open rocky settings and are not posi-
tioned in areas of wave funnelling (Figs. 2 and 4A). In contrast, the fossil
Fig. 6.Precise sea-level indicator data for E Australia over the last 2500yr. All of the data are from
from Orpheus and Hinchinbrook Islands and excluding the data plotted in grey. The ages prese
Magnetic Island and have been reported in Yu and Zhao (2010: 2236±27 cal. yr BP) and Chapp
inWoodroffe (2009). Other SLI data from other locations further away from the study region are
1983) and Repulse Island (Blake, 1994) and oyster visors from Yorkeys Knob (Wright, 2011).
tainties of our oyster data. The hydro-isostatic modelling from the region is also shown inclu
been drawn through the oyster visor data assuming continuous growth and a stable (within u
oyster deposit in Picnic Bay, Magnetic Island (Fig. 4B), does not exhibit
visor characteristics and is present at a much lower elevation (20 cm
above the modern complete blanketing oysters) than the fossil visor
from Horseshoe Bay. However, a similar age (1400 ± 95 yr BP) was
measured which implies that oyster deposits can potentially underesti-
mate past sea-level position (if fossil oysters formed a part of the lower
complete blanketing growth range).

Interestingly, a study on the distribution of S. cucullata around Hong
Kong Island shows that these oysters become much less abundant (or
absent) with increasing wave exposure (see Fig. 5.7 in Morton and
Morton, 1983). Indeed, S. cucullata do not currently form visors in Big
Wave Bay, Hong Kong (a ‘moderately exposed’ site) and the fossil
visor from that location was located in a sheltered crevice (Davis et al.,
2000). Along NE Australia, the Great Barrier Reef largely protects the
coastal zone and offshore continental islands and this increased level
of protection has been explained as one of the reasons for a distinct as-
semblage shift in the intertidal species that occurs from ~25° S latitude
Magnetic Island/Cleveland Baywith the exception of the twomodernoyster visor deposits
nted are calibrated 14C ages. The coral microatolls were both sampled from Geoffrey Bay,
ell et al. (1983: 410±110 cal. yr BP), respectively. The foraminifera index data are reported
plotted in grey and include coral microatolls fromYule Point, Camp Island (Chappell et al.,
The grey shading represents the envelope of sea-level fall which incorporates the uncer-
ding the curves for Townsville and Orpheus Island. The thick double-arrowheads have
ncertainty bounds) sea-level during the period of growth.
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(Endean et al., 1956a,b). We hypothesise that if exposure conditions
were higher in the past, the oysterswould become less abundant (or ab-
sent) or alternatively, restrict their growth to more sheltered locations
behind boulders. In fact, modern examples of oyster visor growth be-
hind boulders are conspicuously absent along the Great Barrier Reef
while fossil oyster visors preserved in such locations appear extensive
between 6000 and 4000 cal. yr BP (Beaman et al., 1994; Lewis et al.,
2008). Importantly, the fossil oysters reported in our study are much
younger in age and face the open ocean and are directly comparable
to the modern assemblage. Higley (2000) showed fossil oyster visors
from Louns Beach, Cleveland Bay in a similar open ocean facing setting
and reported similar ‘bridging’ structures (i.e. oysters growing across
two boulders) observed in our study (Fig. 4A). A re-examination of
the elevation data reported by Higley (2000) places such features at
~90 cm above the living visors in the bay. Unfortunately, radiocarbon
ages were not obtained from these fossil oyster visors to compare
with our data.

Large waves during strong cyclone and tsunami events have the
potential to move large boulders that host oyster deposits. Indeed,
there is evidence within the Great Barrier Reef that large boulders
(up to 290 t) have been moved (including on Orpheus Island) and
such events have occurred within the past 1000 yr (Nott, 1997;
Hopley et al., 2007). While it is plausible that boulders containing
fossil oyster deposits on Magnetic Island would be shifted under
strong wave conditions, we contend that the orientation of the oys-
ter visors relative to the water level would be compromised in
these situations. Furthermore, it is even more unlikely that fossil vi-
sors that form across two separate boulders (like the one sampled in
this study: Fig. 4A) would remain intact following movement during
a strong wave event.

