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ABSTRACT

We assessed the utility of subtidal foraminifera to reconstruct Holocene relative sea levels from
the central Great Barrier Reef shelf, Australia. We collected contemporary foraminiferal samples from
Cleveland Bay and Bowling Green Bay, with water depths from -4.2 m to -48.0 m Australian Height
Datum (AHD). The subtidal foraminiferal assemblages were divided into two distinct foraminiferal
zones: an inner shelf zone occupied by Elphidium hispidulum, Pararotalia venusta, Planispirinella
exigua, Quinqueloculina venusta and Triloculina oblonga; and a middle shelf zone dominated by
Amphistegina lessonii, Dendritina striata and Operculina complanata. The zonations of the study
areas and relative abundances of individual species indicated that the distributions of subtidal
foraminifera are related to water depth.

We used the subtidal data to develop a transfer function capable of inferring past water depths
of sediment samples from their foraminiferal content. The results indicated a robust performance of
the transfer function (rzjack = 0.90). We produced ten sea-level index points, which revealed an upward
trend of Holocene relative sea level from -8.86 £ 4.5 m AHD at 9.3-8.6 cal kyr BP to a mid-Holocene
high stand of +1.72 £ 3.9 m AHD at 6.9-6.4 cal kyr BP. Sea level subsequently fell from the highstand
to the present-day. The sea-level reconstructions are consistent with geophysical models and previous

published data.



INTRODUCTION

The recent transition of the earth system from a glacial to an interglacial state produced a
dramatic, global sea-level response. Fairbanks (1989), Chappell and Polach (1991) and Bard and
others (1996) created benchmark, late glacial and early Holocene, relative sea-level curves using
coral-based sea-level indicators. These suggest that since the Last Glacial Maximum approximately
50 million cubic kilometers of ice melted from the land-based ice sheets (Lambeck and others, 2002),
raising sea level in tectonically stable regions that are distant from the major glaciation centers (far-
field sites) by ca. 120 m (e.g., Peltier and Fairbanks, 2006). This rapid rise in sea level is attributed to
the eustatic contribution, which averaged 10 mm yr™' during the deglaciation but peak rates potentially
exceeded 50 mm yr" during “meltwater pulses” at 19 and 14.5 cal kyr BP (e.g., Alley and others,
2005). Empirical (e.g., Fairbanks, 1989; Horton and others, 2005a) and modeling studies (e.g.,
Lambeck and others, 2002; Milne and others, 2005) suggest a significant reduction in eustatic
contribution during the Holocene, beginning ca. 7 cal kyr ago.

Some of the best records of sea-level change in temperate areas have been derived from
benthic intertidal foraminiferal assemblages contained in a range of post-glacial sedimentary deposits
(e.g., Scott and Medioli, 1978; Gehrels, 1994). Transfer functions have subsequently been developed
allowing precise reconstruction of former sea levels using a statistically based relationship between
contemporary and fossil foraminiferal assemblages (e.g., Horton, 1999; Gehrels, 2000; Edwards and
others, 2004; Patterson and others, 2004; Gehrels and others, 2005; Horton and Edwards, 2006;
Boomer and Horton, 2006; Massey and others, 2006; Southall and others, 2006). In Australia, Horton
and others (2003) and Woodroffe and others (2005) analyzed intertidal foraminiferal distributions to
assess their ability to reconstruct former sea levels from mangrove environments from the Great
Barrier Reef coastline (GBR). Furthermore, Cann and others (2002) used intertidal foraminifera as
indicators of estuarine-lagoonal and oceanic influences in Holocene sediments of the Murray River,

South Australia. A transfer function has been developed but never applied in mangrove environments



of Northern Queensland, because of problems with foraminiferal preservation (Horton and others,
2003, 2005b; Woodroffe and others, 2005). Woodroffe and others (2005) and Berkeley and others
(2006) demonstrate that foraminiferal preservation within mangrove sediments of the GBR coastline is
problematic, concurring with the conclusions of Wang and Chappell (2001) and Debenay and others
(2004), who conclude that foraminifera in mangrove environments are dramatically affected by
taphonomic processes.

In this paper, we explore the utility of using subtidal rather than intertidal foraminifera to
reconstruct former sea levels for tropical environments. We define subtidal as all environments from
the innermost inner shelf to the middle shelf (0-100 m). Yokoyama and others (2000) inferred the
timing of the Last Glacial Maxima from sea-level reconstructions for the Bonaparte Gulf, Western
Australia, based on the classification of sedimentary facies using subtidal foraminifera. However, this
classification was only semi-quantitative and had only four zones (open marine, shallow marine,
marginal marine and brackish), giving limited water-depth constraints (Shennan and Milne, 2003;
Peltier and Fairbanks, 2006). We present contemporary subtidal foraminiferal samples and associated
environmental information from two embayments along the central GBR coastline to demonstrate the
relationship of benthic foraminiferal assemblages with water depth. We generate a foraminiferal-
based, subtidal transfer function to reconstruct former sea levels. These reconstructions are compared

with regional geophysical models and published sea-level data.

