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An environmental history is presented from Girraween Lagoon, Darwin region of the Northern Territory,
Australia. Pollen and charcoal analysis of a 5-meter sediment core provides a record of vegetation
change, fire history and climate spanning 12,700 cal BP to the present day. This study focusses on
tree-grass vegetation dynamics, eucalypt to non-eucalypt plant interactions, and climate-fire-human
relationships in an area where few long-term savanna records exist. The dataset suggests wetlands
experienced alternating episodes of ephemeral waterlogging and seasonal inundation due to post-
glacial monsoon variability up until permanent inundation from approximately 6000 cal BP. The
surrounding catchment transformed from a terminal Pleistocene-early Holocene wooded-savanna to a
later Holocene open forest. This increase in woody cover was a prominent site feature, primarily driven
by climate-moisture availability. In turn, the extent of fire and fire impact, is a function of climate-
vegetation feedbacks. Such interplay between fire history, climate change and vegetation pattern was
also influenced by more intense human management of the area, in the last 4000 years of the record. It
is proposed Girraween may have become a much-socialised and managed human landscape in this
late Holocene phase. Results provide essential baseline data describing savanna dynamics linked to
contemporary ecological observation, understanding and management goals, and serves as an

important resource for the Quaternary sciences and archaeology of northern Australia.
Keywords
Eucalypt, Poaceae, pollen, fire, Northern Territory, monsoon

1. Introduction

Savannas are environmentally and socioeconomically important in Australia, spanning some 1.93
million km?, covering the majority of the northern quarter of the continent and 12% of global savanna
(Beringer et al., 2015). By global standards, Australian savannas are relatively intact ecologically
however, among 22 nominated Australian ecosystems, tropical savannas are included in the top ten
most vulnerable to tipping points, facing disproportionally large changes in ecosystem properties as a

result of a range of anthropogenic impacts, including threats to biodiversity from unfavourable fire
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regimes, clearing, and influence of invasive plant and animal species (Laurance et al., 2011; Setterfield
et al 2018). This vulnerable status is compounded by the potential impacts of climate change. It is
because of their importance and geographic extent, yet also their vulnerability, that we need to revise
how we view the savanna and how we research, understand and ultimately manage these north
Australian landscapes. Climate and landscape processes and the nature of human-environment

interactions through time require greater emphasis.

Savanna consists of mixed tree-grass communities, and the fact that these contrasting plant life-forms
co-dominate distinguishes savanna structure from grasslands or forest (Scholar and Archer, 1997).
Processes allowing this tree-grass coexistence have ‘long intrigued ecologists’ (Murphy et al. 2015, 1),
and the mechanisms driving changes in tree-grass cover in savanna through time and space remains a
largely unresolved issue in ecology (Lehmann et al., 2008, 2014). Factors including climate, fire,
herbivory, plant competition, topographic and/or edaphic variation interact and operate at different
scales of vegetation influence (Lehmann et al., 2011; 2014). Many studies differentiate these as
primary determinants (e.g. climate, soils and geology) or secondary determinants (e.g. disturbance)
(Wiegand et al., 2006). The mesic savanna (>1000 mm/yr of rainfall, Russell-Smith et al., 2010) of
Australia’s Northern Territory has received significant research attention focused on drivers of woody
biomass, and the relative importance of water (as mediated by climate) and disturbance (fire) (Hutley et
al., 2001; Cook et al 2002; Russell-Smith et al., 2003; Fensham and Kirkpatrick, 1992; Bowman and
Panton, 1993; Bowman and Minchin, 1987; Sharp and Bowman, 2004; Lehmann 2008). Much of the
focus has been on fire effects (e.g. Prior et al., 2010). But here, Wiegand et al. (2006) believe research
into savanna structure has disproportionally centred on secondary determinants and overlooked
primary determinants. Murphy et al. (2015) further propose that fire regulation has been
overemphasised in northern Australia, suggesting savanna tree abundance is more strongly controlled
by water availability and potentially tree grass-competition. Whether, and/or how, eucalypt composition
has an influence on savanna tree dynamics, and the extent to which non-eucalypt woody cover

responds to eucalypt dynamics, fire, precipitation, or all of these, are questions not yet resolved (Lawes
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etal., 2011; Ward et al., 2013). The tropical savannas of northern Australia have high plant diversity
(Haque et al., 2017; Lawes et al., 2011; Woinarski et al., 2007), so floristic composition is an equally
significant attribute in addition to wood-grass structural attributes (Williams et al., 1996) and also key to

understanding spatio-temporal patterning in savannas.

These ‘conundrums’ relating to understanding contemporary spatial and temporal patterns of savanna
distribution, as described by House et al. (2003), persist today. House et al. (2003) suggest studies to
date have been small-scale, short-term and site specific; that research has not been sufficiently long-
term to capture the important effects of interannual variation in climate and disturbance, and/or often
measuring either the tree or grass component in isolation. Staver (2017) and Wiegand et al. (2006)
agree. Lehmann et al. (2008) highlight the limited available data to describe patterns of savanna tree
cover change at landscape scales and over different time-scales across north Australia. This paper
argues that to focus on tree-grass coexistence and to ask what controls the dynamics of current
northern Australian vegetation, contemporary ecological observation and experiment would benefit from
an independent palaeoecological perspective. It is as Kruger (2015, 121) describes ‘explaining a

contemporary savanna state is an exercise in history’.

Palaeoecology is able to provide long-term insight into vegetation structural and compositional
transformations, yet the savanna region of northern Australia remains little studied in this context (but
see Field et al., 2017; Proske, 2016; Head and Fullager, 1992; Schulmeister, 1992). Fine scale
palaeoecology and palynology, including detailed chronologies of vegetation change are scarce,
particularly for the Northern Territory. For northern Australia, proxy records from offshore ocean
deposits only provide a broad framework for discussion of long-term Quaternary environmental patterns
(Kershaw and van der Kaars, 2012). Offshore records are complemented by coastal palaeoecology
(see maps in Reeves et al., 2013), and evidence of landscape change across the inland north largely
derived from sediments of once extensive lakes, together with palaeosols and the studies that have
provided measures of the relative activity of dune systems (Fitzsimmons et al., 2013; Hesse, 2010).

Marine records are coarse in spatial and temporal scales with limited plant-taxonomic resolution. That
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non-coastal pollen interpretations derived near-shore are masked by mangrove dynamics and sea-level
variations (e.g. Woodroffe et al., 1985), confounds the situation. As such, there is diminished capacity
to document the magnitude of savanna landscape-ecological change, factors determining plant
interactions beyond the coastal fringe, and the range of possible vegetation assemblages. Discussing
inland environmental patterns in terms of broad glacial versus interglacial phases (van der Kaars et al.,
2000) further fails to resolve detailed variations for time periods punctuated by phases of relatively rapid
change, including the terminal Pleistocene into Holocene period, and in the Holocene to modern day

transition (see recommendations in Williams et al., 2013; Bowman et al., 2010).

This paper is the first in a series of palaeoecological investigations stemming from Girraween Lagoon
(12.517°S, 131.081°E). Girraween is the first in a series of Quaternary study sites from across the ‘Top
End’ of Australia’s Northern Territory (Bird et al., 2019). These new sites are focused on the
development of a high-resolution network of terrestrial records of vegetation and environmental change
in Australian savannas. We seek to document changes before, during and after the arrival of humans
(Indigenous and European) and aim to disentangle natural and human drivers of change in northern
Australia’s climate and biodiversity (Bird et al. 2013). We query the extent to which the northern
Australian savanna biome is natural or anthropogenic in form and function, and/or represents a region

in transition or a region in a stable ecosystem state.

This paper is also the first to provide a detailed palynological account of a Northern Territory Holocene
savanna. Core data reported here provides a significant palaeoecological resource for northern
Australia that informs contemporary ecology by presenting pollen results according to plant function in
the savanna, resource use, and environmental responses. In so doing, this paper is more able to
explore tree-grass coexistence and dynamics, the defining attribute of a savanna (Scholes and Archer,
1997), as opposed to pollen types examined as a series of individual plant taxa. Where long-running
questions in the Quaternary Sciences are increasingly discussed (e.g. the post Last Glacial Maximum
initiation and operation of the Australian Summer Monsoon, Denniston et al., 2013a; McRobbie et al.,

2015), the next step is to examine and describe landscape palaeoecological changes more closely, to
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refine discussions further through disentangling cause-and-effect at sites such as Girraween. Where
other questions remain debated (e.g. late Quaternary human-environment interactions, Williams et al.,
2015a; Bird et al., 2013), locally determined long-term comprehensive vegetation analysis is required,
and is the aim of this paper. A “Top End’ multi-site methodology is also an important approach.
Girraween, as representative of mesic Australian tropical savanna, represents a first step in this

endeavour.
2. Study site

Girraween is one of 137 ‘lagoons’ identified by Schultz (2004) in an inventory of freshwater wetlands
across the Darwin region, Northern Territory. Located within the Howard River sub-catchment of Darwin
Harbour in the municipality of Howard Springs, Girraween forms part of a privately-owned estate, in the
peri-urban fringe of Darwin where land uses include rural settlements, tourism, and horticulture. Three
recent Northern Territory (NT) governmental, resource and research institutional reports acknowledge
the ecological importance of local wetlands but admit Darwin’s lagoons are not well understood
compared to other freshwater systems (Schult and Welch, 2006); Lamache (2008) describes the
situation as a lag in information, and Woodward et al. (2008) mention Girraween specifically as lacking
in descriptive biophysical and biological data. The climate and biophysical attributes of Girraween are

described below.
2.1. Climate

The region experiences a strongly seasonal climate, encompassed within Képpen-Geiger’s ‘Tropical
Savanna’ classification subtype Aw (Peel et al., 2007). Temperatures are uniformly high, with
fluctuating rainfall regimes and wind-flow reversal. The mean annual temperature maximum is 32.6°C
(minimum 23.2°C). Average annual rainfall is 1720 mm) (Bureau of Meteorology, Darwin Airport, station
014015, 1941-2017, 24 km northwest), with the majority falling between December and April
(monsoonal ‘wet season’). The ‘dry season’ period extends May to October. Monsoon conditions

incorporate west to north-westerly winds whereas winds in the dry season are dominated by east to
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south-easterlies. The region is subject to Tropical Cyclones with records in the NT northern region from
1964 to 2015 including 32 severe cyclone landfalls (categories 3, 4 or 5 on the Australian scale, BoM,

2017).
2.2. Geology and Hydrology

Girraween Lagoon is a perennial waterbody, with a surface area of 45 hectares (ha) and a maximum
depth of 5 m. Water drains into the lagoon from a catchment of 917 ha and can overflow westward via a
diffuse channel network that drains north into the Howard River. The lagoon is immediately underlain by
the Cretaceous Darwin member (sandstones/siltstones), in turn overlying metamorphosed Proterozoic
Dolomite. Water bore records surrounding the lagoon and within 1 km of the lake centre (RN038195;
RN039018; RN006365; RN004933; RN004933; RN004433; data available at http://nrmaps.nt.gov.au/)
indicate the lake is immediately underlain by lateritized and heavily weathered sandy to clayey
Cretaceous sediments. These sediments are underlain at 30-50 m depth by a Proterozoic dolomite
aquifer. Bore RN038195 300m NE of the lagoon encountered a 5m void in the dolomite. This is
consistent with Girraween and other lagoons originating as sinkholes due to collapse into voids created

by dissolution of the underlying dolomite (McFarlane et al. 1995).

