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Running head: PERSISTENCE OF WETLANDS IN QUEENSLAND 

ABSTRACT: Few Australian wetlands have persisted since the Last 

Glacial Maximum, with fewer still in existence through the entire last 

glacial cycle. The absence of wetlands, which itself indicates periods 

of moisture deficit, means there are few continuous climate and 

environmental change records covering this critical period. The lack 

of wetland persistence also raises the question of how plant and 

animal species that require permanent wetlands survived the last 

glacial cycle. Sixteen wetlands have been cored and dated on North 

Stradbroke – a large east Australian sand island – with basal dates 

reported from 10 sites for the first time. These wetlands range in age 

to over 200 000 years old, with six dating to the Last Glacial 

Maximum or earlier. There is no evidence of a stratigraphic 

discontinuity in the radiocarbon-based age–depth profiles, suggesting 

continuous deposition of highly organic sediment through the period 

covered by these ages (c. 40 ka). The persistence of these wetlands 

suggests that for much of the last 40 000 years, and for perhaps much 

longer, the regional moisture balance has been positive. Over the last 

glacial cycle, persistently wet conditions may have provided a refuge 

from regional drying, and thus contributed to the high genetic 

diversity of rainforest plants in the region. Vegetation and climate 

records from these sites will allow hypothesis testing about the 

drivers of both local and regional climate variability. 
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Introduction 

In Australia, long continental records of environmental change are primarily derived from 

sedimentary sequences from mires and lakes. Wetlands can potentially continuously record 

environmental change and thereby provide a complete temporal record of climate from local to 

regional scales. 

Palaeoclimatic information from the last glacial cycle [i.e. from c. 123 000 years before present 

(ka BP)] is critical to advance knowledge of the global climate system and to understand responses of 

terrestrial and aquatic ecosystems to climate change. Improved knowledge permits more accurate and 

precise predictions of future climate and ecosystem responses to climate change. As an example of the 

former, the Palaeoclimate Intercomparison Project III undertakes data comparisons from the Last 

Glacial Maximum (LGM, herein defined as 22–19 ka BP, Yokoyama et al., 2000) and mid-Holocene 

(6 ka BP) to understand critical issues such as the sensitivity of global and regional temperature to a 

doubling of CO2 in the atmosphere. Furthermore, palaeoclimate data fundamentally underpin debates 

about the causes of late Pleistocene megafauna extinction (Barnosky et al., 2004) and our 

understanding of evolutionary biology. For example, late Quaternary climate change is often invoked 

as a cause of species vicariance in Australian plants and animals (e.g. Byrne, 2008). However, despite 

its obvious usefulness, high-resolution palaeoclimate evidence from the LGM is uncommon in 

Australia, and records extending into marine isotope stages 3 (MIS3 ~ 57−29 ka BP) and 4 

(MIS4 ~ 71−57 ka BP) are rarer still. This hinders a deeper understanding of millennial-scale climate 

variability and investigation of, for example, the influences of Dansgaard–Oeschger cycles and 

Heinrich events in the North Atlantic region and the opposing, but more muted, equivalent events in 

Antarctica (EPICA Community Members, 2004). 

Understanding the nature of climate change during MIS3 has further significance in Australia 

since humans occupied large parts of the continent during this period (Tobler et al., 2017), which also 

saw the last extinctions of megafauna (Saltré et al., 2016). Disentangling the relative contribution of 

climatic and human influence clearly requires long, continuous and highly resolved sequences (Wroe 

et al., 2013); however, few Australian terrestrial sites provide such records through MIS3. The best 

examples are Lynch’s Crater, in tropical far north Queensland (Kershaw et al., 2007a), Caledonia Fen, 

in the highlands of temperate Victoria (Kershaw et al., 2007b), and Lake Selina in western Tasmania 

(Colhoun et al., 1999). This lack of sites results from several factors, including low moisture 

availability, an absence of wetlands formed by glaciation, volcanism and tectonic rifting (Bridgman 

and Timms, 2012; Chang et al., 2014) – which in other parts of the world have produced long records 

– and, to some extent, the uninvestigated history of many Australian wetlands. Even when a shorter 

period is considered, a relatively small number of Australian wetlands contain sediment records that 

span the LGM (Fig. 1) and of these very few have continuous deposition records. 
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Continuous Australian LGM-age sites are primarily concentrated south of 30°S (Fig. 2 and 

Supporting Information Table S1), with a few sites in north-eastern Queensland, such as Lynch’s 

Crater, Bromfield Swamp and Lake Euramoo (17°S); and three previously published sites in sub-

tropical Queensland on North Stradbroke Island (NSI) (Moss et al., 2013; Barr et al., 2017; Petherick 

et al., 2017). Unfortunately, many wetlands with long records have been radically altered by 

agricultural land use, which limits the capacity to understand catchment and wetland processes that 

underpin palaeoenvironmental reconstructions (e.g. Woltering et al., 2014). On Fraser Island, 200 km 

north of NSI, four sites have been identified which contain sediments of LGM age (Longmore and 

Heijnis, 1999; Donders et al., 2006; Woltering et al., 2014; Moss et al., 2016). However, three of 

these records have a hiatus spanning, or immediately following, the LGM. The fourth, Moon Point, 

has no evidence of hiatus during this period, although it has relatively poor chronological control 

(Gontz et al., 2015; Moss et al., 2016). 