STUDY AREA

Far-field locations such as Australia are particularly important locations for sea-level
reconstructions because they enable the examination of the timing and abruptness of reduction in
global melting during the Holocene and the effect of meltwater load on earth rheology. This enables a
better understanding of the integrated melting history of global late Pleistocene ice sheets and the

loading response of materials of the crust. In addition, sea-level variations that have occurred



throughout the mid to late Holocene in far-field regions give an insight into natural variability within a
climatic system that is similar to the present one. Sea-level research in Australia includes some of the
earliest debates on hydro-isostasy (e.g., Clark and others, 1978) and, more recently, discussions
regarding ocean loading and continental levering (e.g., Belperio and others, 1984; Baker and Haworth,
2000; Cann and others, 2002; Haworth and others, 2002; Sloss and others, 2005; Woodroffe, 2006).
Larcombe and others (1995a) and Larcombe and Carter (1998) compiled an extensive database of
Holocene sea-level observations for the GBR using supra-, inter- and subtidal indicators. The
variability of the data caused a wide scatter of sea-level index points, with the result that it was only
possible to generate an envelope of Holocene sea-level changes. Studies from the GBR region (e.g.,
Carter and others, 1993; Beaman and others, 1994; Larcombe and others, 1995a; Larcombe and
Carter, 1998) have shown that the majority (> 70%) of existing sea-level data are subtidal in nature.

Cleveland Bay and Bowling Green Bay are embayments from the central GBR shelf region,
Queensland, Australia (Fig. 1a). The GBR shelf is 100 km wide in the central region, with water depths
reaching 80 m (Maxwell, 1968). The central region of the GBR is thought to have been tectonically
stable since at least 13 cal kyr BP (Chappell and others, 1982, 1983). There is no evidence for local
tectonic movements since 5.5 cal kyr BP, although Chappell and others (1982, 1983) suggested there
might have been minor hydro-isostatic warping and subsidence normal to the coastline across the
shelf since 6 cal kyr BP. Differential flexing along the inner shelf has probably been less than 1 m,
similar to the magnitude of the mid-Holocene fall in relative sea level (Beaman and others, 1994). The
apparent lack of tectonic movement in the central GBR indicates that the results of this study will be
applicable to other sites in the region.

Cleveland Bay is a 325 km? embayment located on the east coast of north Queensland (Fig.
1b), immediately offshore of Townsville. The southern margin of the bay is formed by salt flats
containing chenier ridges, where the muddy shoreline and tidal creeks entering into the bay are
mangrove-fringed. The western edge of the bay, on the mainland, is backed by a flat, sandy coastal

plain, which has been extensively modified by human activity over the last 100 years (removal of
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mangroves and sand dunes; Mcintyre, 1996; Hardbattle, 2003). Separating Cleveland Bay from
Halifax Bay to the west is Magnetic Island. The northern edge of Cleveland Bay is delineated
arbitrarily by the 20 m isobath, which is also the outer edge of the inner shelf (Belperio, 1983; Carter
and others, 1993), which is dominated by terrigenous sediments (Maxwell, 1968; Belperio, 1983;
Johnson and others, 1986). The eastern edge of the bay is bound by a granite headland, which forms
Cape Cleveland. Bowling Green Bay is the larger of the two embayments, around 600 km?, and is
located 30 km southeast of Cleveland Bay (Fig. 1c). The sand spit of Cape Bowling Green protects the
eastern side of the bay from the prevailing southeasterly waves. In the south is a broad coastal plain
containing tidal mudflats, mangrove creek systems and salt marshes. Driven by strong northward
alongshore flows, Bowling Green Bay receives a significant proportion of the 3-20 Mt/y of suspended
sediment supplied to the coast by the Burdekin River, which enters the lagoon immediately south of
Cape Bowling Green (Belperio, 1979; Neil and others, 2002; Orpin and others, 2004). Within the
Bowling Green Bay, the coastal plains are crossed by the Haughton River, which flows five to six

months of the year and supplies sandy terrigenous sediment to the nearshore.

METHODOLOGY

Contemporary and fossil samples from Cleveland Bay and Bowling Green Bay were collected
by researchers from James Cook University, Australia and the Australian Institute of Marine Science.
The samples were collected on cruise numbers KG857, KG902, KG911 and KG912b aboard R/V
James Kirby. We selected forty-three 10-cm® samples of surface sediment and ten vibracores from
subtidal locations from transects within Cleveland Bay and Bowling Green Bay for foraminiferal and
lithological analyses (Fig. 1). Details of the chronology and lithofacies of the vibracores have been
published by Larcombe and others (1995a), Mcintyre (1996) and Larcombe and Carter (1998). We
selected one dated sample from each vibracore for foraminiferal analyses (Table 1). The lithology of

all samples indicated they were analogous to the subtidal environments of Cleveland Bay and Bowling



Green Bay (Belperio, 1979, 1983; Carter and others, 1993; Mclintyre, 1996; Larcombe and Carter,
1998; Orpin and others, 2004), thus improving the likelihood of reliable sea-level reconstructions.
Furthermore, the selected radiocarbon-dates range from the early Holocene to present. We calibrated
the radiocarbon data using OxCal (ver 3.10; Bronk Ramsey, 2005) and the marine04.14c dataset,
where appropriate (Hughen and others, 2004). The resulting sequence of ages was used to constrain
the variations in sea level identified from the subtidal foraminiferal data.