The lagoon surface is coincident with the water table in the wet season, based on water levels
monitored in bore RN004433 (Figure 1). Prior to groundwater extraction in the rural area, the water
table depth decreased by an average 4 m over the course of a dry season before being replenished
during the following wet season. Pumping now reduces the water table depth in the dry season by 10-
15 m, but the lagoon remains perennial likely due to the sediments on the lake floor impeding deep
drainage. Evaporation and some infiltration lead to a 1-2 m fluctuation in lagoon water depth between
the wet and dry seasons. Lake waters are fresh, never exceeding 0.12 mS/cm conductivity. The water
temperature at 1 m depth cycles over 1-2°C diurnally and annually from daily maxima of 32-35°C in the
wet season to minima of around 25°C in the dry season. Schult and Welch (2006) report that pH of
Girraween water varies between 5.5 and 6.0 over an annual cycle, dissolved oxygen is uniformly high

(60-90%) and turbidity is uniformly low (1-10 NTU).
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2.3. Land use

Traditionally, the Darwin region was occupied by the Larrakia people spanning the Cox and Darwin
Peninsulas, including adjacent Islands, and stretching to Shoal Bay to the north and Adelaide River in
the southeast. The Larrakia were also known to be closely allied and intermarried with the Wulna
peoples who occupied territories further east (Wells, 2001; Burns 1999). Today, the Larrakia maintain
regional customary associations, including in the Howard River area and Girraween catchment (Wells,
2001; Burns 1999). The name ‘Girraween’ is of traditional origin meaning ‘the place of flowers’

(http://www.ntlis.nt.gov.au/placenames/).

Ethnohistoric accounts indicate extensive Larrakia knowledge of the environment and a landscape
incorporating birthing to burial sites, sites connected with ceremonial activity, and land marks
representative of Dreaming locations (Wells, 2006; see also Burns, 1999 and Bourke et al., 2005). The
Larrakia people themselves describe having moved constantly about their country, hunting and fishing
in accordance with cultural requirements, seasonal patterns of resource use and the availability of
freshwater. People depended heavily on fish and shellfish from coastal areas as well as fish, duck,
geese and waterlilies from permanent water bodies. The latter were also important camping places
(Woodward et al., 2008; Wells, 2001). Wells (2001) further documents how Larrakia people harvested
numerous plants from their country. Wells’ (2001) book provides an account of Darwin from a Larrakia

perspective.

Howard Springs’ European settlement dates from the first surveys of 1864. Initial settlement and land
uses were primarily agricultural and pastoral, with the spring providing water for Darwin. Growth first
took place in the 1870-80s following construction of the Overland Telegraph Line, but it was not until
the 20" Century post World War Il years that marked population expansions particularly after the
1970s. Since 1996, Howard Springs has experienced further increases in population, a result of new
residential developments and interests in horticultural use (Lamache, 2008; Woodward et al., 2008).
The site is currently surrounded by residential development, bordered by a ¢.500-1200 m wide zone of

intact savanna.
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2.4. Vegetation and fire

Modern vegetation is Eucalyptus dominated tropical open forest savanna and/or savanna woodland
(Moore et al., 2016; Hutley et al., 2013). Wilson (1991) classifies the area as a regional Eucalyptus
tetrodonta - Eucalyptus miniata - Corymbia polycarpa alliance. Darwin surveys of remnant vegetation
describe E. tetrodonta - E. miniata with mixed species woodland at the site (Brock, 1995). Within the
Girraween catchment Eucalyptus dominate better-drained (sandy, sandy loam) soils, extending greater
distances from the lagoon than Corymbia as well as other secondary and/or mid-layer trees. Variable
transition communities dominated by Lophostemon spp. and Melaleuca spp. and broad-leaf herbs
occur on approach to the water, including areas with species allied to ‘forest’ (see Russell-Smith (1991)

for discussions on broadleaf taxa, allied to monsoonal rainforest, thicket and/or riparian communities).

The lagoon itself incorporates a wetland fringe. Zonations in vegetation close to the lagoon edge are
determined by depth of open water and extent of onshore soil waterlogging. Melaleuca form woodlands
in the shallow waters to waterlogged soils, from outer sedge boundaries and inland to grassland. Site
vegetation communities are mapped in Figure 1 and detailed in Tables 1 and 2 (map associated table,
and vegetation structural definitions used in text). From the Girraween catchment, woodlands continue
coastward to merge with the Darwin Harbour embayment, associated riverine environments and lower-
lying coastal plains (c. 10km distance). Here, mudflats and mangrove forests line the shorelines, rivers

and creeks.

For the wider Darwin region, the modern-day fire regime reflects fuel loads arising from the dominance
of annual C4 spear grass species (Bowman et al., 2007) and over the decade, rapid invasion of exotic
grasses, notably Andropogan gayanus (Gamba Grass) (Rossiter et al., 2003). Areas within a 2 km
radius of Girraween have burnt every year since 2000 (an annual fire return interval) but the site’s
immediate private estate has burnt < 6-7 times, equating to a fire return interval of 2-3 years, a typical
regime of Top End savanna (Russell-Smith and Yates, 2007). Fires closely surrounding Girraween
have tended to occur earlier in the fire-season, with minimal repeat location burns

(http:/www.firenorth.org.au/nafi3/).
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3. Methods

Girraween Lagoon was cored using a floating platform with hydraulic coring-rig. A 19.4 m corein 1 m
sections was collected (to the point of bedrock). The focus of this paper is the upper 5 m of this core.
Each 1 m section was collected in plastic tubing and sealed in the field for transport. Vegetation
surveys, including floral reference collections, were undertaken at the time of coring and a

topographical survey traversed the site from approximately southwest to northeast.

Core sections were split in half, described and sub-sampled at 5 or 10 cm intervals (dependent on the
changing nature of sediments). Two cubic centimeter sediment samples were processed for pollen and
microcharcoal analysis. Sample preparation followed standard techniques as outlined in Bennett and
Willis (2001) and detailed in Brown (2008). Chemical preparations were selected to initially disperse the
organic-mineral matrix then progressively remove humic-acids, calcium carbonates, bulk (in)organics
and cellulose, silicates, as well as to render pollen ornamentations more visible (including NasP,0-,
KOH, HCL, Acetolysis and C,HsOH washes). Sieving took place at 7 ym and 125 um. A Lycopodium
spike (Lunds University batch 3862, tablet concentration 9666 with an error + 2.2%) was added during

laboratory preparations, to determine concentrations of pollen and microcharcoal particles.

Pollen identification was based upon regionally representative floral reference libraries in development
by the lead author (CR). Online resources including the Australasian Pollen and Spore Atlas

(http://apsa.anu.edu.au/) were also utilised. The Northern Territory has a large and diverse flora. This,

in combination with current reference collection and scarce published material for the region, can limit
the level of identification possible. In certain cases pollen are categorised to family and/or tribe,
incorporating grain morphological descriptors. Accounting for pollen types in this way at least ensures
diversity within the record is not lost. Associations between plant types and therefore pollen types
further assists grain classifications. The ‘unknown’ types within a family are different to the unidentified
category that is composed of damaged and/or deteriorated grains (c.f. Stevenson et al., 2010). Pollen

sums averaged 300 grains (including spores) per sample.

10


http://apsa.anu.edu.au/

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

Microcharcoal incorporated within the final sample concentrate (black, opaque, angular particles, >10
um in length) was counted simultaneously with pollen. Charcoal size, as a proxy for fire occurrence, is
guided by the advice of Whitlock and Larson (2001). Notably, the exclusion of particles <10 um
eliminates charcoal most likely to have been transported from outside the catchment (917 ha). All data
were plotted using TGView (Grimm, 2004) and pollen assemblages divided into zones based on the
stratigraphically constrained classification undertaken by CONISS (Grimm, 1987; 2004). To further
explore the relationships within, as well as between, pollen zones, an unconstrained Principal
Components Analysis (PCA) was undertaken using C2 (Juggins 2007). The PCA is used to help
illustrate variation between zones and samples, rather than similarity (as in the CONISS cluster

analysis), and to display the data in terms of a few dominant gradients of variation.

Samples of bulk sediment for radiocarbon dating were pre-treated by hydrogen pyrolysis to remove
labile carbon and decontaminate the charcoal component. They were then combusted to CO, and
reduced to a graphite target for measurement at ANSTO, as reported in Bird et al. (2014). Age reporting
follows Stuiver and Polach (1977), converted into calibrated ages using CALIB REV7.1.0 (Stuiver and
Reimer, 1993, Hogg et al., 2013; calibration curve SHCal13). A Bayesian age-depth model was

constructed for the core using Bacon 2.2 (Blaauw and Christen, 2011).

4. Results

4.1. Chronology and sedimentology

The core interval of relevance to this paper spans 0 - 504 cm. The core chronology is based on seven
radiocarbon measurements. Sample depths, percent modern carbon (pMC), conventional radiocarbon

ages (BP) and calibrated ages (cal BP) are listed in Table 3.

Sediments forming the lowermost core section are highly variable, composed of strongly mottled fine-
clays with interlayered sand, small clay aggregates and thin bands of heavier compact clay. Fine clays
are present until 440 cm depth, thereafter the sediments abruptly change into dark fibrous, organic mud

containing sand and grit. This in turn transitions (420 cm depth) into black organic consolidated peat

11
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material, visually decomposed with uniform texture lacking sand or grit. Black organic peat continues for
the remainder of the core, with a notable band of sand spanning 287-266 cm depth, and incorporating

algal remains in the upper 38 cm.

Sedimentation and mass accumulation rates (corrected for compaction) are incorporated into Figure 2a.
Four relatively steady-rate sedimentation phases are punctuated by periods of decline and increase.
Sedimentation rates fall after 9250 cal BP (345 cm) and stabilize to remain consistent between 7100-
4600 cal BP (287-234 cm, 0.21 m/ka). They increase until ¢.3300 cal BP, hold steady (0.49 m/ka), and
rise again 1950-1300 cal BP (125-85 cm, to 0.70 m/ka). The upper 100 cm includes a sharper degree
of change. Overall, mass accumulation decreases toward the surface. Fluctuations are more evident to
approximately 5500 cal BP (245 cm). Mass accumulation subsequently steadies before oscillating in
the surface samples (<50 cm, under 800 cal BP). Total values range from 1.76 g/cm?/ka (12,150 cal

BP) to 0.10 g/cm?/ka (350 cal BP).

4.2. Palynology

The Holocene pollen record for Girraween is presented in Figure 2a, b, ¢ and d. A total of 117 pollen
taxa were identified, with unidentified pollen accounting for an average of 11% of sample pollen sums.
Identifiable pollen was divided into 12 groups to capture plant form and/or vegetation type; dryland (10
taxa) and wetland associated Myrtaceae (8 taxa), other sclerophyll pollen (20 taxa), monsoonal forest
associates (22 taxa), liana and mistletoes (6 taxa), mangroves (3 taxa), Poaceae (two grain-size
classes), herbaceous sub-shrubs (15 taxa) or forbs (14 taxa), sedges (and similar wet-ground taxa, 7),
aquatics (3 taxa) and pteridophytes (7 taxa). These groups were then condensed further, and pollen
allocated into plant-function and/or environmental response categories. Woody taxa verses grasses
were grouped to evaluate woody dominance and fire. Woody taxa were further split into eucalypts
(Eucalyptus and Corymbia) and non-eucalypts as two functionally distinct groups with significant
differences in fire tolerance, with non-eucalypts considered more sensitive to fire (Lawes et al. 2011).
To assess a wet to dry continuum, Melaleuca, Corymbia and Eucalyptus are also graphed

comparatively. Herbs are considered an additional environmental indicator group for ground moisture
12
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(Ward and Kutt, 2009) and aquatics/sedges have been graphed as a ratio to serve an approximate
localised precipitation proxy. Pollen into plant-function, environmental-response categories are included
in the PCA. Bi-plot variation is described, and taxa driving zonal (and/or sample) distribution along
environmental gradients, are assessed in Appendix A. Eight pollen zonations are apparent in Figure 2,
each representing distinct changes in dominant taxa, GIR 1 (504-458 cm below sediment surface (bss)
to GIR 8 (0-30 cm bss). As a complete palynological reference piece Figure 2 is described in full within

the supplementary information Appendix B. An outline is provided below with charcoal results.