The relative sea-level position indicated by our oyster data support
other SLI data from the Cleveland/Halifax Bay area including coral
microatolls (Chappell et al., 1983; Yu and Zhao, 2010) and foraminifera
(Woodroffe, 2009) (Fig. 6). Poritesmicroatolls from Geoffrey Bay, Mag-
netic Island show a sea-level of +0.15 m at 410 ± 110 yr BP (Chappell
et al., 1983) and+0.80m (measured for this study) at 2236± 27 yr BP
(Yu and Zhao, 2010) which are consistent with (within error) the sea-
level position inferred from our oyster data from Arthur Bay (0 m be-
tween 760 cal. yr BP and present) and Horseshoe Bay (+0.97 m be-
tween 2210 and 1225 cal. yr BP), respectively. A key criticism of the
oyster data is that their elevations reported are consistently higher
than coral microatolls of similar age (Perry and Smithers, 2011;
Hopley et al., 2007). While coral microatolls can grow to a higher eleva-
tion within ponded reef flats, their upper level is well-constrained by
tide levels (Lewis et al., 2013)whichmakes these data difficult to recon-
cile with oyster data that provide evidence for an ~0.5 m higher sea-
level (i.e. the oysters suggest an ~+1.5 m sea level compared to
~+1.0 m suggested by the microatolls: Lewis et al., 2008). Our data
show that the oyster data can produce similar time-elevation estimates
(within error) of sea-level position to coral microatolls. A re-examina-
tion of Higley's (2000) work in Louns Beach, Cleveland Bay (Fig. 1)
show that many fossil oysters were present facing the open ocean at
this site and not sheltered behind boulders (although we note the sam-
ples obtained for radiocarbon analysis were collected from ‘sheltered
crevices’). Higley (2000) reported two fossil visors from this site at
1.21 m and 1.26 m above the modern oysters with ages of 6130 ±
150 and 5490 ± 160 cal. yr BP, respectively. These data agree (within
error) with Porites microatolls from Geoffrey Bay, Magnetic Island re-
ported at 1.2 m and 1.0 m above the living microatolls with ages of
6150 ± 170 and 5580 ± 170 cal. yr BP, respectively (Chappell et al.,
1983). However, the fossil oyster visors preserved behind boulders
from Balding Bay and Huntingfield Bay, Magnetic Island (reported in
Beaman et al., 1994; Higley, 2000; Lewis et al., 2008) suggest an
~0.5mhigher sea-level than coralmicroatolls of similar age from the re-
gion. Hence fossil oyster visors preserved behind boulders should incur
a higher minus error in the order of 0.5 m.
Based on our survey data and field observations we have developed
a set of criteria that should be appliedwhen selecting suitable fossil oys-
ters for sea-level reconstructions (Table 2). These criteria outline the
key measurements which are required to determine the relative sea-
level position of the fossil oyster and to quantify the uncertainties of
this position. We anticipate that these criteria will be refined with fur-
ther measurements of these intertidal oysters.

Our study presents thefirst radiocarbon ages from oyster visorswith
living colonies and the data allow the calculation of horizontal growth
rates. Only a limited number of samples have been analysed and inter-
pretations about oyster growth morphology/chronology are prelimi-
nary, although the age structure of each of the visors suggests
continuous and consistent horizontal accumulation rates. Our current
dataset suggests that the oyster visor accumulation rate is species spe-
cific and appears to reflect environmental conditions like substrate,
sun exposure (direction of exposure), intertidal levels, water circulation
(time of exposure abovewater level), water quality, wave exposure and
storm frequency. The oyster visors on Hinchinbrook Island andOrpheus
Island are relatively young and fast growing and thusmay indicate ideal
living conditions. While these areas provide more favourable growth
conditions for oyster visors, the fast accumulation can also lead to
large benches which occasionally break away during storm events
(Wright, 2011) and so the longer-term sea-level recordmay not always
be preserved. Hence, locations with slower oyster growth rates are bet-
ter sites to study long-term (several hundred years) stable sea-levels
while the locations that host faster accumulation ratesmay provide bet-
ter evidence for more recent changes (i.e. over decades).