The water depths of the contemporary and fossil samples were calculated from depth
soundings taken at sampling points, taken with a 3.5 kHz precision depth recorder (using, in general, a
0.25 s firing rate, 6 kHz bandwidth and 0.5 ms pulse length). These readings were corrected for the
depth of the transducer below the sea surface, then converted to Australian Height Datum (AHD)
through using the date and time of sample collection and tide gauge records at Townsville. The
resulting magnitude of the errors is between + 0.3 m and + 0.5 m (Hardbattle, 2003). Contemporary
and fossil foraminiferal-sample preparation followed Scott and others (2001). Samples were wet-
sieved through sieves with 500-uym and 63-um openings and decanted using a wet splitter (Scott and
Hermelin, 1993). We examined the >500 ym and decanted fractions before discarding them. We did
not use any floatation techniques, and all the samples were picked wet. We analyzed the total
assemblage. Modern and fossil samples produced foraminiferal counts >250 individuals per sample.
The species were identified with reference to a number of publications, namely Brady (1884),
Bronnimann and Whittaker (1993), Jones (1994), Loeblich and Tappan (1994), Yassini and Jones
(1995) and Hayward and others (1997, 1999), and by study of reference collections in the Natural
History Museum, London (Plate 1).

We used two multivariate methods to detect, describe and classify patterns within the
contemporary foraminiferal dataset. Unconstrained cluster analysis, based on the unweighted
Euclidean distance with no transformation or standardization of the percentage data and
amalgamation using the incremental sum of squares within each group (Grimm, 2004), was used to

classify contemporary samples into more-or-less homogeneous faunal zones (clusters). We used
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unconstrained cluster analysis because it compares samples without any stratigraphic constraint.
Detrended correspondence analysis (DCA), an ordination technique, was used to represent samples
as points in multi-dimensional space, where similar samples plot close together and dissimilar
samples apart (ter Braak and Smilauer, 1997-2003). Thus, cluster analysis is effective in classifying
the samples according to their foraminiferal assemblage. DCA gives further information about the
pattern of variation within and between groups, which is important because the precise boundaries
between clusters can be arbitrary (Birks, 1986, 1992). Thus, our selection of foraminiferal zones was
based on whether the samples within each cluster were mutually exclusive in ordination space. The
water depth of each station within the clusters determined the bathymetric distribution of each
delineated subtidal environment.

We determined the grain size distribution using a Beckman Coulter laser particle-size analyzer,
following the sediment preparation procedures of Goff and others (2004) and Hawkes and others (in
press). Organic content of the sediments was determined by loss on ignition (LOI), following the

procedures of Ball (1964).

RESULTS

CLEVELAND BAY

The two transects in Cleveland Bay were 8 km and 4 km in length and covered water depths
from -4.2 m to -9.8 m AHD. The Cleveland Bay seabed was a silty sand with low organic content
(<5%). The sand content increased seaward from 44% at a water depth of -5.6 m AHD to 98% at -7.4
m AHD. We identified twenty-six foraminiferal species from the eighteen sampling stations of the two
transects at Cleveland Bay. The assemblages of the two transects were dominated by five species
(Elphidium hispidulum, Pararotalia venusta, Planispirinella exigua, Quinqueloculina venusta and
Triloculina oblonga; Fig. 2). The landward section of Transect 1 was dominated by E. hispidulum, with
notable contributions from T. oblonga. The maximum relative abundance of both these species (30%

and 12%, respectively) occurred at 2.9 km along the transect, with a water depth of -5.5 m AHD.
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These species were replaced by Q. venusta and P. exigua at deeper water depths. The maximum
relative abundance of Q. venusta (16%) occurred at 6 km along the transect in a water depth of -6.0 m
AHD, whereas P. exigua peaked (24%) at the seaward end of the transect, with a water depth of -9.8
m AHD.

The landward edge of Transect 2 was dominated by E. hispidulum and P. venusta. Their
maximum relative abundances (23% and 24%, respectively) occurred at a water depth of -4.2 m AHD.
These species were replaced by Q. venusta and P. exigua. The relative abundance of Q. venusta
exceeded 30% at 2.2 km along the transect, with a water depth of -7.9 m AHD. The seaward edge of
the transect had the maximum relative abundance of Q. pseudoreticulata (17% at a water depth of -
6.0 m AHD).

Multivariate analyses of a combined dataset of transects 1 and 2 identified two foraminiferal
zones (Fig. 3). Zone CB-l was dominated by Amphistegina lessonii, P. venusta, Q. venusta and Q.
pseudoreticulata. This zone had a water depth range of -4.2 m to -7.9 m AHD. Zone CB-ll was
occupied by E. hispidulum, H. depressula and P. exigua, the latter of which exceeded 10% in all

samples. This zone had a water depth range of -5.5 m to0 -9.8 m AHD.

BowLING GREEN BAY

The Bowling Green Bay transect was much longer (65 km) than that of the Cleveland Bay and
extended from a depth of -6.7 m AHD through the inner and middle shelves of the GBR lagoon to a
depth of -48.0 m AHD. The substrate of the Bowling Green Bay transect was a silty sand, with a low
clay (£ 13%) and organic (< 8%) content. The percentage of silt decreased with increasing water
depth from 22% at -10.1 m AHD to 4.2% at -48.0 m AHD. We identified thirty-one species from twenty-
five stations along the Bowling Green Bay transect. The assemblage was dominated by five species
(Fig. 4). Elphidium hispidulum, Planispirinella exigua and Quinqueloculina venusta dominated the

inner shelf. Indeed, all species had their maximum abundances within the inner shelf; E. hispidulum