4.2.1. Pollen

The PCA (Appendix A) provides a useful assessment of inter-zone relationships. Degrees of vegetation
openness and moisture fire/gradients between zones are also evident, and the PCA illustrates the
period of least variability within the record has been over the last ¢.3000 years. Zone GIR-1 identifies
on the basis of non-eucalypts, separate from GIR-2, GIR-3 and GIR-4 as zones defined more strongly
by grasses and herbaceous taxa. Zone GIR-5 is characterised by eucalypts. The upper three zones are
similar, also in association with eucalypts, but incorporating non-eucalypts to a greater degree. Zones

GIR-6 and GIR-7 are more closely associated with each other than with GIR-8.

Within the lowermost zone GIR-1 (504-458 c¢m bss, 12,670-11,820 cal BP) all plant groups fluctuate
substantially in relative abundance. Woody taxa are primarily sclerophyll and co-exist with Poaceae in
most samples. Herbaceous taxa are minor. Wetland taxa are characteristically the sedge group and

Pteridophyte spores are prominent (similarly zone GIR-2).

GIR-2 (458-420 cm bss, 11,820-10,965 cal BP) is characterized by a rise and fall pattern in Poaceae.
Sedge pollen show the opposite pattern and covary inversely with the grasses. Low-consistent values
of herbaceous taxa are also recorded (maintained up-core). Woody representatives fall through this
interval; within these groups all Myrtaceous pollen fluctuate, whereas sub-canopy sclerophyll and
monsoonal-forest pollen (non-eucalypts) begin to increase. Aquatic pollen appears but is not

consistently present. Mangrove pollen is minor.

13



330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

The next two zones, GIR-3 (420-372 cm bss, 10,965-9870 cal BP) and GIR-4 (372-320 cm bss, 9870~
8670 cal BP), incorporate reduced sample-to-sample variability and develop consistently high Poaceae
pollen abundance. In response, dryland and wetland myrtaceous pollen are at their lowest for the

record. Relative to the eucalypts, non-eucalypts are more abundant. Sedge pollen does not fluctuate to

the extent seen in earlier zones. Mangrove pollen increases.

Zone GIR-5 (320-175 c¢m bss, 8670-2975 cal BP) is defined by gradual decreases in Poaceae and a
steady rise in woody taxa, notably the Myrtaceae. Non-eucalypts consist of a broad range of pollen
types, but values start to decline mid-zone. Indications of wetland expansions are combined rises in
sedges and aquatics (aquatic pollen maintains constant pollen percentages from this zone onwards).

Mangrove pollen peaks in the early part of this zone.

Through zones GIR-6 (175-130 cm bss, 2975-2042 cal BP) and GIR-7 (130-30 cm bss, 2042-442 cal
BP) Myrtaceae-eucalypt pollen dominate, and reach maximum values for the core. Wetland woody taxa
also expand. Low proportion (yet diverse) non-eucalypts are maintained. Poaceae percentages fall to
values less than woody taxa. Sedge pollen decrease in a step-like pattern before maintaining roughly

even presence.

The uppermost zone GIR-8 (30-0 cm bss, 442 — ¢.20 cal BP) is marked by a reversal in mid- to late-
Holocene pollen trends, defined by a decline in Myrtaceous pollen (dryland and wetland canopy taxa),

with corresponding increases in non-eucalypts, Poaceae and sedges.

4.2.2. Charcoal

Girraween's charcoal record permits discussion of changes in catchment fire occurrence and/or
abundance. Fire characteristics (fire intensity and fire or burn severity) are more difficult to document,
however changes in pollen that can be tied to vegetation flammability may be interpreted as reflecting
fire intensity (c.f. Higgins et al., 2000; Govender et al., 2006; Lentile et al., 2006). Grass-led fires, for

example, promote an increase in fire frequency and severity (Lehmann et al., 2014; although as
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Whitlock and Larsen 2001 highlight, fire regimes characterized by frequent and efficient ground fires

may not produce much charcoal).

Disturbed, changeable sediments at the base of the section are likely to have reduced charcoal
deposition-preservation in zones GIR-1 and GIR-2 (low charcoal accumulation rate aligns with low
pollen recovery). What charcoal has been recovered prior to 11,000 cal BP is interpreted to indicate a
low incidence of fire just prior to the Holocene. Rising charcoal preservation and pollen accumulation
rates then correlate with increased organic accumulation. Commencing 11,000-10,800 cal BP, burning
within Girraween’s environment is more prevalent, but a strong rise-and-fall charcoal pattern from zone
GIR-3 suggests considerable variation in the occurrence and character of early Holocene fire. Raised
and more sustained inputs of charcoal begin early zone GIR-3 (c. 9700 cal BP and higher again ¢.7700
cal BP), implying the start of a period of increased and ongoing burning. Greater charcoal continues
into zone GIR-5 to peak at approximately 3100 cal BP, incorporating several high charcoal events
(charcoal spikes every 1000-2000 years). This type of fire activity then decreases in the late Holocene
and toward the present day. Downward trends in total charcoal accumulation occur after 3100 cal BP
suggest fire gradually became less extensive (zones GIR-6 to GIR-8). This milder burning incorporates
more frequent smaller peak charcoal events (Figure 2a, every 300-700 years). Fire remains a continual
feature in the landscape after 3100 cal BP but with two recent reductions in burning, between 1400-

1150 cal BP and after 600 cal BP.

5. Discussion

The purpose of this paper is to provide a detailed palynological and palaeoecological account of a north
Australian tropical savanna. We present the discussion as a series of reconstructive vegetation
descriptions and climate-fire responses, divided into three environments (coastal, wetland and dryland)
and arranged into time phases (late Pleistocene-early Holocene, early- into mid-Holocene, and late

Holocene). The discussion ends by exploring the influences of human activity.

5.1. Mangrove encroachment and contraction
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Rhizophora, Brugueria/Ceriops and Casuarina pollens are wind distributed (Rowe, 2012 and references
therein). These taxa are not present on-site at Girraween during the Holocene. Rather, their pollen
tracks the main phases of post glacial marine transgression documented for the north Australian coast

(Chappell, 2001; Mulrennan and Woodroffe, 1998; Wasson, 1992).

Rhizophora, Brugueria/Ceriops and Casuarina are presented in Figure 2c. Mangroves approached
Girraween between 11,700-10,800 cal BP, and established at their closest proximity 9700-7100 cal BP.
After 7100 cal BP mangroves contracted seaward, but remained stable in the broader Girraween area
until 2150 cal BP. They declined further beginning ¢.1950 cal BP, but recovered within the previous
1000 years to present-day Darwin-coastal coverage. Casuarina also encroached on Girraween in the
early Holocene but disappeared as mangrove forests expanded. From the late Holocene, Casuarina

maintained a fluctuating on-off long-distance presence in the pollen record.

Similar mangrove forest developments (dated >9000-7000 cal BP) during marine transgressive stages
have been recorded from the NT's Mary, Daly and Alligator Rivers (the ‘big swamp phase’, Chappell,
1993; Mulrennan and Woodroffe, 1998; Woodroffe et al., 1986), consistent with Woodroffe et al. (1986)
who suggested it is not until 9000 years ago that the sea began to invade inland NT channels. This is
also comparable to mangrove changes across the King River region of north-west Australia (Proske et
al., 2014). In turn, Girraween’s pollen is consistent with subsequent so-called mid Holocene ‘transition
phases’ of mangrove contraction in these adjacent regions of the NT (e.g. 3900-2000 yr BP, Woodroffe
et al., 1985). Present day sea levels were attained in the previous 3000-2000 years resulting in the
establishment of modern Darwin coastal conditions (Fredericksen et al., 2005). Archaeological
documentations of coastal change in Darwin Harbour report shorelines of open beaches with only
scattered stands of mangrove ¢.1400 years ago (Hiscock, 1997; Bourke, 2004). Hiscock (1997)
interprets the more continual mangrove communities found across the Harbour today as having an
antiquity of 1000-700 years. The pollen from Girraween supports this regional late-Holocene fluctuation

and mangrove return.

5.2. Wetland development
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Figure 2d reveals changing areas of permanent inundation (open water), seasonal inundation (swamp)
and ephemeral waterlogging (referred to as ‘dampland’ by Semeniuk and Semeniuk, 2004). Holocene
variability in wetland vegetation was associated with forms of disturbance incorporating substrate
erosion-deposition phases, as well as due to hydrology and Australian Summer Monsoon (ASM)
intensity. The developing lagoon and its immediate dampland surrounds did not support and/or promote

fire, nor were they significantly affected by burning.

5.2.1. Late Pleistocene-early Holocene: fluctuating wet-dry conditions

During the transition to the Holocene (12,700-10,900 cal BP), Girraween was a fluctuating wet-dry
system, characterized by active site surfaces and temporary local habitats occupied by reactive plants
and those favouring disturbed sites. Mottling in sediments deposited at this time suggests phases of
impeded drainage and prolonged saturation (McKenzie et al., 2004). Oxidation of pollen, poor
preservation and low concentrations with poorer grain identifications also suggests alternate periods of

dryer surface exposures (Brown, 2008; Head and Fullagar, 1992).

Alternate wetting and drying events can trigger processes of ground-surface sealing (Zejun et al., 2002;
Greene, 2006), and related ‘hardsetting’, a widespread phenomenon in Australian soils, particularly in
relation to clay mineral assemblages that tend toward natural cementation (McKenzie et al., 2004).
Sealing occurs when surface aggregates breakdown on wetting, then dry in their smaller particle state
to form a hard mass. This in turn reduces infiltration/drainage (Greene, 2006; Mullins et al., 1990). A
Last Glacial Maximium (LGM) initiated, and late Pleistocene-early Holocene sealed, Girraween surface
Is suggested to have facilitated the development of lake-like permanent inundation (with peat

accumulations) recorded more recently in the core.

In Australasia, the LGM was a significant climatic event (the globally defined glacial period 30,000-
18,000 yr BP, peaking at the LGM c.21, 000-18,000 yr BP) and diverse proxy data reveal prolonged low
temperatures and phases of extreme dryness. The ASM is considered to have been regionally inactive

or greatly weakened at this time (see Reeves et al 2013 for a synthesis of climate data). Bowler et al.
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(2001) refer to the LGM monsoon has having collapsed. Other studies signal localised rainfall
variations. Northern NT geomorphic evidence through the past 30,000 years reveal episodic flood
records of high (e.g. 30,000-20,000 yr BP) and low (e.g. 16,000-14,000 yr BP) magnitudes (Nott and
Price, 1996). North Western Australian (WA) stalagmite records pin-point centennial to millennial-scale
pulses of glacial-phase rainfall variability (e.g. within 24,000-22,000, yr BP, 17,000-14,000 yr BP and
after 12,800-11,500 yr BP, Denniston et al., 2013b). Under glacial conditions, a periodically exposed
Girraween lake floor would crack and fragment, generating aggregates available for breakdown, as well
as those observed whole in the core. Dust is also more likely to have become available and trapped by
rough ground surfaces (McKenzie et al., 2004), thereby contributing additional fine particles. Sediment
textural and compositional layering (sand to gravel sized particle inlays, to an extent not seen
elsewhere in the record) further suggests physical processes around the site. Periodic sheet wash from
the surrounding margins is a possibility with discrete rainfall and/or flood-like events, magnifying the

sealing effects of wetting and drying.