The few continuous non-marine Australian sediment sequences that extend to the LGM and 

beyond have been the focus of intense scientific effort. The most intensively studied site – Lynch’s 

Crater in tropical northern Australia – is the primary focus of more than 15 scientific papers and 

underpins the conclusions drawn from many more (e.g. Williams et al., 2009; Reeves et al., 2013). 

While sites such as Lynch’s Crater provide critical information, a reliance on so few sites raises the 

possibility that environmental reconstructions reflect local, site-specific phenomena that are 

unrepresentative of the broader landscape and/or that climates in such locations may not reflect 

regional patterns. Furthermore, diametrically contrasting conclusions about the response to large-scale 

forcing have been drawn from the Lynch’s Crater record. Both drier (Turney et al., 2004) and wetter 

(Muller et al., 2008) climates are hypothesized to have occurred during Heinrich event 3. At 

Caledonia Fen in montane southern Australia, a single, rapid and short-lived expansion of Eucalyptus 

from around 66 ka BP has defied explanation in terms of comparison with other short-lived events, in 

part due to an absence of chronological control (Kershaw et al., 2007b). The lack of sites of 

comparable antiquity means that it is not possible to investigate more fully the extent and causes of 

such events. The dearth of wetland records dating to the LGM and beyond means it is also impossible 

to determine spatial variation in climate or biological gradients. 

An improved understanding of palaeoclimates through terrestrial sediment records would also 

inform the spatial variation in climate and environments at the time of human settlement of Australia, 

which is fundamental to ideas about the nature of occupation of the continent (Bowdler, 2010; Bird et 

al., 2016). Recently, Bird et al. (2016) suggested a strong correspondence between the location of 

permanent and semi-permanent waterholes and >30 ka old archaeological sites, highlighting the 

importance of reliable water supply to human settlement patterns. 

The paucity of LGM-aged terrestrial sediments, which is likely to be at least partially indicative 

of an absence of persistent wetlands, has important implications for Australia’s aquatic biota, given 
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that many species have an obligate requirement for water. The scarcity of such habitats on the 

Australian continent persisting from the LGM to present prompted De Deckker (1986) to suggest that 

much of the Australian aquatic fauna found refuge in coastal lakes that formed on the continental 

shelf during times of low sea level. 

This study documents four new wetland sediment records on NSI, in sub-tropical eastern 

Australia (Fig. 3), which date to the LGM, while also discussing three previously published records 

>25 000 years long. Notably, two of these sites have sediment records extending to at least the start of 

MIS4. We demonstrate that at least some of these sites have continuously accumulated sediment since 

before the LGM, and consider the implications for Quaternary climate history and understanding the 

history of local aquatic biota. These sites provide the potential to derive replicate records of key 

periods of environmental change in Australia and to fill spatial gaps in the Australian late Quaternary 

record in the sub-tropics – a location highly sensitive to shifts in global-scale climate systems such as 

Hadley Cell circulation (Chiang and Friedman, 2012) and the El-Niño Southern Oscillation. Based on 

the presence of wetlands through the LGM, pollen data that show rainforest persistence through the 

LGM (Moss et al., 2013), and evidence for the subtropical east coast ‘hot spot’ of phylogenetic 

endemism for rainforest plants (Kooyman et al., 2013), we hypothesize that the region, although not 

necessarily NSI itself, was an LGM refuge for rainforest plants. 

Site description 

NSI is the second largest sand island in the world (285 km2) (Barr et al., 2013). It is has been 

hypothesized that sand bodies in south-east Queensland (North Stradbroke, Moreton and Fraser 

Islands and the Cooloola sand mass) were formed during transgressive sea levels over the past c. 

500 000 years (Ward, 2006), with recent optically stimulated luminescence (OSL) ages on 

neighbouring Moreton Island largely congruent with this time frame (Brooke et al., 2015). Through 

most of this time, NSI was part of the Australia mainland and was only separated during interglacial 

sea-level highstands (Page and Hughes, 2007). There are over 50 natural lakes and swamps on NSI 

(Marshall, et al., 2011). Most of the wetlands retained moisture during the 1997 to 2009 ‘Millennium’ 

drought (Marshall and McGregor pers. obs.), which was associated with some of the lowest recorded 

rainfall in south-east Queensland and NSI (Van Dijk et al., 2013). In contrast, some wetlands, such as 

the perched wetland Tortoise Lagoon are highly variable, with maximum water depth ranging from 

more than 9 m to dry in historical times (Barr et al., 2013). 

The lakes and swamps of NSI have differing relationships to the regional and perched water 

table. Some sites intersect the regional water table and are thus water table window lakes (James, 

1984). Most of such sites occur on the coastal fringe near to sea level, with a smaller number 

including Blue Lake (Barr et al., 2013) located away from the coast. Most wetlands are isolated from 
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the regional water table, located above indurated sand layers. The formation of these perching layers 

on sand islands is the subject of some debate (Da Silva and Shulmeister, 2016). However, it is argued 

that such layers form in dune hollows because of leaching of both organic and inorganic fine-grained 

materials that cement at depth during moist climate phases and eventually form an impermeable layer 

(Timms, 1986, 1992). Some perched wetlands sit high above the water table including Swallow 

Lagoon (Table 1), while others exist at lower altitudes where there may be interaction between the 

perched water table and the larger regional table underlying the island (Leach, 2011). 