(19%), P. exigua (16%) and Q. venusta (17%) peaked at 4.5 km, 10 km and 4.5 km along the transect,
respectively, within shallow water depths (>-13 m AHD). The proportion of these three species
decreased at the transition with the middle shelf, to be replaced by Amphistegina lessonii and
Dendritina striata. High relative abundances of D. striata were restricted to the landward section of the
middle shelf, with its maximum abundance (23%) occurring at 27.5 km along the transect, with a water
depth of -25 m AHD. A. lessonii dominated the seaward section of the middle shelf with a maximum
abundance of 41% at 52 km along the transect with a water depth of -38.5 m AHD. Multivariate
analysis clearly identified two zones (Fig. 5). Zone BGB-I comprised 12 sites and was dominated by E.
hispidulum, P. exigua and Q. venusta, with a virtual absence of A. lessonii, D. striata and Operculina
complanata. The zone occurred at water depths of -6.7 m to -17.0 m AHD. In contrast, Zone BGB-II
encompassed 13 sites where A. lessonii, D. striata and O. complanata were dominant. The relative
abundance of A. lessonii exceeded 20% in 10 of the 13 samples. The zone included water depths

from -18.5 to -48.0 m AHD.

TRANSFER FUNCTION DEVELOPMENT

We combined the subtidal foraminifera from Cleveland Bay and Bowling Green Bay into one
modern dataset to increase the range of environments to ensure that most fossil samples have a
modern analogue. This will introduce inherent “noise” into the data set because Cleveland Bay and
Bowling Green Bay have different physiographic conditions. Nevertheless, DCA of the combined
dataset showed considerable overlap between sites (Fig. 6). We developed a transfer function using a
unimodal-based technique known as weighted averaging partial least squares (WA-PLS; Juggins,
2004). The dataset consisted of thirty-one species and forty-three samples. We did not screen any
samples or species from the dataset. The WA-PLS transfer function produced results for five
components. The choice of component depended upon the prediction statistics: root-mean square of

the error of prediction (RMSEP) and the squared correlation (r?) of observed versus predicted values.
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The RMSEP indicates the systematic differences in prediction errors, whereas the r* measures the
strength of the relationship of observed versus predicted values. These statistics were calculated as
“apparent” measures in which the whole, contemporary dataset was used to generate the transfer
function and assess the predictive ability. The data were also jack-knifed (also known as “leave-one-
out” measures; Birks, 1995) to produce a measure of the overall predictive abilities of the dataset.
Jack-knifing is the simplest approach of cross-validation (ter Braak and Juggins, 1993) where the
reconstruction procedure is applied n times using a modern dataset of size (n — 1). In each of the n
predictions, one sample is left out in turn, and the calibration function based on the (n — 1) sites in the
modern dataset is applied to the omitted sample, giving a predicted water depth, which can be
subtracted from the observed water depth to produce a prediction error for the sample (Birks, 1995).
We chose component two for the transfer function because it performed significantly better than
component one when jack-knifed errors were considered; prediction errors (RMSEP) were lower, and
squared correlations (r?) were higher (Table 2). Using component two, the relationship between
observed and subtidal foraminiferal-predicted elevation was very strong (Fig. 7), a result that
illustrated the robust performance of the WA-PLS transfer function (rzjack = 0.90). These results

indicated that reconstructions of former sea levels are possible (RMSEPj,¢« = 3.50 m).

DISCUSSION

SUBTIDAL FORAMINIFERAL DISTRIBUTION

Our multivariate analysis of the subtidal foraminifera of Cleveland Bay and Bowling Green Bay
has identified two foraminiferal zones. The first zone is dominated by Elphidium hispidulum,
Pararotalia venusta, Planispirinella exigua, Quinqueloculina venusta and Triloculina oblonga and
occupied the shallow-water, inner-shelf environment. Similar subtidal assemblages have been found
elsewhere in tropical and temperate environments. For example, E. hispidulum has been found in

coral-enclosed lagoons, bays and outer reef slopes from the western Pacific (Loeblich and Tappan,
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1994; Hayward and others, 1997), New South Wales and Queensland (Albani and Yassini, 1993) and
New Caledonia (Debenay, 1988). P. venusta occurs in the sedimentary facies of Exmouth Gulf,
northwestern Australia (Orpin and others, 1999a) and Madang Reef and Lagoon, Papua New Guinea
(Langer and Lipps, 2004). T. oblonga has been found in normal-marine to hypersaline salt marshes
and lagoonal environments of Georgia and Texas, USA, Bermuda, Tobago and French Guiana, in
water depths less than 10 m (e.g., Phleger, 1960; Brasier, 1975; Radford, 1976; Goldstein and Frey,
1986; Murray, 1991; Debenay and others, 2001).

The second zone, dominated by Amphistegina lessonii, Dendritina striata and Operculina
complanata, occurred in the middle shelf. This area is between the shore-connected sediment wedge
and the inner edge of the main reef tract at approximately 40 m. A study of the Gulf of Elat, in the Red
Sea, suggested that A. lessonii has a depth range to approximately 90 m below sea level (Hottinger,
1977). Indeed, Hottinger (1977) found the maximum abundance of this species at depths of 35-40 m,
similar to our findings along the Bowling Green Bay transect. Murray (1991) described two A. lessonii
associations: firstly, a continental shelf association from Seto, Japan and the Banda Sea, with a sandy
substrate and water depths of 0-10 m (Uchio, 1962, 1967; van Marle, 1988); and secondly, beach and
lagoon associations from numerous tropical islands of the Pacific, with water depths of 0 m to 38 m
(Hallock, 1984; Debenay, 1985). O. complanata occurred preferentially in sandy substrates and low
light intensities (Hohenegger and others, 2000). This species has been found in Bali, Indonesia and
Japan (Renema, 2002; Renema and Troelstra, 2001; Renema and others, 2001; Hohenegger and
others, 2000). Hughes (1977) identified O. complanata from the Solomon Islands at depths of 30 m to
48 m. Renema (2006) also identified D. striata within the carbonate shelf facies of a barrier reef

system in the Berau area, east Kalimantan, Indonesia.