From ¢.12,700 cal BP Girraween was a patchy marsh (a singular hydrological zone), and pollen
diversity values are low. Palaeo-precipitation studies indicate a change in moisture regime and
deglacial transition to humid conditions tied to renewal of the ASM, ranging from 14,000-12,000 cal BP,
consistent with ‘enhanced’ and/or ‘intensified” monsoon activity that has been recorded in marine core
records (Kuhnt et al., 2015), lake levels and river discharge (Wyroll and Miller, 2001), speleothems
(Denniston et al., 2013a, b), peat deposits (Field et al., 2017) and alluvial deposition (Wende et al.,
1997). Denniston et al (2013) describe more specifically the character of monsoonal redevelopment,
demonstrating the Australian Summer Monsoon (ASM) strengthened, weakened, and then
strengthened again (16,000-13,000 yr BP). Field et al (2017) similarly show the monsoon slowly

strengthened (from 14,000 yr BP).

Girraween provides further evidence of an intermittent climate transition approaching the Holocene
boundary. Dampland mixed sedge growth expanded and contracted with terrestrial grasses under

shifting rainfall conditions. Aquatic plants were absent suggesting an initial irregular wet seasonality.
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Extra-local tree growth was sparse, and only Melaleuca is recorded (more widely tolerant of wet-dry
habitats than Asteromyrtus and Leptospermum, Cowie et al., 2000; Short and Cowie, 2010). When
moist, Cyperaceae (foremost Cyperus) combined with taxa such as Caldesia and an array of ferns. The
latter are common colonisers of disturbed habitats in the tropics (Walker, 1994), confirming the early
fluctuating nature of the site. Walker (1994) further suggests ferns are more competitive on low-nutrient
substrates. The sub-shrub Solanum (12,650 cal BP) similarly prefers disturbed moist habitats, lacking
canopy cover (CSIRO, 2010). When present, Caldesia indicates shallow waters 20-30 cm deep
(Stephens and Dowling, 2002). Alternating drier Poaceae expansions notably incorporated

Amaranthaceae/Chenpodiaceae, and taxa from the pioneer-species Fabaceae family.

Local plant growth from 12,700 cal BP (whether across the site floor or immediately peripheral) would
trap and bind sediment, with root growth and turnover contributing in-situ organic deposits directly to
the LGM hardset surface (c.f. Semeniuk and Semeniuk, 2004). Sedges and ferns would play notable
roles in this process. The importance of ferns in tropical succession, as highlighted by Walker (1994)
and Slocum (2000), facilitate the establishment and growth of other taxa by increasing site stability and
improving microclimates. Such influence is evident in an increase in diversity measures from ¢.11,800
cal BP (pollen zone GIR-2, also noting improved pollen preservation), with a richer suite of herbs
accompanying Poaceae, including more perennials. Sedges, with their creeping, mat-forming rhizomes,
would also not only help retain new sediments and thus nutrients, but retard water flow and
evaporation. The development of still water, even if shallow, promotes the anaerobic conditions
required for the accumulation of decomposing organics and eventual formation of peat (Andriesse,
1988). This too encouraged new species. For example, Cowie et al. (2000) describe the reed Typha as
preferring stable water levels, and Typha's appearance 12,200-11,600 cal BP indicates these wetter
incursions gradually formed perennial ponded water. Haloragaceae’s presence (as a wet and dryland
herb family) from 11,700 cal BP provides further evidence for developing perennial ponded water. At
this time, at least two Melaleuca taxa combine with Asteromyrtus in an emerging wet-woody

community.
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Therefore, from 12,700 cal BP, each spike in sedges (and similar taxa) represents a stage in the
establishment of swamp conditions responding to monsoon redevelopment, and each more successful
than the last in transitioning Girraween from a patchy, singular hydrological system to duel dampland-
swamp site. Two extreme, yet short-lived (dual sample) expansions in sedge-swamp coverage center
on 11,200 and 10,000 cal BP (dominated by Cyperus), consistent with Denniston et al's (2013b)
concept of rainfall pulses at this time. These represent the last of the late Pleistocene-early Holocene
transition steps; they reduce the abundance of terrestrial grasses and herb pollen locally across the
core site, while also starting to interact with expansions in wetland tree growth and initial areas of

permanent inundation.

5.2.2. Early into mid-Holocene: permanent lagoon with swamp margins

Standing ponded water at Girraween was initiated ¢.10,200 cal BP. This coincides with organic (peat)
accumulation and greater pollen input. Across northern Australia warmer-wetter early Holocene climatic
conditions are commonly recorded. Greatest regional precipitation and reduced annual seasonality
ranges c. 9000-4000 cal BP (Field et al., 2017; Denniston et al., 2013b; Proske et al., 2014. Nott and
Price (1996) specifically suggest peak NT rainfall 8000-4000 years ago), with a thermal maximum
estimated at 6800-5500 cal BP (Reeves et al., 2013) (driven by marine transgression and high sea
level stands; coastal flooding facilitating increased moisture and heat transfer/transport fuelling
monsoon activity). Importantly, the Girraween wetlands reflect developments of ‘reliable’ and
‘persistent’ monsoonal moisture, where north Australia-Indonesia is characterized as ‘steadily’
becoming wetter through the early Holocene (Wyroll and Miller, 2001, 127; Reeves et al., 2013, 108).
Girraween represents a refinement of northern Australian palaeoenvironmental monsoonal-landscape
patterns and processes in this respect. Aquatics first appeared at Girraween c.11, 500 cal BP, but were
not continuous, and likely first inhabited small ponded waters (as above, but see also Table 1;
Nymphoides in particular, where Cowie et al (2000) observe depth preferences 20-30cm). As aquatics
appeared, ferns declined, in succession toward Girraween incorporating (mid Holocene) larger

permanent open water with a range of depths and with greater site stability.
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From 10,220 cal BP both Nymphoides and Nymphaea were present, however conditions remained
more suited to Nymphoides (still, shallower freshwater with steady infill rates) until ¢.6100 cal BP.
These shallow waters momentarily expanded 9750-9500 cal BP, followed by more gradual increases in
deeper water, with small rises in Nymphaea (growth range 2-2.5m deep, Cowie et al., 2000) beginning
€.9000 cal BP. From ¢.6100-4000 cal BP, Nymphaea becomes well established. It is from this point
onwards that sinkhole infilling and permanent water conditions comparable to the modern lagoon

existed.

In summary, permanent water at Girraween drove the emergence of taxa characteristic of a dampland-
swamp environment to form a fringing zone. Leptospermum, Asteromyrtus and Pandanus were initially
more prominant (beginning 8000-7000 cal BP) as fringing woody taxa. Establishment of a woodland
fringe zone was then dominated by Melaleuca from 5500-5000 cal BP. In the sedge and herb fringes
(6050-4050 cal BP) Cyperus was accompanied to a greater extent by Eleocharis/Schoenus. These
combine with Fimbristylis, Dapsilanthus and herbs Haloragaceae and Solanum. Matching patterns in
Nymphaea representation occured at the monsoon peak, and the spatial footprint of wetlands at

Girraween was at its widest and wettest.

5.2.3. Late Holocene: drying phases with wetland contraction.

Girraween’s permanent, deeper water zones show some contraction through 3750-3500 cal BP, ¢.2850
and 1300-1250 cal BP (aquatic pollen decline). These contractions may be equivalent to the short-lived
drying phases described for locations such as north WA (after 4000 cal BP, Field et al., 2017,
Fitzsimmons et al., 2012; McGowan et al., 2012). They are, with changes at Girraween’s swampy
margins (see below), consistent with increasing late Holocene climatic variability (weakening of
monsoon rainfall, Denniston et al., 2013b, heightened seasonality and emerging EI Nirio-Southern
Oscillation (ENSO) relationships, McGowan et al., 2012), but are not considered to reflect the same

pronounced aridity as suggested in these other studies.
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532  The fringe sedge-swamp system similarly declined (narrowed) beginning 2850 cal BP. The Melaleuca
533  woodlands did not. All Cyperaceae taxa reduced, as well as Dapsilanthus. Fimbristylis and

534  Dapsilanthus alternated to a small degree with Utricularia and Haloragaceae, suggesting fluctuation
535  and taxon change at the swamps’ water margin into dampland. In a declining swamp, plant

536  accommodation space may have reduced, driving taxon competition at ground level. Herbaceous
537  swamp taxa can also vary in cover and floristic make-up according to the amount of shading imposed
538 by tree canopies (Grindrod, 1988), as with the established Melaleuca woodland. Cyperus and

539  Eleocharis/Schoenus remained co-dominant.

540  Evidence of monsoon re-expansions in north WA over the last few centuries (Field et al., 2017,
541  Denniston et al., 2015; see also Head and Fullager, 1992) is also manifest at Girraween. The swamp
542  fringe expanded slightly across the last 350 years, for example. This community remained in place

543  through to the present day.

544 5.3. Dryland change

545  This section focusses on dynamics and trends in woody-grass plant-functional-groups, divided into
546  broad time phases. Where appropriate, this section provides additional comment on dryland vegetation
547  composition, notably non-eucalypt composition(s). Eucalypts were the dominant surrounding (and

548  regional) dryland tree types through the 12,700 year record. Greater floristic variety is evident in

549  Girraween’s intermediate woody layers. Both sclerophyll and monsoonal forest affiliated taxa were

550  present amongst the Eucalyptus and Corymbia, in varied combinations through the Holocene, and

551  contributed significantly to changing ecologies in this capacity.

552  The pollen compositional detail provided in Figures 2a-d and Appendix B expands our understanding of
553  woody dynamics by revealing taxa such as Banksia, Grevillea, as well as Pandanus and/or Livistona,
554 are the more probable key indicator taxa of vegetation communities differing from the Eucalyptus-

555  Corymbia systems. These are more likely to occur in concentrated pockets, and Beadle (1981) and

556  Wilson et al. (1990) provide descriptions of Banksia dentata and Grevillea peterififolia low lying, wet-
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woodlands as well as wet-fringing woodlands of Pandanus spiralis, where Arecaceae groves are
common components indicating poorly drained damplands. Banksia, Grevillea, as well as Pandanus
and/or Arecaceae assist in revealing finer subdivisions in Girraween’s drylands, the moisture gradients
from dry to wetlands in particular (PCA, Appendix A). They are also important as likely harbors of
monsoonal-forest affiliated diversity. Pollen records indicate a grass layer is the more prominent,
characteristic Holocene lower layer, comparative to any formal shrub/scrub layer(s). A variety of annual
and perennial subshrubs, forbs and lianas combined with Poaceae, but were largely outcompeted by

the grasses.

At Girraween, dryland vegetation and fire changed together. Woody biomass was foremost associated
with climate (water availability). Climate was the main driver of tree populations, which in turn
determined the nature of fire, collectively shaping vegetation further. Climate-fire interactions
differentially affected eucalypt and non-eucalypt dryland woody components (PCA, Appendix A),
facilitating coexistence and potentially reducing direct tree-to-tree competition. Fire occurrence, and its
relationship with climate-vegetation feedbacks, is later influenced by human occupation, within the

previous 6000-4000 years.