NSI is in the subtropics and experiences warm summers and mild winters. Most rainfall occurs 

in the austral summer and autumn, with a distinct winter to spring minimum. On average, only 15% of 

rainfall occurs during the period from July to October (1947–2015; www.bom.gov.au/climate/data, 

Australian Bureau of Meteorology station numbers: 040175 and 040209). Summer rainfall amount is 

strongly correlated to the El Niño Southern Oscillation (Risbey et al., 2009). The island’s vegetation 

is dominated by sclerophyll forests and woodlands, with older dune sequences containing the 

distinctive ‘Wallum’ heath. In contrast to Fraser Island, there are only small patches of rainforest, the 

largest of which is located at Myora Springs on the north-west of the island (Moss et al., 2011). 

Further information about NSI, its wetlands and environmental history can be found in Petherick et al. 

(2008, 2017), Marshall and McGregor (2011), Marshall, et al. (2011), Page et al. (2012), Barr et al. 

(2013, 2017) and Moss et al. (2013). 

Methods 

Sixteen wetlands on NSI were cored using a variety of hand-operated coring devices (Table 1). In 

each case, coring ceased either when sediment became too resistant or where the corer recovered thick 

(>10 cm) sand deposits presumed to be the base of the wetland. All cores were extracted from near the 

geographical centre of the wetland with the exception of Welsby Lagoon. Radiocarbon ages for 

Welsby Lagoon are from a 4.5-m-long core taken from close to the margin of the wetland (see Moss 

et al., 2013 and Barr et al., 2017 for further details), with a new basal OSL age of a 12.7-m-long 

central wetland core also discussed. The proportion of sediment organic matter was determined via 

loss-on-ignition (Heiri et al., 2001). 

Radiocarbon (14C) and single-grain OSL dating of material at the base of the organic basin fill 

(14C) or in the dune sands below (OSL) was used to estimate the age of the wetlands. The material 

dated using 14C is listed in Table 1. Of the 16 wetlands investigated, five have age–depth profiles with 

five or more radiocarbon age determinations, while another two are dated with more than a single age 

(Table 1; Fig. S1 and Mettam et al., 2011; Moss et al., 2013). Radiocarbon ages were converted to 

calendar ages using OxCal 4.2 and ShCal13 (Hogg et al., 2013). For plotting and data analysis, 

calibrated ages are expressed as the median of the 2σ probability distribution of the ages. 
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OSL dating of individual quartz grains was undertaken on basal samples from Brown Lake, 

Welsby Lagoon and Fern Gully Lagoon and reported for the first time in this study. OSL ages on the 

basal sediments from these sites are likely to represent the age of initial wetland formation since in 

each case, the matrix dated was a mix of aeolian sand and organic wetland sediments. Individual 

equivalent dose (De) values were obtained using modified single aliquot regenerative dose (SAR) 

protocols involving natural and regenerative dose preheats of 240–260 °C for 10 s, and test dose 

preheats of 160 °C for 10 s (Olley et al., 2004). De analytical procedures and age modelling followed 

Arnold and Roberts (2011) and Arnold et al. (2013). Environmental dose rates were determined using 

a combination of inductively coupled plasma mass spectrometry (ICP-MS) and X-ray fluorescence 

(XRF) at Fern Gully, and high-resolution gamma spectrometry at the other sites. The final dose rates 

include a cosmic ray dose rate contribution, calculated from Prescott and Hutton (1994), an assumed 

internal dose rate contribution of 0.03 ± 0.01 Gy ka–1 (Bowler et al., 2003) and a long-term water 

content correction derived from the present-day saturated moisture contents of the dune sands. OSL 

ages are expressed as years before the year 2000 and are provided with their 1σ uncertainties. 

To assess the factors that led to wetland formation, we compared wetland age to both the 

presumed age of the dunes in which they are positioned and the height of the regional water table. 

Dune ages are as inferred by Ward (2006). However, these ages should be viewed as relative ages 

since they were estimated from the relationships between the amount of soil leaching and global ice 

volume, with the assumption that each dune system formed during successive sea level transgressions. 

Moreover, corals which underlie the purportedly 360 000-year-old Yankee Jack dunes have been 

dated to an average of 132 ka using uranium–thorium techniques (Pickett et al., 1989), calling into 

question the ages ascribed to this, and presumably other, dune systems. 

We used a groundwater model (Leach, 2011) to classify wetlands into those that are perched 

above the regional water table and those that interact with it. Using this information we assessed 

whether wetland persistence is related to interaction with the regional water table by determining the 

vertical distance to the regional water table from the bottom of the water column in each wetland. 

Seasonally, groundwater elevations fluctuate by >10 m. Hence, classification of wetlands into perched 

types (or otherwise) must consider this variability. We apply the minimum elevation difference of 

13 m to separate perched systems from those which may be dependent on the regional water table 

(following Leach, 2011). 