12



THE RELATIONSHIP WITH WATER DEPTH

In 1933, Natland showed that the distribution of shelf foraminifera off California could be
related to depth below sea level (Natland, 1933). Bandy and co-workers (e.g., Bandy and Chierici,
1966) later suggested that certain species always occupy the same depth interval (isobathyal
species). However, depth is simply a factor, along with latitude and longitude, in locating a sample in
three-dimensional space (Buzas, 1974); the biotic and abiotic environmental factors that control the
distribution of foraminifera vary with depth (for reviews see Boltovskoy and Wright, 1976; Sen Gupta,
1977, 1982; Murray, 1991; Hayward and others, 1999, 2006; Morigi and others, 2005). Therefore, the
depth distribution of foraminiferal species varies from basin to basin (e.g., Culver and Buzas, 1980,
1981) but, even so, depth relatable patterns are well developed and relatively easily recognized.
Hayward and others (1999) noted that depth zonations at inner to mid shelf depths are finer (accuracy
of ca. 10-20 m) than those of outer shelf and upper bathyal (accuracy of ca. 150 to 200 m) and mid
bathyal or deeper depths (accuracy of ca. 200-1000 m), but statistical approaches (e.g., Culver, 1988)
can be used to delineate finer zonation schemes. Our data indicate that the distributional patterns of
the subtidal foraminifera of this study can be related to water depth (Fig. 8). Amphistegina lessonii and
Operculina complanata showed strong positive correlations with water depth, whereas Elphidium
hispidulum, Pararotalia venusta, Planispirinella exigua and Quinqueloculina venusta showed strong
negative relationships with water depth; indeed the correlation coefficients (r) exceed the critical value

at p = 0.01. Dendritina striata illustrated a unimodal relationship with water depth.

RECONSTRUCTION OF FORMER SEA LEVELS

We calibrated the subtidal regional transfer function to ten radiocarbon-dated samples from
vibracores of Cleveland Bay (Fig. 1d,). The transfer function assigned a water depth to each sample
(Table 1). We used bootstrapping to derive a sample-specific root mean squared error of prediction

for individual samples (Birks and others, 1990; Line and others, 1994). Errors are likely to be relatively
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small for fossil assemblages consisting of taxa that are frequent and abundant in the modern dataset
and to be relatively large for fossil assemblages consisting of taxa that are infrequent and rare in the
modern dataset (Birks, 1995). We also employed the modern analogue technique (Juggins, 2004) to
evaluating the likely reliability of water depth reconstructions based on the subtidal transfer function.
The technique compares numerically, using chi-square distance dissimilarity coefficient, the
foraminiferal assemblage in a fossil sample with the foraminiferal assemblages in all available modern
samples. Through using the largest minimum dissimilarity coefficient (Woodrofffe, 2006), we illustrated
that all fossil samples had a “good” analogue in the modern dataset. Foraminiferal assemblages of the
radiocarbon-dated samples showed a group of species comparable to the contemporary environment
(Fig. 9). The lowest sample sum of contemporary foraminifera in a fossil assemblage was 75%.
Samples 911v15, 911v16 and 911v11 were dominated by Amphistegina lessonii with contributions
from Dendritina striata, Operculina complanata and Pararotalia venusta, all of which are indicative of
middle shelf environments. The reconstructed water depths were the deepest of all radiocarbon-dated
samples (<-27 m AHD). In contrast, samples 911v18, 902v113 and 902v106 had the shallowest
assigned water depth (>-9 m AHD). Elphidium albanii was the most dominant species in these
samples and occurred in the modern inner shelf environment of Bowling Green Bay and Cleveland
Bay. The sample-specific errors for the water depth reconstructions varied between £ 3.7 m and £ 4.5
m. These errors are relatively small when compared to the long environmental gradient of the dataset
(-4.2 m AHD to -48.0 m AHD); the sample-specific errors are at most 12% of the vertical range of the
dataset. In comparison, some of the smallest sample-specific errors (x 0.05 m to £ 0.21 m) were from
salt marshes in North Carolina, USA (Horton and others, 2006), however these represented 14% of
the vertical range of the modern dataset. Furthermore, the errors are comparable to reconstructions
based on corals, which are by far the most widely used sea-level indicators in tropical locations
(Fairbanks, 1989; Toscano and Macintyre, 2003; Peltier and Fairbanks, 2006).