4.2. Other supporting sea-level data from eastern Australia

Along the broader NE Australian coastline, other studies have also
documented sea-level elevations similar to our new data. For example,
fossil oyster formations at 0.8 and 0.9 m above the modern upper
growth zone at Yorkeys Knob near Cairns (approximately 200 km
north of our study area) yielded ages of 820 ± 100 and 875 ±
105 cal. yr BP, respectively (Wright, 2011). From Yule Point near
Cairns/Port Douglas (approximately 250 km north of the study region),
fossil coral microatolls at elevations of 0.35 and 0.55 m above the living
microatolls produce ages of 1100 ± 140 and 1250 ± 150 cal. yr BP, re-
spectively (Chappell et al., 1983). These microatolls have previously
been considered ‘anomalously high’ due to hydro-isostatic influences
or possible moating effects (Chappell et al., 1983; Perry and Smithers,
2011), but they fit the proposed period of rapid sea-level fall of this
study (Fig. 6). Coral microatoll data to the south of our study area at
Camp Island (+0.5 m at 1270 ± 210 cal. yr BP: Chappell et al., 1983)
and Repulse Island (+1.0 m at 1930 ± 180 and 2505 ±
180 cal. yr BP: Blake, 1994) support a higher than present sea-level
highstand between 2500 and 1200 cal. yr BP. Perry and Smithers
(2011: Supplement) disputed the reported elevation (+1.0 m) of the
fossil microatolls from Repulse Island reported in Lewis et al. (2008)
based on the ambiguous description of the elevation (reported to be
‘1.0 m above modern sea-level’: Blake, 1994) and the higher tidal
range in this region (~4.0 m). They suggested that these microatolls
could be as low as +0.2 m if the ‘modern sea-level’ datum applied
was the lowest astronomical tide. However, the originally reported
+1.0m elevation is supported by our new fossil oyster data (Fig. 6). Be-
side these SLIs, fossilGaleolaria caespitosa tubewormdeposits fromNew
South Wales also document an elevated relative sea-level of +1.0 m
around 2000 cal. yr BP (Baker and Haworth, 2000b; Baker et al., 2001).

4.3. Supporting geomorphological evidence

Other geomorphological evidence for a relative sea-level fall after ~-
1200 cal. yr BP is found across the NE Australian region. Examples in-
clude the timing of incipient fringing reef initiation (or rapid reef
accretion) observed at Paluma Shoals (widespread coral community



Table 2
Suggested criteria that should be applied when selecting suitable fossil oysters for sea-level reconstructions.

Oyster visors (N10 cm thick) Complete oyster blanketing Solitary oyster colonies/patches

Site & orientation • Identify site and location of fossil visors relative to
the modern visors (i.e. facing open ocean, behind
boulder, etc.)

• Identify orientation relative to water level and sun
exposure

• Identify site and location of fossil oyster blanket rela-
tive to the modern blanket (i.e. facing open ocean,
behind boulder, etc.)

• Identify orientation relative to water level and sun
exposure

• Identify site and location of fossil
solitary oyster relative to the mod-
ern oysters (i.e. facing open ocean,
behind boulder, etc.)

• Identify orientation relative to water
level and sun exposure

Preservation &
sampling

• Measure thickness of fossil oysters (N10 cm re-
quired) and note lateral extent

• Identify species (if possible) or collect for species
identification

• Obtain a sample of clean shell avoiding the outer
exposed oyster layer for radiocarbon analysis

• Identify oyster species (if possible)
• Obtain a sample of clean shell avoiding the outer
exposed oyster layer for radiocarbon analysis

• Identify oyster species (if possible)
• Obtain a sample of clean shell
avoiding the outer exposed oyster
layer for radiocarbon analysis

Levelling &
elevation

• Measure the difference between the uppermost level
of fossil oyster visor and the mean level of five sepa-
rate modern visors of the same species (bare rock
should be present above the modern oyster growth)

• The difference between the uppermost recorded
modern elevation and the mean uppermost elevation
of the five visors determines the ‘minus error’ (in-
clude additional error if preserved behind boulders)

• Survey current water level and uppermost visor level
to calculate sea-level datum

• Measure the difference between the uppermost level
of fossil oyster blanket and the mean level of five
separate modern blankets of the same species (bare
rock should be present above the modern oyster
growth)

• The difference between the uppermost recorded
modern elevation and the mean uppermost elevation
of the five blankets determines the ‘minus error’ (in-
clude additional error if preserved behind boulders)

• Survey current water level and uppermost blanket
level to calculate sea-level datum

• Measure the difference between the
uppermost level of fossil and modern
oysters of the same species

• Survey current water level and up-
permost modern oyster level to cal-
culate sea-level datum

Oyster growth
range

• Measure the vertical range of the fossil oyster visor
zone and the maximum range of the modern oyster
visors from the same location

• The difference between these ranges determines the
‘plus error’

• Measure the vertical range of the fossil oyster
blanketed zone and the total range of the modern
oyster blankets from the same location

• The difference between these ranges determines the
‘plus error’

• Measure the vertical range of the
fossil oysters and the total range of
the modern oyster colonies from the
same location

• The difference between these ranges
determines the ‘plus error’