5.3.1. Late Pleistocene-early Holocene: changeable mixed mosaic

Dryland pollen has captured the remnants of a late last-glacial into early-Holocene mixed woodland.
Eucalypts were dominant with non-eucalypts incorporated. Broad-leaf deciduous species (Bombax), a
variety of (semi)deciduous (Canarium, Glochidion) and evergreen trees (Alstonia, Elaeocarpus,
Myristica) and/or shrubs (Melastoma, Trema) were present. Sclerophyll sub-canopy trees such as
Acacia and Terminalia were included. Importantly, and specifically, both Wilson et al. (1990) and Brock
(1995) list these taxa as characteristic of NT monsoonal forest (or thicket) associated with seasonally
dry habitats. Beadle (1981) indicates their distribution can include open to enclosed stands amongst
eucalypts. Habitats may also include pockets within the sinkhole depression itself. For all authors, this
is a distinct vegetation category comparative to any occupying perennially moist habitats. These

indications of shifting, seasonal scarcity in woodland moisture supply and storage correspond with
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alternating peaks in Eucalyptus, Corymbia and Melaleuca canopies, a lack of herbs, and fluctuating
establishment of ponded water and/or shifts in sedge-swamp coverage within the sinkhole space. They
also coincided with discontinuous wetter Banksia habitat and limited Pandanus woodland. Forest taxon
Urticaceae (Pipturus) and Meliaceae (Melia) include species favoured by disturbance and regrowth

(Hyland et al., 2010), corroborating the disturbance evidence provided by ferns.

These mixed woodland pollen trends show the collective wetland and terrestrial environment was
variable at Girraween in response to late glacial climate transitions, including rainfall pulses and
intermittent monsoonal renewal, and that an assorted changeable ‘mosaic’ vegetation had developed.
Low charcoal confirms strong climatic controls at this time, and that variability in rainfall pattern did not
enhance fire potential. Although relatively woody, a mosaic distribution pattern may have restricted fire,
where clumps of different woody plant communities hindered fire spread (Hoffmann et al., 2012a,
2012b; Scholes and Archer, 1997). The sinkhole depression would also provide protection from fire.
Discontinuous grass cover formed one part of the mosaic biomass, and fire was more likely to be

limited to these patches at this time.

5.3.2. Early into mid Holocene: grasses expand

Beginning 11,900-11,700 cal BP, woody abundance declined. Decline takes place under strengthening
monsoonal renewal, and was led by a reduction in eucalypts; with a greater fall in Eucalyptus
comparative to Corymbia, and culminating in an extended phase of lowest eucalypt presence 11,700-
5500 cal BP. As eucalypts decreased, the previous wooded mosaic thinned, grasses expanded and a
more uniform open-woodland savanna was initiated. Grass cover was pronounced between
approximately 10,800 cal BP and 5500 cal BP, and in the period 10,200-8900 cal BP achieved
maximum extent. Grass for woody replacement was accompanied by an increase in burning after
11,000 cal BP and the appearance of fluctuating rises in charcoal. Through the early into mid-
Holocene, such fire may have helped keep Girraween’s biomass below what is expected to be higher
woody-plant carrying capacity under increasingly aseasonal high annual precipitation and

temperatures. Lawes et al. (2011) observe rainfall as setting the upper bounds to woody hiomass in
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mesic savannas. So, as precipitation increases, the water demands of woody taxa (trees in particular)
would presumably be more easily met, permitting a greater packing of woody biomass within a given
space (c.f. Sankaran et al., 2004). However, soil depth, and its influence on soil drainage and water
holding capacity, is an important determinant of savanna form and function in Australia (Williams et al.,
1996). Eucalyptus species distribution in the NT is affected by subsurface soil moisture, including
landscape inundation patterns and the water-table position during wet and dry seasons. The most
common species at Girraween, Eucalyptus tetrodonta, preferentially occurs on soils that remain well
aerated throughout the wet season but suffer drought stress during the dry season (Prior, 1997).
Eucalyptus tetrodonta favours light, deep, well drained soils (Boland, 2002) and appears to have been
beyond its upper moisture threshold during the early into mid Holocene. Conversely, Corymbia is a
known ‘tree of moist habitats’ (Boland et al., 2006, 210). Ecological preferences toward seasonally
inundated areas with shallow soils (e.g. Corymbia polycarpa, Brock, 2001), accounts for Corymbia’s

expansion 9000-4000 cal BP (Figure 2a summary).

Taxa such as Eucalyptus tetrodonta would be disadvantaged and marginalized in an environment with
lower potential evaporation and greater tendency to waterlogging. They would have likely contracted
away from the lagoon to landscape positions capable of free drainage and deeper positioning of the
water table. Eucalyptus canopies were therefore no longer sufficiently widespread and/or dense
enough to competitively constrain grasses. In turn, grasses responded extensively to elevated
temperatures and precipitation, competing strongly for light and nutrient resources. Under these
circumstances, grasses maintained a fuel load able to carry fire. Vegetation openness then also assists
fire spread (c.f. Lehmann et al., 2008). Unfavourable waterlogged growth conditions may also have
rendered E. tetrodonta vulnerable to what fire was present. Grasses, and the flame zone of grass-layer
fires, are capable of reducing the emergence, growth and survival of woody seedlings also favouring
the maintenance of open vegetation (Scholes and Archer, 1997; Bond et al. 2012). Studies into grass-

fire feedbacks demonstrate grasses produce a fuel bed with low bulk density, resulting in relatively
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intense fires with higher burn severity (Hoffmann et al., 2012b). Such fire types may have been capable

of persisting through wetter monsoonal climate phases that maintained a distinct dry season.

As eucalypts declined, non-eucalypts increased. Both sclerophyll and monsoonal-forest-affiliate non-
eucalypts formed a greater proportion of woody taxa between 11,200-10,200 cal BP and again 9700-
6000 cal BP. With Eucalyptus decline during these phases, reduced tree-to-tree competition also came
into effect (Scholes and Archer, 1997; Lawes et al., 2011), reflected in increased represeantation oftaxa
such as Acacia, Petalostigma and Terminalia. A shift in mid-layer composition toward sclerophyll low
trees-shrubs was further initiated, where a mixture of Brachychiton, Cochlospermum, Atalaya,
Dodonaea and Calytrix were incorporated. Brachychiton, Cochlospermum and Atalaya prefer sparse
cover (Brock, 1995; Short and Cowie, 2010), confirming the early- into mid-Holocene canopy openness

and savanna structure primarily driven by the Eucalyptus-grass dynamics.

In the mesic savannas of the NT the non-eucalypt trees are the fire-sensitive plant group (Murphy et al.,
2015; Brock, 2001). At Girraween, Holocene non-eucalypts responded positively to increases in water
availability. Their dynamics were driven by the strength of the ASM in both the amount of rainfall
delivered and its seasonality, and available plant moisture appears to have facilitated greater co-
existence of different woody components, and also when confronted with increasing fire in the
catchment (c.f. Lawes et al., 2011; Woinarski et al., 2004). For Girraween, it is proposed that standing
open-water and lagoon expansions filling the sinkhole depression encouraged development of onshore
soil-moisture gradients beyond the site and swamp zone (as above), and a sequence of concentric
woody vegetation zones was the result. Wet to dry, Melaleuca woodlands bordered mixed riparian
woodland (including Corymbia) which fringed the Eucalyptus open-woodland-savanna. Many of the
signature seasonally dry thicket indicators and/or sub-canopy deciduous taxa declined beginning 9700
cal BP. Habitats within the sinkhole depression were gradually lost as standing water and peat
accumulation filled the space. Dryer thicket indicators and/or deciduous habits are largely replaced by
taxa such as Celtis, Ficus, Timonius and Anacardiaceae (possibly Bunchania), llex (Aquifoliaceae) and

Barringtonia (Lecythidaceae), described as occupants of evergreen monsoonal forests and/or riparian-
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type communities (Brock, 2001, 1995; Short and Cowie, 2010). Early Pandanus consistency from 9750
cal BP (notably incorporating Arecaceae 9350-9250 and 7100-6600 cal BP) further highlight these
wetter woody habitats situated between lagoon fringe environments and the Eucalyptus-grassland
community. Humid conditions, with reduced seasonality would limit moisture loss, creating microclimatic
and soil conditions favourable for evergreen woody seedling recruitment. Closer canopies thereby
excluded grasses and reduced the vulnerability of these habitats to fire. Early- into mid-Holocene fires
would not significantly extend into these wetter vegetation types closer to the lagoon, further confining
the impact of any fire that existed to the Eucalyptus-grass system away from the lagoon edge.
Collectively, these wetter zonations acted as fire refugia for non-eucalyptus taxa, aiding subsequent

expansions into the broader catchment.

5.3.3. Late Holocene: peak woody regrowth

Grass cover declined relative to woody cover in the mid-into late-Holocene. Burning increased and
major peaks in charcoal abundance are recorded. Eucalypt abundance rose, initially expanding
between 4100 and 3100 cal BP. Maximum sustained Eucalyptus pollen input spans 2850-600 cal BP,
indicative of an open forest and peaking across the period 1150-600 cal BP. Corymbia remained stable
during these times. Late Holocene climatic variability provides favourable catchment conditions for

Eucalyptus, further enhanced by changes in fire regime.

Driven by overall drier climates and a likely increase in potential evaporation, Eucalyptus species
recolonised the catchment. Weakening of the monsoon, and greater potential for seasonal drying (e.g.
Denniston, 2013a, b) expanded the well-drained habitat preferences of taxa such as E. tetrodonta.
Contractions of the lagoon’s open water and swamp zone suggests reduced water recharge and
lowering of the water-table enhancing deeper drainage. As a developing open forest, the negative
effects of Eucalyptus on grasses intensified, including effects resulting from shading of the shade-
intolerant tropical grasses and to a lesser extent nutrient/water competition (Scholes and Archer, 1997;
Sankaran et al., 2004). This change provided an opportunity for Eucalyptus seedlings and regrowth to

escape previous grass competition.
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Increases in woody-supported burning created a positive feedback loop; as Eucalyptus increased and
became structurally stable, grass production was suppressed making repeated grass-led fires of the
previous intensity required to maintain a more open canopy less likely (Bowman and Prior, 2004,
Scholes and Archer, 1997). Fire in the late Holocene did not impact as an agent of disturbance;
charcoal volumes are high, but the associated fire was not destructive, rather constructive, and the site
appears to have supported high woody cover in the face of decreased available plant moisture. Milder
but frequent burning type fire regimes encouraged biodiversity (Bowman et al., 2018) may also have

buffered dryland vegetation from climate variability (Bird et al., 2013).

The same reduction in effective precipitation and lower soil-water storage at this time restricted the
expansion of Corymbia and non-eucalypts. It is because of decreased and/or inconsistent moisture
supply and retention that monsoonal-forest taxa in particular were not able to take advantage of less
abundant fire at certain phases in the last 1500 years. Wetter-loving taxa (Barringtonia, llex), renewed
clusters of Banksia-Grevillea, and expanded Pandanus-Arecaceae show established woody transition
communities approaching the lagoon remained into the late Holocene. Later Holocene intermittent
Brachychiton and Cochlospermum reflects declining sclerophyll community openness, and Acacia was
no longer a common component after 4000 cal BP (where Bowman et al. 1988 suggest Acacia also
respond more positively to vegetation openness, and Hoffmann et al. 2012a highlight shade
intolerances typical of savanna woody species). Woody-herbaceous Euphorbiaceae (Euphorbia,
Acalypha) and Fabaceae taxa otherwise increased, adding to ground layer diversity amidst less
grasses. Comparative to the early- and mid-Holocene, disturbance indicator taxa are absent (e.g.
Dodonaea). Conversely, sclerophyll types Callitris and Jaksonia expanded as fire incidence was
reduced, demonstrating landscape variability remained and available fire-protected habitats also

existed away from the lagoon. The data suggest a structurally stable late Holocene system.