In addition to the sample-specific errors, caution should be exercised when using transfer

functions, because characteristics within the contemporary and fossil data may affect the accuracy of
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water depth reconstructions. There is an uneven spatial sampling within the contemporary data with
respect to water depth. Twenty of the forty-three samples were taken in water depths of -4 mto -10 m
AHD. The transfer function reconstructions are made from individual water depth measurements for
each dated sample rather than samples in sequences that could reveal deepening or shallowing
trends. Thus, the reconstruction may be erroneous because of post-depositional changes, particularly
poor preservation of the calcareous tests, bioturbation and transport of tests from and into an
assemblage. The loss of calcareous tests is an important taphonomic effect experienced by benthic
foraminifera, occurring mainly in regions of high organic carbon concentrations (e.g., Murray and Alve,
1999). The organic content of Bowling Green Bay and Cleveland Bay, however, was less than 8%,
suggesting the dissolution of calcareous tests is minimal. Bioturbation commonly occurs in the top few
centimeters of sediments below the sea floor with slower, more episodic, bioturbation below this
depth. However, bioturbation can occur at depths greater than 12 cm (Aller and Cochran, 1976). The
rate varies seasonally and is highest in summer (Green and others, 1993). Bioturbation is critical in
promoting the dissolution of calcareous foraminiferal tests as it prevents reaction product build-up and
stimulates aerobic metabolites, iron sulfide oxidation and nitrification (Green and others, 1993).
Conversely, it can result in foraminifera bypassing the dissolution zone either through biogenic
subduction or by falling into tubes or burrows (Green and others, 1993). Regarding the transport of
foraminifera, the headlands of Cape Bowling Green and Cape Cleveland protect the embayments
from the dominant southeast waves and alongshore currents, which, in the long-term, transport
sediments and foraminiferal tests regionally to the northwest. However, the western side of Bowling
Green Bay is much more exposed than in the lee of the headland (e.g., Belperio, 1983).Thus, much of
the sediment is resuspended (Mclintyre, 1996; Larcombe and Carter, 2004), which may mix the
foraminifera. Furthermore, the embayments lie open to northerly and northeasterly weather, and the
effects of tropical cyclones, which are a common seasonal feature of the GBR shelf, typically occurring
two to three times per summer at this latitude (Oliver, 1978; Gagan and others, 1988, 1990; Massell

and Done, 1993; Larcombe and Carter, 2004). Despite these processes, our samples lack abraded,
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etched or broken tests and consist of the full spectrum of test sizes. This is likely to be partly related to
the time elapsed since the last major cyclone-driven flows along the middle shelf (Larcombe and
Carter, 2004). Unfortunately, there are no direct methods of detecting erroneous reconstructed
reference water depths. Therefore, the most important indirect method is comparison with other
lithostratigraphical, biostratigraphical and modeling techniques.

To further examine the reliability of the transfer function approach, we have compared our sea-
level reconstructions with existing geophysical model and published sea-level data from the study
area. Figure 10 shows two sea-level predictions for the GBR coastline based on a compressible
Maxwell visco-elastic Earth model, which is spherically symmetric and self-gravitating (Horton and
others, 2005a; Milne and others, 2005). The elastic and density structure of the model are taken from
seismic constraints (Dziewonski and Anderson, 1981). The viscous structure is defined in three layers:
a very high viscosity outer shell, or lithosphere, with thicknesses of 96 and 120 km; a sub-lithosphere
upper mantle region with a viscosity of 5 x 10%° Pas to a depth of 670 km; and a lower mantle region
with a viscosity of 10% Pas from 670 km to the core-mantle boundary. This viscosity structure is
broadly compatible with that inferred in a number of recent studies (e.g., Mitrovica and Forte, 1997;
Kaufmann and Lambeck, 2003; Milne and others, 2005). The ice model adopted to generate the
predictions shown in Figure 10 is based on the ICE-3G deglaciation history (Tushingham and Peltier,
1991). A number of revisions have been made to the original ICE-3G model. The most significant
changes are the addition of a glaciation phase and an increase in the volume and melt chronology of
the Laurentide component of the model in order to produce a good fit to the Barbados sea-level
record, based on assuming the reference viscosity model described above. The ice model is
characterized by a large decrease in the rate of melt at 7 cal. kyr BP, so the sea-level predictions
display a marked highstand at this time (see Milne and others, 2005 for more details).

Sea-level index points were extracted from the transfer-function output by combining the water-
depth reconstructions with the elevation of each sediment sample relative to AHD. These index points

were then placed in a temporal framework using the chronological data (Table 1). The general pattern
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of relative sea-level change indicated by the subtidal transfer function is consistent with the results of
geophysical modeling (Fig. 9). Furthermore, in common with other far-field regions, the general pattern
of relative sea-level change is of an initially rapid rise during the early Holocene, from -8.9 + 4.5 m
AHD at 9.3-8.6 cal kyr BP. This rise culminated in a middle Holocene highstand of ca. +1.7 £ 3.9 m
AHD between 7.6-6.4 cal kyr BP, and then a fall to the present. Chappell and others (1983) and
Beaman and others (1994) inferred that relative sea level rose rapidly through the early Holocene,
rising above the present level at ca. 6.7 cal kyr BP; the amplitude of the highstand was, however,
greater than in this study. Larcombe and others (1995a) and Larcombe and Carter (1998) concluded
that the Holocene sea-level highstand occurred slightly later at ca. 6.3 cal kyr BP, but with a near
identical amplitude to the current study (ca. 1.5 m above the present level). Beaman and others
(1994) used the elevations of intertidal rock oyster shells on Magnetic Island to suggest that the mid-
Holocene highstand was ca. +1.7 m AHD between 6.5-4.4 cal kyr BP. An interpolation of Chappell and
others’ (1982) isobase map predicts that relative sea level was 1-2 m above the present level in
Cleveland Bay at 6.3 cal kyr BP.