Best
palaeo-sea-level
error scenario

+0.06 m, −0.20 m +0.4 m, −1.0 m +0.5 m, −1.5 m
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establishment between 1200 and 800 cal. yr BP: Palmer et al., 2010;
Perry et al., 2008), Lugger Shoal (800 cal. yr BP: Perry et al., 2009), Mid-
dle Reef (~700 cal. yr BP: Perry et al., 2012) and Dunk Island (rapid ac-
cretion began at ~1200 cal. yr BP: Perry and Smithers, 2010; Perry et al.,
2011). These fringing reef complexes developed under new environ-
mental conditions not previously present at the sites where these
large reef systems have established. These coastal sites represent
muddy reefs and an elevated sea-level clearlywould have limited estab-
lishment due to low light penetration for the corals. In addition, older
established reef complexes along the Great Barrier Reef show distinct
erosional and hiatus features that coincide with the observed sea-level
fall such as at Nelly Bay, Magnetic Island (~1100 cal. yr BP: Lewis
et al., 2012), at Low Isles (within the last 2000 cal. yr BP: Frank, 2008),
and at One Tree Reef in the southern GBR (within the last
2000 cal. yr BP: Harris et al., 2015). From sediment records, a marked
avulsion of the Burdekin River channel and the formation of theBowling
Green Bay sand spit was dated to 1000 cal. yr BP (Fielding et al., 2006)
while enhanced coastal erosion in Princess Charlotte Bay has occurred
over the past 1000 yr (Brooks et al., 2013).

4.4. Other sea-level records

There are numerous studies which have reported sea-level eleva-
tions N+0.5 m as recent as 1000–1500 yr BP at other far field locations
(e.g. see compilations from Africa: Ramsay, 1995 and Brazil: Angulo
et al., 2006). In many cases, the quality of the sea-level indicators used
is of lower reliability and there is a need to establish better criteria to un-
derstand the accuracy and precision of the data. Indeed, a combination
of local (e.g. tectonic uplift/subsidence), regional (e.g. hyrdo-isostatic
adjustment) and global factors all influence sea-level variability and di-
rect comparisons across locations are challenging. For example, reliable
SLI data such as coral pavements and tubeworms fromWestern Austra-
lia suggest that relative sea-level was 0.86 m and 0.80 m above present
at 1060±10 and 1110±170 cal. yr BP, respectively (Baker et al., 2005;
Collins et al., 2006) while a composite microatoll record (i.e. data from
different parts of the island) from Christmas Island in the Pacific
Ocean shows stable relative sea-level over the past 5000 yr
(Woodroffe et al., 2012). Interestingly, the microatoll fields around the
island all displayed different age growth intervals with a distinct shift
in the record at ~1200 cal. yr BP, during which microatoll growth in
the southern and interior sections of the island completely ceased
while new growth occurred on the western section (Woodroffe et al.,
2012). Although the data from these other farfield sites are contradicto-
ry in terms of sea-level position, collectively they suggest that marked
changes occurred to the coastal zone between 1200 and 800 yr BP.

While there is clear evidence for a sea-level fall along NE Australia,
the primary cause for this fall is difficult to reconcile. Indeed, several
marked climatic and environmental changes occurred across the
broader region as well as globally coinciding with and possibly provid-
ing an explanation for our relative sea-level fall. These include eustatic
changes (e.g. global glacier and ice sheet expansions between 1400
and 800 yr BP: Davis et al., 2009; Hall, 2009; Hormes et al., 2001), steric
changes (e.g. Jouzel et al., 2007; Villalba, 1994) and ENSO/PDO-related
changes in wave climate (Goodwin et al., 2006, 2014; Timmermann et
al., 2010). The timing of our relative sea-level fall also coincides with so-
cietal changes that are evident from the archaeological record in north-
ern and central Australia (Williams et al., 2010) and in Fiji (Nunn et al.,
2007; Nunn, 2012), although it is unclear whether populations
responded directly to the sea-level change or were pressured to move
due to the climatic perturbation.

5. Conclusion

We examined the veracity of S. cucullata and C. echinata rock oysters
as indicators of past sea-level position by conducting a survey of both
modern and fossil counterparts. We found that the upper elevation of
the living oysters which had formed thick (N10 cm) visors aligned to
the open ocean water level occupied a restricted intertidal range
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(42 cm) slightly above the MHWN tide level. Similar-orientated fossil
visors provide a precise measure of sea-level with error margins of
+6 cm and −20 cm achievable, although wider errors would be ex-
pected with poorer preservation and orientation of oyster samples.
We developed a set of criteria for oyster measurement and used this
approach to show evidence for a ~1 m sea-level fall in NE Australia
between 1200 and 800 cal. yr BP. This fall may be explained by a
combination of cryospheric, steric, climatic and isostatic influences, all
of which showmarked changes that coincide with this period. The con-
tinuous and long-lived nature of these thick oyster visor deposits may
not only provide robust estimates of sea-level position but also have
potential for complimentary palaeoclimatic and palaeoenvironmental
reconstructions using trace element and stable isotope analyses.
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