5.4. Human influences and site resources

Archaeology collated from the late Pleistocene (glacial phase) to early Holocene suggest a sparsely

populated Top End region of highly mobile societies with extensive open social networks (Williams et
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al., 2015a, b). Small bands of hunter-gatherers exploiting riverine and savanna resources are described
(Fredericksen et al., 2005; Bourke 2004; Brockwell, 2005). Populations remain low and isolated until
11,000-7000 yr BP, followed by an early to mid-Holocene characterized by exploration and expansion
(9000-6000 yr BP). Significant technological, social and population changes then took place in the mid
to late Holocene (4000 yr BP onwards, broadly referred to as ‘intensification’, see Brian, 2006, Williams
et al., 2015a, b; Brockwell et al., 2009). In the area approximating the Larrakia estate (Cox Peninsula to
Adelaide River) permanent Holocene occupation spans the previous 4000 years. Prominent

expansions in human activity are estimated at 2300 yr BP and again between 1500-1000 yr BP.

Large water sources are repeatedly described as locations where hunter-gatherer populations
concentrated during the Holocene (e.g. Williams et al. 2015a use the term ‘converge’, referring to
waterbodies as resource-rich patches). In publications on the value of freshwater to Indigenous people
in northern Australia today, many waterbodies hold economic, ceremonial and social significance
(Jackson, 2005; Toussaint et al., 2005). As not only a sizeable lagoon, but a site with permanent lake-
like water from ¢.6000 cal BP, Girraween would have been a prominent feature for local people from
this part of the Holocene, and particularly during variable monsoonal climatic conditions. Facilitated by
permanent water, it is therefore possible human-fire resource management and/or social activities
acted in conjunction with climatic and edaphic factors mid-Holocene, to influence Poaceae increases
and hinder woody abundance. At times when other northern Australian sites (e.g. Proske, 2016; Head
and Fullegar, 1992; Field et al., 2017) do not have sufficient freshwater to maintain wetland
development (and undergo drying, to the point of aridity in these examples), Girraween was far less

susceptible to disruption from climate change and remained a significant and reliable water supply.

The importance of Girraween as a water source is enhanced when at 3900 yr BP the mangrove
transition phase resulted in a period of reduced (or variable) productively on the NT coastal floodplains.
With an intermingling of saline and freshwater zones, floodplain swamps were no longer a focus of
settlement and exploitation. The unpredictable nature of the food-water resource base meant that

coastal floodplain sites were not used as frequently, and populations became more widespread
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(Brockwell, 2005, 1996). Earth-mound cultural material recoveries show foraging strategies diversified;
floodplain species (fish, turtle) declined and woodland resources (wallaby, possum) became more

important (Brockwell, 2005; Burns, 1999).

Greater intensity local human movements and changes in resource-sourcing within the later Holocene
are reflected in Girraween’s dryland. It is at a near exact time that these changes in resource use are
recorded (c.3750 cal BP), that Girraween experiences a change in fire regime and vegetation
transformation. The ultimate expression of hunter-gatherer presence at Girraween is likely to be the
stable open mixed forest. Ubiquitous charcoal-fire records are indicative of anthropogenic burning
(Williams et al., 2015) and consistent with contemporary Aboriginal fire management of multi-mosaic
burning with lower fuel loads (such as grasses), linked to structural woody complexity and plant
diversity in Australian savannas (Trauernicht et al., 2016). Interestingly, Williams et al (2015) suggest
Aboriginal use of fire was higher during periods of climatic variability, when increases in landscape
productivity were required. Ethnographic sources and NT information presented in Russell-Smith et al.
(1997) indicate burning was particularly undertaken around water sources. Similarly, Bowman et al.
(2004) highlight NT Indigenous burning patterns mirrored their tracking of resources. This included
water, but that greater hunting effort of Aboriginal people targeted the higher densities of macropods
supported by the more fertile mesic savannas (such as surrounding Girraween). Head (1994) applies
such findings to the prehistoric period, stating that Aboriginal burning observed ethnographically in
northern Australia, (embedded in patterns of seasonality) was a feature of the late Holocene. Head
(1994) expands socially on the economical, adding that the concept of ‘cleaning up the country’ is also

at least this old.

Girraween was therefore an attractive wet-dry resourced location. One of the ‘markers of human
intensification’ is the increasing investment in, and handling of, such productive habitats (Williams et al.,
2015a, b). Burning to encourage small game is one part of such behaviour. Fire use, as a translation of
people’s stewardship over country, is another (Head, 1994). Darwin regional archaeological evidence

shows an increasing territorialism as a result of late Holocene population growth. This is what Williams
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et al. (2015b) refer to as demographic packing, where social and religious systems were formed to
provide frameworks for negotiating ownership and/or maintenance of resources and property within a
given area. After ¢.2500-2000 yr BP, ‘packing’ is seen in the increasing variety and diversification of
archaeological sites around Girraween, notably the appearance of earth mound and cultural shell
middens and open-artefact sites at locations such as the Alligator, Adelaide and Mary Rivers
(Fredericksen et al., 2005, and references therein) as well as Darwin Harbour and Hope Inlet (Burns,
1999; Bourke, 2004). Dense occupation, a range of social, economic and environmental variables
interacted in the Darwin region to peak in the last few thousand years, translating into peak relations
with the Girraween catchment and management of fire and woody plants as an open forest and
profitable mesic space. Suggestions of the introduction of disease from the Macassans (<750 years),
resulting in significant population decline and break-down of estate borders across the Top End, may
explain more recent declines in forest cover. Historical depopulation through European contact (<200
years) may also have been captured (Williams et al., 2015a; Brockwell, 2005). For archaeological

research Girraween provides a comprehensive ecological context inland from the coastal fringe.

6. Conclusion

Understanding the functioning of Australia’s tropical savannas is central to the management of these
ecosystems, which face increasing population pressures, land use changes, shifts in disturbance
regimes and climate change (Lehmann et al., 2008; Laurance et al., 2011). For contemporary ecology,
the palaeoecology of sites such as Girraween have a role to play, in communicating long-term
vegetation composition and the determinants of savanna structure. The Girraween record highlights
change as a continuous process in the NT Top End, operating at a range of time-scales, with varied
outcomes involving climate, fire and people. At the Holocene time-scale, moisture availability as
determined by climate, has been the primary driver of Girraween’s vegetation dynamics. In turn, the
extent of fire and fire impact, were characteristics of climate and resultant vegetation. These feedbacks
shift in the later Holocene, when Girraween may have become a more socialized and managed human

landscape. The detail available in this study is based upon 117 identified pollen taxa, in a region where
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little savanna palaeoecological information has been available. In such aspects, this paper is a

significant step forward.

The focus of this paper has been the upper 5 m of a 19.4 m core. This analysis of the Holocene now
establishes a basis for the identification and interpretation of pollen and charcoal from the remainder of
the core. In turn, having additional core material permits further examination of certain vegetation-
environment relationships. Reduced woody abundances and high grasses are recorded in the early- to
mid-Holocene, a time defined as warmer-wetter, with reduced annual seasonality. That modern-day
seasonal climatic wet-dry cycles play a part in maintaining limited tree cover, keeping current canopies
open and enabling grass persistence (House et al., 2003), leads to the question: to what extent was
there still a dry season when the monsoon strengthened in the past? To what extent can the presence
of a dry season, and/or magnitude in wet-dry monsoon cycles, be refined by the palaeoecological
record of open savanna? Further, at no stage during the Holocene did fire-moisture conditions combine
to permit a competitive advantage and widespread expansion of non-eucalypt taxa at Girraween.
Therefore, for the north Australian tropical savannas, when and under what circumstances were non-
eucalypts pronounced in the landscape? Expanding Indigenous populations as an alternative
explanation to keeping woody biomass at Girraween below that expected in the mid-Holocene also
requires further investigation. Cross-site data syntheses will help with such questions. The Girraween
record is the first stage in the establishment of a comprehensive regional north Australian long-term
data-set demonstrating the complex nature of savanna ecology and palaeoecology. What also remains
is to merge Girraween within a series of Quaternary study sites from across the Northern Territory ‘Top

End’.

Acknowledgements

This research was conducted under the Australian Research Council (ARC) Laureate FL140100044
(awarded to MIB) and Centre of Excellence for Australian Biodiversity and Heritage (CE170100015). LH
is recipient of Discovery Project DP130100334. VL acknowledges the assistance of radiocarbon

laboratory staff and financial support for the Centre for Accelerator Science at ANSTO, where the
32



816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

radiocarbon measurements were carried out. Warm thanks to the Larrakia Nation, Larakia Ranger
group and wider Larrakia community for their support and local insights into the Girraween
environment. Access assistance from Graham Churcher is also gratefully acknowledged. Thanks also
to Ron Innes for engineering work on the raft and coring equipment, and to Emily Holt and Doug
Sberna for additional assistance in the field. Both James Cook University and Charles Darwin

University provided institutional support throughout this research.

References

Andriesse, J.P., 1988. Nature and management of tropical peat soils. Soil Resources, Management

and Conservation Service. FAO Land and Water Development Division, Rome.

Beadle, N. C., 1981. The vegetation of Australia. Cambridge University Press.

Bennett, K.D., and Willis, K. J., 2001. Pollen. Tracking Environmental Change Using Lake Sediments.

Volume 3: Terrestrial, Algal, and Siliceous Indicators.

Beringer, J., Hutley, L.B., Abramson, D., Arndt, S.K., Briggs, P., Bristow, M., Canadell, J.G., Cernusak,
L.A., Eamus, D., Edwards, A.C. and Evans, B.J., 2015. Fire in Australian savannas: from leaf to

landscape. Global Change Biology 21, 62-81.

Bird, M.1., Hutley, L.B., Lawes, M.J., Lloyd, J., Luly, J.G., Ridd, P.V., Roberts, R.G., Ulm, S. and
Waurster, C.M., 2013. Humans, megafauna and environmental change in tropical Australia. Journal of

Quaternary Science 28, 439-52.

Bird, M. I., Levchenko, V., Ascough, P. L., Meredith, W., Wurster, C. M., Williams, A., Tilston, E.L.,
Snape, C.E. and Apperley, D. C., 2014. The efficiency of charcoal decontamination for radiocarbon

dating by three pre-treatments—ABOX, ABA and hypy. Quaternary Geochronology 22, 25-32.

Bird M.I., Brand M., Diefendorf A.F., Haig., J.L., Hutley, L., Levchenko, V., Ridd, P., Rowe, C., Whinney,
J., Wurster, C., and Zwart, C. 2019. Identifying the ‘savanna’ signature in lacustrine sediments in

northern Australia. Quaternary Science Reviews, 203, 233-247.

33



840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

Blaauw, M., and Christen, J. A., 2011. Flexible paleoclimate age-depth models using an autoregressive

gamma process. Bayesian analysis 6, 457-474.

Boland, D. J., Brooker, M. I. H., Chippendale, G. M., Hall, N., Hyland, B. P. M., Johnston, R. D., Kleinig,

D.A. and Turner, J. D., 2006. Forest trees of Australia. CSIRO publishing.