This paper indicates that sea-level reconstructions using subtidal foraminiferal-based transfer
functions can produce reliable results. However, the Holocene physiography and environmental
history of this relatively wide central section of the GBR shelf may be favorable to the success of this
technique; it should not be assumed that this technique might be reproducible elsewhere. Specifically,
prior to and during the mid-Holocene highstand, the along-contour, sediment-transport on the GBR
shelf (Larcombe and Woolfe, 1999; Gagan and others, 1988, 1990; Larcombe and Carter, 2004) and
the resulting strong regional cross-shelf sedimentary gradients (Maxwell, 1968; Belperio, 1983, 1988;
Johnson and Searle, 1984; Scoffin and Tudhope, 1985; Carter and others, 1993) appear conducive to
producing a cross-shelf zonation in sedimentary environments, and, by implication, in foraminiferal
communities. Furthermore, from the highstand to the present-day, the along-shelf nature of currents
and sediment transport (Wolanski, 1994; Larcombe and others, 1995b; Orpin and others, 1999b;

Larcombe and Carter, 2004) and the heterogeneity of the relatively sheltered embayments (Belperio
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1983, 1988; Carter and others, 1993; Mclintyre, 1996) are important factors in producing a strong
zonation in the modern sediments. The three-dimensional nature of the currents and the sediment
transport, during the highstand and since then, appears highly favorable to the success of this

technique.

SUMMARY

Intertidal foraminifera have been used to reconstruct Holocene sea-level changes from
coastlines around the world. In this paper, we assessed the utility of subtidal benthic foraminifera for
sea-level reconstructions for the Central GBR. We collected contemporary foraminiferal samples from
Cleveland Bay and Bowling Green Bay. The water depths of these samples ranged from -4.2 m to -
48.0 m AHD. Multivariate analysis of the subtidal foraminifera identified two foraminiferal zones: an
inner shelf zone occupied by Elphidium hispidulum, Pararotalia venusta, Planispirinella exigua,
Quinqueloculina venusta and Triloculina oblonga; and a middle shelf zone dominated by Amphistegina
lessonii, Dendritina striata and Operculina complanata. The zonations of the study areas and relative
abundances of individual species suggested that the distribution of subtidal foraminifera is related to
water depth.

These contemporary subtidal foraminiferal data were used to develop a predictive transfer
function capable of inferring the past water depth of a sediment sample from its foraminiferal content.
The results indicated a robust performance of the transfer function (rzjack = 0.90), with errors
comparable with coral-based reconstructions (RMSEPj,x = 3.50 m). Caution should be exercised,
however, since characteristics within the foraminiferal data may affect the accuracy of water depth
reconstructions, in particular transport of tests from and into an assemblage. Using the transfer
function, we produced ten sea-level index points, which revealed an upward trend of Holocene relative
sea level from a minimum of -8.9 + 4.5 m AHD at 9.3-8.6 cal kyr BP to a mid-Holocene highstand of

ca. +1.7 £ 3.9 m AHD at 7.6-6.4 cal kyr BP.
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TABLES

Table 1. Sea-level index points from Cleveland Bay collected on cruise numbers KG857,
KG902, KG911 and KG912b aboard R/V James Kirby. All mean *C + 1o dates are calibrated using
using OxCal (ver 3.10; Bronk Ramsey, 2005) and 2c. * We have used the marine04.14c dataset
(Hughen and others, 2004) and AR of -19 * 38 years (Ulm, 2002). The water depth is predicted using
the subtidal transfer function. Relative sea level (RSL) is calculated from the combination of elevation
(m AHD) and water depth. The RSL error calculation includes the sum of all the quantified, or
estimated, height errors; these include transfer function error, sample elevation error and sample

thickness [total error = \(e4? + €2 + ....e.2 )].

Table 2. Apparent errors of estimation and prediction errors for components 1-5 of the WA-PLS

subtidal foraminiferal-based transfer functions. Root-mean square of the error of prediction (RMSEP)

and the squared correlation (r?).
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Table 1

Sample Dated material Laboratory ~'CageBP Calibrated agerange  RSL (m AHD)
code tlo
911v15* Marginopora GAK2211 2100 + 164 2098 - 1326 -06+44
902v102* Bursa rana GAK2453 2270 + 144 2283 - 1560 -0.3+3.7
902v121* Vexillium amanda GAK2449 2860 + 213 3183 - 2096 06+3.9
911v16* Ostrea sp. GAK2215 4200+ 78 4551 - 4064 09+3.9
911v8* Bivalves GAK2443 6153 + 95 6863 - 6379 1.7+3.9
857dv16 Plant macro GAK7224 6310 £ 170 7600 - 6750 1.7+3.8
912bv4*  Austromactra dissimillis ~ GAK2444 7741 £ 97 8413 -7993 -29+3.38
902v113 Organic mud GAK3553 7840 + 170 9150 - 8300 -56+4.3
902v106 Organic mud GAK3550 8110+ 210 9550 - 8500 -5.8+4.1
911v11* Gastropod GAK2210 8380 + 125 9330 - 8598 -89+45
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Table 2.

Component Apparent (r?) Apparent RMSE Prediction Prediction

(m) (&) RMSEP (m)
1 0.87 3.83 0.83 4.42
2 0.94 2.50 0.90 3.50
3 0.96 2.11 0.89 3.64
4 0.97 1.95 0.87 3.89

5 0.97 1.76 0.85 4.27




Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

FIGURES

Location map of the study area showing (a) the Great Barrier Reef coastline
Australia, contemporary sites of (b) Cleveland Bay and (c) Bowling Green
Bay and (d) vibracore sites of Cleveland Bay. The samples were collected on
cruise numbers KG857, KG902, KG911 and KG912b aboard R/V James
Kirby.