  



Aut
ho

r M
an

us
cr

ipt

This article is protected by copyright. All rights reserved 

Results and discussion 

Age and resolution of NSI wetlands 

Basal radiocarbon ages for 16 NSI wetlands are provided in Table 2. Nine of these sites have not 

previously been studied. New OSL ages are provided for three sites: Welsby Lagoon, Fern Gully 

Lagoon and Brown Lake (Table 3). Basal14C ages are generally consistent with age–depth 

relationships higher in sediment profiles (see Moss et al., 2013; Figure S1). In addition, at Brown 

Lake, the basal 14C and OSL sample ages overlap at the 1σ range (Tables 2 and 3). 

Seven wetlands (Black Snake Lagoon, Brown Lake, Fern Gully Lagoon, Kounpee Swamp, 

Native Companion Lagoon, Tortoise Lagoon and Welsby Lagoon) date to the LGM or beyond 

(Table 2). All sites have age–depth profiles and highly organic sediment composition that indicate 

continuous deposition through the LGM (Moss et al., 2013; Fig S1). OSL ages at the base of Welsby 

and Fern Gully Lagoons, where wetland sediment is intermixed with sand, indicate that these 

wetlands are of substantial antiquity (>100 000 years old). The large uncertainty terms on these ages 

arise particularly from the low natural doses of ionizing radiation in this environment (Table 3). The 

quartz grains from the basal Welsby Lagoon OSL sample have a relatively narrow De distribution 

(with an over-dispersion of 15%), which is consistent with a single population of well-bleached, 

unmixed grains (Olley et al., 2004; Arnold and Roberts, 2011). The age of basal sands for Welsby 

Lagoon is 130.0 ± 15.3 ka. By contrast, the De distribution of the basal (921 − 930 cm) Fern Gully 

Lagoon sample exhibits higher over-dispersion and is potentially indicative of more complex 

depositional or post-depositional influences, such as partial bleaching, minor bioturbation and/or beta-

dose heterogeneity. Additional samples would be needed from the underlying and overlying deposits 

of this core to better ascertain the origin of the additional dose dispersion at Fern Gully as the over-

dispersed De dataset lacks clear structure. In the absence of such data, we have opted to use the 

weighted mean De value of this sample for age calculation. The final age for the basal sediments at 

Fern Gully is 208.4 + 32.5 ka. 

The long Brown Lake sediment sequence is the only Pleistocene age sequence from the centre of 

an NSI wetland where highly organic wetland sediment is interrupted (Fig. S1), in this case by a band 

of sediment between 272 and 280 cm which contained very coarse sand- to fine gravel-sized 

accretions (Fig. S1). The Brown Lake core shows a good correspondence between the 14C chronology 

developed on bulk organics and a single-grain OSL age for the basal sediments. The 14C age from 

395 cm suggests that the onset of lacustrine sedimentation commenced approximately 40 000 years 

ago (Table 2; Fig. S1). The OSL sample exhibited an over-dispersion value of ~40% and more than 

one dose population was evident when fitting the finite mixture model to the De distribution (Fig. S2). 

The lowest dose population comprised only a small number (~6%) of grains and is interpreted as 
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representing a minor disturbance event (post-depositional mixing). This interpretation is supported by 

the relatively young age obtained from the low dose component (23.5 ± 5.0 ka), which is inconsistent 

with the associated 14C chronology. The remaining 94% of grains (higher dose component) have a 

dose distribution consistent with a partial bleaching (Fig. S2). The lowest population in this group of 

grains was therefore isolated using the minimum age model, yielding a final age of 47.2 ± 8.6 ka for 

the basal sands at Brown Lake. 

To assess the extent to which the age of the wetlands is predicted by the age of the dunes in 

which they lie, we investigated the relationship between dune age and basal wetland age. 

Unsurprisingly, NSI coastal wetlands are Holocene in age due to their formation following sea level 

transgression and all wetlands formed in dunes that are older than their basal age (Table 1). Fern 

Gully Lagoon (the oldest dated wetland on the island) lies in the second oldest of the dune units on the 

island, while the other sites of substantial antiquity (i.e. > 15 000 years old) lie in the Yankee Jack 

Unit, the next oldest unit on the island (Figs 3 and 4). There is a significant relationship between 

wetland age (log10-transformed) and the age of the dunes in which they lie (r2 = 0.97, p < 0.005; 

Fig. 4). These data suggest that additional long records could be recovered by coring wetlands in old 

dune systems. 

We also assessed the relationship between the ages of NSI wetlands and the depth to the regional 

water table. We hypothesized that wetlands that have persisted in the landscape for long periods 

would intersect or be close to the regional water table since perched systems would be vulnerable to 

desiccation during dry climate periods. Welsby Lagoon has a surface modelled to lie 3–11 m above 

the regional water table and thus, given the 13-m threshold used to distinguish perched wetlands from 

those that intersect the regional water table, its persistence in the landscape may be due to water input 

from the regional water table. However, some other sites, including Fern Gully Lagoon, Kounpee 

Swamp and Brown Lake, are perched well above the regional water table and yet have substantial 

antiquity (Table 2). Following from this, there is no significant relationship between depth to the 

regional water table and wetland age (r2 = 0.0004, p = 0.94). 