Bureau of Meteorology (BoM), 2017. Weather and Climate Data. Commonwealth of Australia

http:/lwww.bom.gov.au/climate/data/ (Accessed May 2018)

Bond, W. J., Cook, G. D., and Williams, R. J., 2012. Which trees dominate in savannas? The escape

hypothesis and eucalypts in northern Australia. Austral Ecology 37, 678-685.

Bourke, P. M. (2004). Aboriginal shell mounds at Hope Inlet: evidence for coastal, not maritime Late
Holocene economies on the Beagle Gulf mainland, northern Australia. Australian Archaeology 59, 10-

22.

Bourke, P., Brockwell, C. S., and Fredericksen, C., 2005. Darwin Archaeology: Aboriginal, Asian and

European Heritage of Australia's Top End. Charles Darwin University Press.

Bowler, J. M., Wyrwoll, K. H., and Lu, Y., 2001. Variations of the northwest Australian summer
monsoon over the last 300,000 years: the paleohydrological record of the Gregory (Mulan) Lakes

System. Quaternary International 83, 63-80.

Bowman, D. M. J. S., and Minchin, P. R., 1987. Environmental relationships of woody vegetation

patterns in the Australian monsoon tropics. Australian Journal of Botany 35, 151-169.

Bowman, D. M. J. S., and Panton, W. J., 1993. Decline of Callitris intratropica (RT Baker and HG
Smith) in the Northern Territory: implications for pre-and post-European colonization fire regimes.

Journal of Biogeography 20, 373-381.

Bowman, D. M. J. S., and Prior, L. D., 2004. Impact of Aboriginal landscape burning on woody
vegetation in Eucalyptus tetrodonta savanna in Arnhem Land, northern Australia. Journal of

Biogeography 31, 807-817.

34



864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

Bowman, D. M. J. S., Wilson, B. A., and Hooper, R. J., 1988. Response of Eucalyptus forest and
woodland to four fire regimes at Munmarlary, Northern Territory, Australia. The Journal of Ecology 69,

215-232.

Bowman, D. M., Franklin, D. C., Price, O. F., and Brook, B. W., 2007. Land management affects grass

biomass in the Eucalyptus tetrodonta savannas of monsoonal Australia. Austral Ecology 32, 446-452.

Brian, D., 2006. Harry Lourandos, the 'Great Intensification Debate', and the Representation of
Indigenous Pasts. In, David, B., Barker, B., and McNiven, I. (Eds), The Social Archaeology of Australian

Indigenous Societies. Aboriginal Studies Press, Canberra. pp 107-124

Brock, J., 1995. Remnant Vegetation Survey Darwin to Palmerston Region. A Report to Greening

Australia, Northern Territory.

Brock, J., 2001. Native plants of northern Australia. Reed New Holland, Sydney.

Brockwell, S., Faulkner, P., Bourke, P., Clarke, A., Crassweller, C., Guse, D., Meehan, B., and Sim, R.,
2009. Radiocarbon dates from the Top End: A cultural chronology for the Northern Territory coastal

plains. Australian Aboriginal Studies Press, Canberra, pp. 54-76.

Brockwell, S., 1996. Mound sites on the Adelaide River coastal plains. Bulletin of the Indo-Pacific

Prehistory Association 15, 159-164.

Brockwell, C. S., 2005. Settlement patterns on the lower Adelaide River in the mid to late Holocene. In,
Bourke, P., Brockwell, C. S., and Fredericksen, C., (Eds), Darwin Archaeology: Aboriginal, Asian and

European Heritage of Australia's Top End. Charles Darwin University Press, pp. 9-18.

Brown, C.A., 2008. Palynological Techniques. American Association of Stratigraphic Palynologists,

Dallas, Texas.

Burns, T., 1999. Subsistence and settlement patterns in the Darwin coastal region during the late

Holocene: A preliminary report of archaeological research. Australian Aboriginal Studies 1, 59-69.

35



887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

Chappell, J., 1993. Contrasting Holocene sedimentary geologies of lower Daly River, northern

Australia, and lower Sepik-Ramu, Papua New Guinea. Sedimentary Geology 83, 339-358.

Chappell, J., 2001. Geomorphology and Holocene geology of coastal and estuarine plains of northern
Australia. In, Gostin, V.A., (Ed), Gondwana to Greenhouse: Australian environmental Geoscience.

Geological Society of Australia, Sydney, pp. 303-314.

Cook G.D., Williams R.J., Hutley L.B., O'Grady A.P., Liedloff A.C. 2002. Variation in vegetative water

use in the savannas of the North Tropical Transect. Journal of Vegetation Science 13, 413-418.

Cowie, I. D., Short, P. S. and Osterkamp, M., 2000. Floodplain flora: a flora of the coastal floodplains of
the Northern Territory, Australia. Australian Biological Resources Study and Parks and Wildlife

Commission of the Northern Territory, Darwin.

National Committee for Soil and Terrain and CSIRO Publishing and EBSCOhost, 2010. Australian Soil

and Land Survey Field Handbook (3rd ed). CSIRO Publishing, Herndon: Stylus Publishing, Collingwood

Denniston, R.F., Asmerom, Y., Lachniet, M., Polyak, V.J., Hope, P., An, N., Rodzinyak, K. and
Humphreys, W.F. 20133, ‘A Last Glacial Maximum through middle Holocene stalagmite record of

coastal Western Australia climate’, Quaternary Science Reviews 77, 101-12.

Denniston, R. F., Wyrwoll, K. H., Polyak, V. J., Brown, J. R., Asmerom, Y., Wanamaker Jr, A. D.,
LaPointe, Z., Ellerbroek, R., Barthelmes, M., Cleary, D. and Cugley, J., 2013b. A Stalagmite record of
Holocene Indonesian—Australian summer monsoon variability from the Australian tropics. Quaternary

Science Reviews 78, 155-168.

Fensham, R. J., and Kirkpatrick, J. B., 1992. Soil characteristics and tree species distribution in the

savannah of Melville Island, Norther Territory. Australian Journal of Botany 40, 311-333.

Field, E., McGowan, H. A., Moss, P. T., and Marx, S. K., 2017. A late Quaternary record of monsoon

variability in the northwest Kimberley, Australia. Quaternary International 449, 119-135.

36



910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

Fink, D., Hotchkis, M., Hua, Q., Jacobsen, G., Smith, A.M., Zoppi, U., Child, D., Mifsud, C., Gaast, H.
van der, Williams, A. and Williams, M., 2004. The ANTARES AMS facility at ANSTO, NIM B, 223-224,

109-115.

Fitzsimmons, K. E., Miller, G. H., Spooner, N. A., and Magee, J. W., 2012. Aridity in the monsoon zone
as indicated by desert dune formation in the Gregory Lakes basin, northwestern Australia. Australian

Journal of Earth Sciences 59, 469-478.

Fitzsimmons, K. E., Cohen, T. J., Hesse, P. P., Jansen, J., Nanson, G. C., May, J. H., Barrows, T.,
Haberlah, D., Hilgers, A., Kelly, T. and Larsen, J., 2013. Late Quaternary palaeoenvironmental change

in the Australian drylands. Quaternary Science Reviews 74, 78-96.

Frankline, D.C. and Preece, N.D., 2014. The Eucalypts of Northern Australia: An Assessment of the
Conservation Status of Taxa and Communities. A report to Kimberley to Cape and the Environment

Centre Northern Territory.

Fredericksen, C., Brockwell, S., and Bourke, P., 2005. Physical and cultural transformations of the
Darwin region. In, Bourke, P., Brockwell, C. S., and Fredericksen, C., (Eds). Darwin Archaeology:

Aboriginal, Asian and European Heritage of Australia's Top End. CDU Press, pp 1-9.

Govender, N., Trollope, W.S.W and Wilgen, B.W., 2006. The effect of fire season, fire frequency,
rainfall and management on fire intensity in savanna vegetation in South Africa. Journal of Applied

Ecology 43, 748-758.

Greene, R.S.B. (2006) Hard setting soils. In, Lal, R. (Ed) Encyclopedia of Soil Science, 2nd edition,

Volume 1. Taylor and Friends Publishing, USA, pp. 804-808.

Grimm, E.C., 1987. CONISS: a FORTRAN 77 program for stratigraphically constrained cluster analysis

by the method of incremental sum of squares. Computers and Geosciences 13, 13-35

Grimm, E. C., 2004. Tilia graph v. 2.0. 2. lllinois State Museum, Research and Collections Center.

37



933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

Grindrod, G., 1988. Holocene mangrove history of the South Alligator River estuary, Northern Territory,

Australia. Unpublished PhD Thesis, Australian National University, Canberra.

Haque, M., Nipperess, D. A., Gallagher, R. V., and Beaumont, L. J., 2017. How well documented is
Australia's flora? Understanding spatial bias in vouchered plant specimens. Austral Ecology 42, 690-

699.

Head, L., 1994. Landscapes socialised by fire: post-contact changes in Aboriginal fire use in northern

Australia, and implications for prehistory, Archaeology in Oceania 29, 172-181.

Head, L. and Fullager, R., 1992. Palaeoecology and archaeology in the east Kimberley. Quaternary

Australasia 10, 27-31.

Hesse, P. P., 2010. The Australian desert dunefields: formation and evolution in an old, flat, dry

continent. Geological Society, London, Special Publications 346, 141-164.

Higgins, S. ., Bond, W. J., and Trollope, W. S., 2000. Fire, resprouting and variability: a recipe for

grass—tree coexistence in savanna. Journal of Ecology 88, 213-229.

Hiscock, P., 1997. Archaeological evidence for environmental change in Darwin Harbour. In, Hanley, J.,

Caswell, G., Megirian, D. and Larson, H., (Eds), The marine flora and fauna of Darwin Harbour,

Northern Territory. Museum and Art Galleries of the Northern Territory, Darwin, pp. 445-449

Hoffmann, W. A., Geiger, E. L., Gotsch, S. G., Rossatto, D. R., Silva, L. C., Lau, O. L., Haridasan, M.,
and Franco, A. C., 2012. Ecological thresholds at the savanna-forest boundary: how plant traits,

resources and fire govern the distribution of tropical biomes. Ecology letters 15, 759-768.

Hogg, A. G., Hua, Q., Blackwell, P. G., Niu, M., Buck, C. E., Guilderson, T. P., Heaton, T.J., Palmer,
J.G., Reimer, P.J., Reimer, R.W. and Turney, C. S., 2013. SHCal13 Southern Hemisphere calibration

0-50,000 year cal BP. Radiocarbon 55, 1889-1903.

Hutley L.B., O'Grady A.P., Eamus D. 2001 Monsoonal influences on evapotranspiration of savanna

vegetation of northern Australia. Oecologia 126, 434-443.

38



957  Hutley L. B., Evans B. J., Beringer J., Cook G. D., Maier S. W. and Razon, E. 2013. Impacts of an
958  extreme cyclone event on landscape-scale savanna fire, productivity and greenhouse gas emissions.

959  Environmental Research Letters, 8, 1-12.

960  Hyland, B.P.M., Whiffin, T., and Zich, F.A., 2010. Australian Tropical Rainforest Plants. CSIRO Plant

961  Industry and Centre for Australian National Biodiversity Research, Canberra.

962  Jackson, S., 2005. Indigenous Values and Water Resource Management: A Case Study from the

963  Northern Territory, Australasian Journal of Environmental Management 12, 136-146.

964  Juggins, S., 2007. C2 Version 1.5 User Guide. Software for Ecological and Palaeoecological Data

965  Analysis and Visualisation. Newcastle-upon-Tyne: Newcastle University.

966  Kershaw, A. P., and Strickland, K. M., 1990. A 10 year pollen trapping record from rainforest in

967  northeastern Queensland, Australia. Review of Palaeobotany and Palynology 64, 281-288.