Relative foraminiferal abundance (%) of the five most abundant foraminiferal
species from Cleveland Bay (a) Transect 1 and (b) Transect 2. Water depths
and distance along the transect (km) are indicated.

(a) Unconstrained cluster analysis based on unweighted Euclidean distances
showing the contemporary foraminiferal assemblages versus order of
samples on dendrogram, (b) detrended correspondence analysis (sample
label is shown) and (c) bathymetric distribution of Cleveland Bay transects 1
and 2. Only species with relative abundances greater than 10% in one or
more samples are shown.

Relative foraminiferal abundance (%) of the six most abundant foraminiferal
species from Bowling Green Bay. Water depths and distance along
thetransect (m) are indicated.

(a) Unconstrained cluster analysis based on unweighted Euclidean distances
showing the contemporary foraminiferal assemblages versus order of
samples on dendrogram, (b) detrended correspondence analysis (sample
labels are shown) and (c) bathymetric distribution of Bowling Green Bay.
Only species with relative abundances greater than 10% in one sample are

shown.
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Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig. 10

Detrended correspondence analysis of the combined dataset from Cleveland
Bay and Bowling Green Bay.

(a) Scatter plots and (b) residuals showing the relationship of the regression
of observed water depths (m) versus subtidal foraminiferal-predicted water
depths using WA-PLS from Cleveland Bay and Bowling Green Bay.

Scatter plots and r values showing the relationship between subtidal
foraminiferal assemblages and water depth from Cleveland Bay and Bowling
Green Bay. The r values in bold show statistically significant relationships (p
= 0.01 and df = 41). The lowess curves (locally weighted scatter plot
smoothing) are shown.

Dominant species in Cleveland Bay vibracores. Only species with relative
abundances greater than 10% are shown. Water depths (m) predicted using
WA-PLS with associated error ranges are shown.

Holocene sea-level reconstructions for Cleveland Bay using the subtidal
foraminiferal-based transfer function. Two geophysical model predictions are
shown as dashed lines, which correspond to outer shell, or lithosphere
thickness of 120 km and 96 km. The sea-level index points show calibrated

age ranges and the relative sea-level error (see Table 1).
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PLATE 1

1 Quinqueloculina pseudoreticulata (Parr): a side view, b apertural view; x 130. 2 Quingueloculina
venusta (Karrer): a side view, b apertural view; x 100. 3 Triloculina oblonga (Montagu): a side view, b
apertural view; x 100. 4 Dendritina striata (d'Orbigny): a side view, b apertural view; x 110. 5
Pararotalia venusta (Brady): a umbilical view, b spiral view; x 170. 6 Ammonia aoteana (Finlay): a
side view, b spiral view, ¢ umbilical view; x 250. 7 Ammonia tepida (Cushman): a umbilical view, b
spiral view; x 150. 8 Elphidium albanii (Hayward): a side view, b edge view; x 120. 9 Elphidium
hispidulum (Cushman): a side view, b edge view; x 300. 10 Planispirinella exigua (Brady): a side
view, b apertural view; x 200. 11 Amphistegina lessonii (d'Orbigny): side view; x 80. 12 Operculina

complanata (Defrance): side view; x 50.
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APPENDIX A

Foraminiferal taxonomy for those species mentioned in the text.

Species

Citation

Amphistegina lessonii
(d'Orbigny)
Dendritina striata
(d’Orbigny)

Elphidium albanii
(Hayward)

Elphidium hispidulum

(Cushman)

Operculina complanata

(Defrance)

Pararotalia venusta
(Brady)

Planispirinella exigua
(Brady)

Quinqueloculina
pseudoreticulata

(Parr)

Quinqueloculina venusta
(Karrer)

Triloculina oblonga

(Montagu)

Amphistegina lessonii d'Orbigny, 1826, p. 304, no. 3, pl. 17, figs 1-4.
Bock, 1971, p. 58, pl. 21, fig. 10.

Spirolina striata d’Orbigny, 1850.

Dendritina striata Hofker. 1951, pl. 1, figs 38-39.

Elphidium albanii Hayward, 1997, pl. 6, figs 1-5.

Cribrononion oceanicus (Cushman). Albani, 1978, p. 387, fig 9B.
Elphidium hispidulum Cushman. 1936, p.83, pl. 14, fig. 13.

Elphidium reticulosum (Cushman). Loeblich and Tappan, 1994, p. 169,
pl. 382, figs.1-5.

Lenticulites complanata (Defrance). Defrance, 1822, p.453.
Operculina complanata (Defrance). d’Orbigny, 1826, p. 281, pl. XIV,
figs 7-10.

Rotalia venusta Brady, 1884, pl.108, fig. 2c

Hauerina exiqua Brady, 1879, p. 267

Quingueloculina pseudoreticulata Parr, 1941, p. 305. Brady, 1884, p.
177, pl. 9 figs 2-3

Quinqueloculina venusta Karrer, 1868, p. 147, pl. 2, fig. 6.

Verniculum oblongum Montagu, 1803, p. 522, pl. 14, fig. 9. Triloculina
oblonga (Montagu, 1803), figs 5.16, 5.17
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