In addition to being of substantial age, many of the wetland sediments on NSI have a temporal 

resolution that is higher than sites of equivalent age on the Australian continent (Fig. 1). As an 

example, the average resolution of the Welsby Lagoon and Fern Gully Lagoon records is 103 and 

226 a cm−1, respectively. Having sediments of this resolution substantially increases the ability to 

document climate variability at millennial scale and particularly to contribute to debates about the role 

of climate in megafaunal extinction, at a regional scale. 
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The antiquity of NSI’s wetlands in context 

NSI has the highest concentration of wetlands dated to the LGM in Australia (Fig. 2). Given that it is 

in one of the few locations in Australia where there is such a high concentration of non-riverine 

wetlands of any age, it raises the possibility that the island is unique in this regard. Support for this 

hypothesis comes from investigations of the other Australian regions with a high concentration of 

permanent wetlands, which indicate that they are unlikely to hold such a concentration of LGM-age 

sites. For example, the large concentration of lakes in the Tasmanian highlands are of glacial origin 

(Tyler, 1992) and thus many, but not all (see Colhoun et al., 1999 and Table S1), are of post-glacial 

age. In the volcanic regions of the Atherton Tableland in northern Australia and western Victoria in 

the south, only three and two sites have high-resolution continuous sequences that extend to the LGM. 

These are, respectively, Lynch’s Crater, Lake Euramoo (Haberle, 2005) and Bromfield Swamp 

(Burrows et al., 2016) in the north and Tower Hill (D’Costa et al., 1989) and Lake Surprise (Builth et 

al., 2008) in the south. It is possible that Fraser Island, which has over 30 named lakes (Bayly and 

Williams, 1972) and many smaller unnamed wetlands, will yield such such records. Indeed, the Moon 

Point site is ~35 000 years old (Moss et al., 2016); Lake Mackenzie is 37 000 years old (Hembrow et 

al., 2014); Lake Allom dates to ~56 ka 14C a BP (Donders et al., 2006); and Old Lake Coomboo 

Depression purportedly is >300 000 years old (Longmore and Heijnis, 1999). However, as noted 

above, the latter three sites have sediment hiatuses during the LGM or the last glacial–interglacial 

transition. 

Implications of a high concentration of LGM wetlands on NSI 

Quaternary environmental history both in Australia and worldwide has been invoked numerous times 

to explain spatial patterning of species and phylogenetic diversity in the landscape (Hewitt, 2011). 

These patterns, often supported by data from molecular clock analyses, have frequently been 

explained in terms of the nature of the Quaternary environmental record. The implication of the ages 

reported herein from NSI provides additional environmental information by highlighting the 

maintenance of relatively humid conditions through much of the last glacial cycle on NSI. While we 

cannot rule out centennial- and perhaps even millennial-scale arid phases in the climate history of the 

region (particularly due to the buffering nature of the local and regional groundwater systems that 

support the wetlands), there is no evidence of hiatuses observed in many other Australian records. 

Indeed, higher resolution dating and contiguous ITRAX-XRF characterization of several sequences is 

underway to ascertain more detailed, shorter-term sedimentation dynamics of these wetlands. 

The hypothesized persistence of wetland environments for up to 100 000 years has two 

important implications in relation to climate history and regional biogeography. Firstly, the absence of 
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substantial sand layers, other than near the base, of any Pleistocene-aged wetland (see Table S1 and 

Moss et al., 2013), suggests that the landscape of this sand island was relatively stable during, and 

following, the LGM. This hypothesized landscape stability is supported by pollen analysis from 

Native Companion, Welsby and Tortoise Lagoons (Moss et al., 2013), which indicates that arboreal 

vegetation persisted through the LGM. Taken together, these lines of evidence suggest persistently 

positive effective moisture, which contrasts with the suggestion that the eastern Australian coast, 

including NSI, was dry and inhospitable during the late Pleistocene (Bowdler, 2010). Given that the 

region experienced high effective moisture through the LGM, it is likely that it was a site of high 

bioproduction of human resources (sensu Lourandos and David, 2002) and, potentially, an ideal place 

for human occupation. Indeed, NSI was occupied through the LGM (Neal and Stock, 1986) and has 

the oldest archaeological site in south-east Queensland (Hall, 1999). 

The persistence of many wetlands on NSI at a time of marked continental water deficit suggests 

that, although not an island at the time, NSI or locations in the region may have acted as a refuge for 

aquatic plants and animals. De Deckker (1986) has previously noted that refugia for Australian 

aquatic taxa could not be identified because few Australian wetlands persisted through the LGM. This 

hypothesis is supported by genetic analysis of NSI aquatic animals that include an endemic species of 

freshwater shrimp, and indicates a very long period of separation of eastern and western populations 

on the island (Page and Hughes, 2007; Page et al., 2012). This separation is evident despite multiple 

sea level lowstands that might otherwise have been expected to allow populations now located on the 

east and west of the island to interbreed in wetland environments on the exposed floor of Moreton 

Bay and inner continental shelf. The persistence of wetlands through the LGM on NSI is likely to 

have facilitated the separation and particularly the persistence of these ‘evolutionarily significant 

units’ (Page et al., 2012). 

The positive moisture balance inferred through the last glacial period from persistent wetlands 

on NSI may also explain local and regional patterns in plant diversity. Two endemic aquatic plants on 

the island, Eleocharis difformis and Olearia hygrophila, are found in wetland environments (Stephens 

and Sharp, 2009). Although the long-term history of these plants in unknown, the persistence of 

wetlands on NSI may have contributed to the (isolated) survival of these species. At longer time 

scales, the positive moisture balance maintained through the last glacial cycle may have contributed to 

the high degree of phylogenetic endemism in rainforest tree species in the south-east Queensland and 

northern NSW region, particularly relative to its latitude (Kooyman et al., 2013). Such persistent 

wetness is particularly notable in the context of increasingly arid interglacials hypothesized to have 

commenced 350 000 years ago in Australia (Kershaw et al., 2003). Pollen data from NSI indicate that 

rainforest persisted on or close to the present-day NSI through the LGM (Moss et al., 2013). 

NSI wetland records can also inform climate science more generally, as several regional- and 

global-scale hypotheses can now be tested by analysing sediments from NSI. These include the nature 
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of climates preceding, during and following the LGM. Importantly, where calibration of present 

wetland–environment relationships is necessary, the relatively unspoilt nature of many of NSI’s 

wetlands allows comparison between contemporary and past environments. 

Many wetlands on NSI have now been cored and dated. However, a number remain to be 

analysed, including several in the older dune systems. Horseshoe Swamp and Tea Tree Lagoon in 

Yankee Jack dunes are purported to be c. 370 ka old (Ward, 2006). These wetlands could potentially 

yield additional old sediment records. The depth of organic sediments in six wetlands not otherwise 

discussed in this paper is provided in Table S2. 

Conclusion 

NSI hosts the highest concentration of extant, functioning and undisturbed wetlands that extend to the 

LGM in Australia. The persistence of wetlands suggests that the Island has maintained a positive 

moisture balance for much of the last 100 000 years. These wetlands, or others in the region, may 

have acted as refugia for biota during times within the last glacial cycle when a large proportion of 

Australia could not support wetlands. Studies of the genetic differences between aquatic animals on 

the island support the notion that they have been isolated (presumably in refugia) for long periods. 

NSI also contains the oldest archaeological record in south-east Queensland which spans the LGM. At 

a regional scale, the high genetic diversity in rainforest taxa in south-east Queensland and northern 

New South Wales may, in part, result from relatively humid conditions persisting through the last 

glacial cycle. There is enormous potential to exploit the late Quaternary records from NSI and to 

improve our understanding of past climate variability that has until now been drawn from relatively 

few, widely dispersed, localities. 
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Figure 1. (a) Study site location and locations of other sites mentioned in the text. (b) Age of 

Australian wetlands that date to the Last Glacial Maximum or earlier vs resolution. Data from 

Mooney et al.’s (2011) compilation of Australian sediment charcoal records, with the exception of 

North Stradbroke Island (NSI) sites. Hence, the resolution data reflect the sample resolution of the 

original studies and may be underestimated. Sample resolution for the NSI sites is based on an 

assumed sampling at centimetre increments. 
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Figure 2. Location of Australian Pleistocene wetland sites by latitude.  Sites are listed in Table S1. 
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Figure 3. Locations of North Stradbroke Island study sites superimposed on a map of the dune 

names and their inferred ages (based on Ward, 2006). Note that ages are rounded to the nearest 

decade. 



Aut
ho

r M
an

us
cr

ipt

This article is protected by copyright. All rights reserved 

 

 

Figure 4. (a) Age of wetlands versus age of dunes in which they were formed. (b) Age of wetlands 

versus depth to the regional water table (RWT). Note the dune ages (from Ward, 2006) should be 

viewed as estimates only (see text for details). 
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Table 1. North Stradbroke Island study wetlands. Note that in addition to the dated sites listed, we determined the depth of sediment in six other sites (see 

Table S2). 

Site name Site type Latitude (°S) Longitude (°E) Elevation (m 

AHD) 

Maximum 

recorded 

water 

depth (m) 

Distance 

to RWT 

(m) 

Morphostratigraphic 

dune age (ka) 

(based on Ward, 

2006) 

Dune 

unit 

name 

18 Mile 

Swamp 

North pool 

Coastal 

freshwater 

wetland 

27°31′35.2″ 153°29′38.4″ 1 2.5 0 7 Holocene 

18 Mile 

Swamp 

(south) 

transition 

from 

organic to 

clay 

Coastal 

freshwater 

wetland 

27°34′15.1″ 153°28′21.1″ 1 <1 0 7 Holocene 

Myora 

Springs 

Coastal 

freshwater 

wetland 

27°28′08″ 153°25′29″ 3 <1 0.1 7 Holocene 

Duck 

Lagoon 

Intermittent 

perched 

27°41′58.92″ 153°25′01.96″ 50 <1 47–56 368 Yankee 

Jack 
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wetland 

Ibis Lagoon 

West 

Intermittent 

wetland 

27°36′30.15″ 153°25′31.15″ 26 <1 8–20 368 Yankee 

Jack 

Campembah 

Swamp 

Intermittent 

wetland 

27°28′7.9″  153°25′34.36″ Unknown <1 0.1 368 Yankee 

Jack 

Blue Lake 

outflow 

swamp base 

Barrage 

wetland 

27°29′55.38″ 153°27′17.36″ 11 <1 0 458 Awinya 

Blue Lake Groundwater 

window lake 

27°31′57.6″ 153°28′39.0″ 13 11 (Barr 

et al., 

2013) 

0 458 Awinya 

Swallow 

Lagoon 

Perched lake 27°29′55.4″ 153°27′17.53″ 151 5.2 127–135 368 Yankee 

Jack 

Black Snake 

Lagoon 

Intermittent 

wetland 

27°35′26.52″ 153°25′26.01″ 23 <1 7–17 368 Yankee 

Jack 

Kounpee 

Swamp 

Intermittent 

perched 

wetland 

27°33′02.32″ 153°25′24.54″ 43 <1 35–42 368 Yankee 

Jack 

Brown Lake Perched lake 27°29′24.68″ 153°25′56.17″ 49 8.3 in 

1979 

(Lee-

20–28 368 ka Yankee 

Jack 
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Manwar 

et al., 

1980) 

Native 

Companion 

Lagoon 

Intermittent 

wetland 

27°40′33.77″ 153°24′38.20″ 16 <1 6–15 368 Yankee 

Jack 

Tortoise 

Lagoon 

Intermittent 

wetland 

27°30′59.76″ 153°28′27.04″ 29 9.5 in 

1979 

(Lee-

Manwar 

et al., 

1980), 

NB: it is 

now dry 

5–11 368 Yankee 

Jack 

Welsby 

Lagoon 

Fluctuating 

wetland 

27°26′11.93″ 153°26′54.53″ 28 <1 3–11 368 Yankee 

Jack 

Fern Gully 

Lagoon 

Fluctuating 

perched 

wetland 

27°25′01.99″ 153°27′36.20″ 42 <1 m 20–33 458 Awinya 
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Table 2. Results of 14C dating of North Stradbroke Island wetland sediments. Note that older ages were determined for the 18 Mile Swamp (North) base, 

but these were argued to be inaccurate (see Mettam et al., 2011). Site age is the projected age of the base of the sedimentary sequence where it lies below the 

lowermost radiometric age. The OSL-based basal ages for Brown Lake, Welsby and Fern Gully Lagoons are provided in Table 3 and are substantially older 

than the 14C-based age for the latter two sites. 14C based age–depth plots for Native Companion, Tortoise and Welsby Lagoons are provided in Moss et al. 

(2013), with the plot for Brown Lake included in Fig. S1. 

Site name Coring 

method 

Publication 

(for 

previously 

published 

dates 

Total 

number 

of 14C 

dates 

Depth of 

basal 14C 

sample 

(cm) 

Basal age 

sample code 

14C basal age 

(a BP) 

Material dated Calibrated age BP (2σ) Resolution 

(a cm–1) Min. Max. Median 

18 Mile 

Swamp (north 

pool) 

Livingstone 

corer 

Mettam et 

al. (2011) 

2 120 Beta-270545 320 + 30 Organic 

material 

>150 µm 

450 288 381 3.2 

18 Mile 

Swamp (south) 

transition from 

organic to clay 

D-section Mettam et 

al. (2011) 

1 368 Beta-270546 910 ± 40 Wood 905 684 771 2.1 

Myora Springs D-section Moss et al. 

(2011) 

3 31 Wk-18471 652 ± 29 Peat 651 547 606 19.5 

Duck Lagoon D-section  1 185 Wk-29033 4210 ± 30 Charcoal 4833 4580 4708 25.4 

Ibis Lagoon 

West 

D-section  1 170 Wk-29034 5384 ± 30 Charcoal 6269 5999 6122 36.0 
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Campembah 

swamp 

D-section  1 168 Beta-270550 6100 ± 50 Charcoal 7156 6748 6912 41.1 

Blue Lake 

outflow 

swamp base 

D-section  1 130 Beta-270547 6780 ± 50 Wood 7680 7506 7601 58.5 

Blue Lake Livingstone 

corer 

Barr et al. 

(2013) 

5 236 Wk-21708 6494 ± 40 Lake 

sediment 

11 064 10 565 10 687 45.2 

Swallow 

Lagoon 

Livingstone 

corer 

 11 477 Beta-270552 9900 ± 50 Charcoal 11 399 11 182 11 260 23.6 

Black Snake 

Lagoon 

D-section  1 198 Beta-270549 15 480 ± 80 Lake 

sediment 

18 875 18 530 18 704 94.5 

Kounpee 

Swamp 

D-section  1 281 Beta-270551 17 740 ± 100 Charcoal 21 757 21 062 21 416 76.2 

Brown Lake Livingstone 

corer 

 1 395 Wk-33179 36 974 ± 737 Lake 

sediment. 

42 613 40 126 41 448 104.9 

Native 

Companion 

Lagoon 

D-section Moss et al. 

(2013) 

17 348  35 757 ± 1147 Lake 

sediment. 

40 808 39 899 40 333 115.9 

Tortoise 

Lagoon 

D-section Moss et al. 

(2013) 

12 (6) 395 OZK443 23 860 + 180 Lake 

sediment. 

28 315 27 594 27 894 70.6 

Welsby D-section Moss et al. 11 (3) 438 Beta-306713 19 020 + 80 Pollen 23 047 22 532 22 796 52.0 
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Lagoon (2013) 

Fern Gully 

Lagoon 

Livingstone 

corer 

 1 700 Wk-29035 37 155 ± 646 Lake 

sediment 

42 600 40 455 41 609 59.4 

 

 

 

Table 3. Results of OSL dating of North Stradbroke Island wetland sediments. 

Site, 

sample 

depth 

and lab 

code 

Grain 

size 

(µm) 

Water 

contenta,b 

238U 

(Bq kg−1) 

234Th 

(Bq kg−1) 

210Pb 

(Bq kg−1)c 

232Th 

(Bq kg−1)c 

40K 

(Bq kg−1)c 

Total dose 

rate 

(Gy ka–

1)d,e,f 

No. of 

accepted 

De 

values 

Overdispersong Age 

modelh 

De (Gy)f Age (ka)f 

Brown 

Lake, 

395–

399 cm 

(GU5.3) 

180–

212 

24.0 ± 2.4 

(beta and 

gamma) 

67.7 ± 6.8 

(cosmic) 

11 ± 1 22 ± 5 24 ± 10 18 ± 2 <11 0.70 ± 0.12 66  40% FMM 

component 

1 (6% of 

grains) 

16.3 ± 1.9 23.5 ± 4.9 

          FMM 

component 

32.8 ± 2.0 47.2 ± 8.6 
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2 (94% of 

grains) 

Welsby 

Lagoon, 

1266–

1271 cm 

(GU5.1). 

180–

212 

247 ± 24.7 

(beta and 

gamma) 

761 ± 76.1 

(cosmic) 

16 ± 2 11 ± 0.5 16 ± 2 13.6 ± 0.4 14 ± 2 0.19 ± 0.02 64 15% CAM 24.5 ± 0.6 130.0 + 15.3 

 

Site, sample 

depth and lab 

code 

Grain 

size (µm) 

Water 

contenta,b 

U (p.p.m.)c Th (p.p.m.)c K (%)c Total dose 

rate (Gy ka–

1)d,e,f 

No. of 

accepted 

De values 

Overdispersong Age modelh De (Gy)f Age (ka)f 

Fern Gully 

Lagoon, 921–

930 cm 

(Ad13069) 

212–250 190 ± 19.0 

(beta and 

gamma) 

765.5 ± 76.5 

(cosmic) 

0.23 ± 0.03 0.89 ± 0.06 0.01 ± 0.002 0.09 ± 0.01 112 38 CAM 17.9 ± 0.7 208.4 + 32.5 

aLong-term water content, expressed as % of dry mass of mineral fraction. A relative uncertainty of ±10% is assigned to the long-term water content values. 

bTwo separate water contents have been used to correct the beta/gamma and cosmic dose rates of each sample owing to significant differences in sediment composition between the basal sands 

and the overlying, organic-rich deposits of each core. The long-term water content used for beta and gamma dose rate calculation is based on measured (saturated) water content for the basal 

sands at each site. The long-term water content used for the cosmic dose rate calculation is based on the average measured water content of the overlying organic deposits at each site. 

cSpecific radionuclide activity measurements of samples GU5.1 and GU5.3 were made on dried and powdered samples by high-resolution gamma-ray spectrometry. The 40K value of sample 

GU5.3 fell below the detection limit of the gamma-ray spectrometer. A 40K estimate of 11 ± 1.1% has been used for the dose rate calculation of this sample. Radionuclide concentrations of 

sample Ad13069 were measured using a combination of ICP-MS (U and Th) and XRF (K). 



Aut
ho

r M
an

us
cr

ipt

This article is protected by copyright. All rights reserved 

dRadionuclide concentrations and specific activities have been converted to dose rates using the conversion factors given in Guérin et al. (2011), making allowance for beta-dose attenuation 

(Mejdahl, 1979; Brennan, 2003). 

eTotal dose rate includes an internal dose rate of 0.03 Gy ka–1 with an assigned relative uncertainty of ±30% (±0.01 Gy ka–1) following Bowler et al. (2003), and a cosmic-ray dose rate 

component, calculated using the approach of Prescott and Hutton (1994) and assigned a relative uncertainty of ±10%. 

fMean ± total uncertainty (68% confidence interval), calculated as the quadratic sum of the random and systematic uncertainties. 

gThe relative spread in the De dataset beyond that associated with the measurement uncertainties for individual D-values, calculated using the central age model. 

hFMM, finite mixture model [fitted with an overdispersion value of ~15% based on the well-bleached sample (GU5.1) collected from the basal sands of analogous cores on the island]; CAM, 

central age model. 

 

 

 

Supporting information 

Figure S1. Sediment stratigraphy and organic content for Brown Lake sediment core. 

Figure S2. Radial plots of single grain De measurements from Brown Lake (a), Welsby Lagoon (b) and Fern Gully Lagoon (c) basal sands. 

Table S1. Australian Pleistocene aged wetlands. Also shown is the record length and resolution. For many sites the resolution may be underestimated since 

the data were extracted from the Australasian charcoal database (Mooney et al., 2011). For sites not included in Mooney et al. (2011) the resolution is 

calculated assuming a centimetre sample resolution. 

Table S2. Organic sediment depth in undated North Stradbroke Island wetlands. For these sites we have not calculated the depth to the regional water table 

and so they are not characterized as perched or otherwise. C = cored using a D-section. Values in parentheses are the number of cores taken or probings 

undertaken. Note that coring was only undertake at the edge of Amity Swamp and hence deeper sediments may exists in other parts of the wetland. 