968  Kershaw, P., and van der Kaars, S., 2012. Australia and the southwest Pacific. In, Metcalfe, S.E. and

969  Nash, D.J. (Eds) Quaternary environmental change in the tropics. Wiley and Sons, pp. 236-262.

970  Kruger, F., 2015. Palaeobiology of the South African savanna and lessons for modern ecologists,

971  Transactions of the Royal Society of South Africa 70, 117-125.

972 Kuhnt W., Holbourn A., Xu J., Opdyke B., De Deckker P., R6hl U., and Mudelsee M. 2015. Southern
973  Hemisphere control on Australian monsoon variability during the late deglaciation and Holocene. Nature

974  communications, 6, 5916.

975  Lamche, G., 2008. The Health of the Darwin region Lagoons: Trials of Nationally Proposed Wetland
976  Condition Indicators. Report 05/2008D. Aquatic Health Unit, Department of Natural Resources,

977  Environment and the Arts, Northern Territory, Darwin.

978  Laurance, W.F., Dell, B., Turton, S.M., Lawes, M.J., Hutley, L.B., McCallum, H., Dale, P., Bird, M.,
979  Hardy, G., Prideaux, G. and Gawne, B., 2011. The 10 Australian ecosystems most vulnerable to tipping

980  points. Biological Conservation 144, pp.1472-1480.

39



981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

Lawes, M. J., Murphy, B. P., Midgley, J. J., and Russell-Smith, J., 2011. Are the eucalypt and non-

eucalypt components of Australian tropical savannas independent? Oecologia 166, 229-239.

Lehmann, C. E., Prior, L. D., Williams, R. J., and Bowman, D. M., 2008. Spatio-temporal trends in tree
cover of a tropical mesic savanna are driven by landscape disturbance. Journal of Applied Ecology 45,

1304-1311.

Lehmann C.E.R., Archibald S., Hoffmann W.A., Bond W.J. 2011. Deciphering the distribution of the

savanna biome. The New Phytologist 191, 197-209.

Lehmann C. E.R, Anderson T. M., Sankaran, M., Higgins, S. I., Archibald, S., Hoffmann, W. A., Hanan,
N.P., Williams, R.J., Fensham, R.J., Felfili, J. and Hutley, L. B., 2014. Savanna vegetation-fire-climate

relationships differ among continents. Science 343, 548-552.

Lentile, L. B., Holden, Z. A., Smith, A. M., Falkowski, M. J., Hudak, A. T., Morgan, P., Lewis, S.A.,
Gessler, P.E. and Benson, N. C., 2006. Remote sensing techniques to assess active fire characteristics

and post-fire effects. International Journal of Wildland Fire 15, 319-345.

McGowan, H., Marx, S., Moss, P., and Hammond, A., 2012. Evidence of ENSO mega-drought
triggered collapse of prehistory Aboriginal society in northwest Australia. Geophysical Research Letters

39, 1-5.

McKenzie, N., Jacquier, D., Isbell, R., and Brown, K., 2004. Australian soils and landscapes: an

illustrated compendium. CSIRO publishing.

McRobbie, F.H., Stemler, T. and Wyrwoll, K.H., 2015. Transient coupling relationships of the Holocene

Australian monsoon’, Quaternary Science Reviews 121, 120-31.

Moore C. E., Beringer J., Evans B., Hutley L. B., McHugh I., and Tapper N. J. 2016. The contribution of

trees and grasses to productivity of an Australian tropical savanna. Biogeosciences 13, 2387-2403.

40



1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

Mullins, C., MacLeod, D.A., Northcote, K.H., Tisdall, J.M. and Young, I.M., 1990. Hardsetting soils:
Behaviour, occurrence and management. In, Lal, R. and Stewart, B.A. (Eds) Advances in Soil Science.

Volume 2 — Soil Degradation. Springer Press, New York, pp 37-108.

Mulrennan, M. E., and Woodroffe, C. D., 1998. Saltwater intrusion into the coastal plains of the Lower

Mary River, Northern Territory, Australia. Journal of Environmental Management 54, 169-188.

Murphy, B. P., Liedloff, A. C., and Cook, G. D., 2015. Does fire limit tree biomass in Australian

savannas? International Journal of Wildland Fire 24, 1-13.

Nott, J. F., Price, D. M., and Bryant, E. A., 1996. A 30,000 year record of extreme floods in tropical
Australia from relict plunge-pool deposits: Implications for future climate change. Geophysical

Research Letters 23, 379-382.

O'Grady, A. P., Eamus, D., Cook, P. G., and Lamontagne, S., 2006. Comparative water use by the
riparian trees Melaleuca argentea and Corymbia bella in the wet—dry tropics of northern Australia. Tree

physiology 26, 219-228.

Peel, M. C., Finlayson, B. L., and McMahon, T. A., 2007. Updated world map of the Képpen-Geiger

climate classification. Hydrology and earth system sciences discussions 4, 439-473.

Prior, L. D., Williams, R. J., and Bowman, D. M., 2010. Experimental evidence that fire causes a tree

recruitment bottleneck in an Australian tropical savanna. Journal of Tropical Ecology 26, 595-603.

Prior, L. D., 1997. Ecological physiology of Eucalyptus tetrodonta (F. Muell.) and Terminalia
ferdinandiana (Excell.) saplings in the Northern Territory. Unpublished PhD Thesis, Charles Darwin

University, Northern Territory.

Proske, U., Heslop, D., and Haberle, S., 2014. A Holocene record of coastal landscape dynamics in the

eastern Kimberley region, Australia. Journal of Quaternary Science 29, 163-174.

Proske, U., 2016. Holocene freshwater wetland and mangrove dynamics in the eastern Kimberley,

Australia. Journal of Quaternary Science 31, 1-11.

41



1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

Reeves, J. M., Bostock, H. C., Ayliffe, L. K., Barrows, T. T., De Deckker, P., Devriendt, L. S., Dunbar,
G.B., Drysdale, R.N., Fitzsimmon, K.E., Gagan, M.K. and Griffiths, M. L., 2013. Palaeoenvironmental
change in tropical Australasia over the last 30,000 years—a synthesis by the OZ-INTIMATE group.

Quaternary Science Reviews 74, 97-114.

Rossiter, N. A., Setterfield, S. A., Douglas, M. M., and Hutley, L. B., 2003. Testing grass-fire cycles:

alien grass invasion in the tropical savanna of northern Australia. Diversity and Distributions 9, 169-176.

Rowe, C., 2012. Modern surface pollen from the Torres Strait Islands: exploring north Australian
vegetation heterogeneity. In, Peopled Landscapes: Archaeological and biogeographic approaches to

landscape. Terra Australis 34, 411-433.

Russell-Smith, J., 1991. Classification, species richness, and environmental relations of monsoon rain

forest in northern Australia. Journal of Vegetation Science 2, 259-278.

Russell-Smith, J. and Yates, C.P., 2007. Australian savanna fire regimes: context, scales, patchiness.

Fire Ecology 3, 48-63.

Russell-Smith, J., Lucas, D., Gapindi, M., Gunbunuka, B., Kapirigi, N., Namingum, G., Lucas, K.,
Giuiliani, P. and Chaloupka, G., 1997. Aboriginal resource utilization and fire management practice in
western Arnhem Land, monsoonal northern Australia: notes for prehistory, lessons for the future.

Human Ecology 25, 159-195.

Russell-Smith, J., Whitehead, P. J., Cook, G. D., and Hoare, J. L., 2003. Response of
Eucalyptus-dominated savanna to frequent fires: lessons from Munmarlary, 1973-1996. Ecological

Monographs 73, 349-375.

Russell-Smith, J., Price, O. F., and Murphy, B. P., 2010. Managing the matrix: decadal responses of

eucalypt-dominated savanna to ambient fire regimes. Ecological Applications 20, 1615-1632.

42



1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

Sankaran, M., Ratnam, J., and Hanan, N. P., 2004. Tree-grass coexistence in savannas revisited—
insights from an examination of assumptions and mechanisms invoked in existing models. Ecology

letters 7, 480-490.

Scholes, R. J., and Archer, S. R., 1997. Tree-grass interactions in savannas. Annual review of Ecology

and Systematics 28, 517-544.

Shulmeister, J., 1992. Holocene pollen record from lowland tropical Australia. Holocene 2, 107-116.

Schult, J., 2004. An Inventory of the Freshwater Lagoons in the Darwin Region. Report No 36/2004D,
Water Monitoring Branch, Department of Infrastructure, Planning and Environment, Palmerston,

Northern Territory.

Schult, J. and Welch, M., 2006. The water quality of fifteen lagoons in the Darwin Region. Report No
13/2006D, Aquatic Health Unit, Department of Natural Resources, Environment and the Arts,

Palmerston, Northern Territory.

Semeniuk, V., and Semeniuk, C. A., 2004. Sedimentary fill of basin wetlands, central Swan Coastal
Plain, southwestern Australia. Part 1. sediment particles, typical sediments, and classification of

depositional systems. Journal of the Royal Society of Western Australia 87, 139-186.

Setterfield S.A., Rossiter-Rachor N.A., Adams V.M. 2018. Navigating the fiery debate: the role of
scientific evidence in eliciting policy and management responses for contentious plants in northern

Australia. Pacific Conservation Biology 24, 318-328

Sharp, B. R., and Bowman, D. M., 2004. Patterns of long-term woody vegetation change in a
sandstone-plateau savanna woodland, Northern Territory, Australia. Journal of Tropical Ecology 20,

259-270.

Short, P. S. and Cowie, I. D., 2010. Flora of the Darwin region. Vol. 1. Northern Territory. Department of

Natural Resources, Environment, the Arts and Sport, Palmerston, Northern Territory.

43



1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

Slocum, M. G., 2000. Logs and fern patches as recruitment sites in a tropical pasture. Restoration

ecology 8, 408-413.

Staver, A. C., 2018. Prediction and scale in savanna ecosystems. New Phytologist 219, 52-57.

Stephens, K.M. and Dowling, R.M., 2002. Wetland plants of Queensland. CSIRO Publishing,

Melbourne.

Stevenson, J., Siringan, F., Finn, J. A. N., Madulid, D., and Heijnis, H. 2010. Paoay Lake, northern
Luzon, the Philippines: a record of Holocene environmental change. Global Change Biology, 16, 1672-

1688.

Stuiver, M., and Polach, H. A., 1977. Reporting of C-14 data-Discussion. Radiocarbon 19, 355-363.

Stuiver, M., and Reimer, P. J., 1993. Extended 14C data base and revised CALIB 3.0 14 C age

calibration program. Radiocarbon 35, 215-230.

Toussaint, S., Sullivan, P., and Yu, S., 2005. Water ways in Aboriginal Australia: an interconnected

analysis. Anthropological Forum 15, 61-74.

Trauernicht, C., Murphy, B. P., Prior, L. D., Lawes, M. J., and Bowman, D. M., 2016. Human-imposed,
fine-grained patch burning explains the population stability of a fire-sensitive conifer in a frequently

burnt northern Australia savanna. Ecosystems 19, 896-909.

van der Kaars, S., Wang, X., Kershaw, P., Guichard, F., and Setiabudi, D. A. 2000. A Late Quaternary
palaeoecological record from the Banda Sea, Indonesia: patterns of vegetation, climate and biomass
burning in Indonesia and northern Australia. Palaeogeography, Palaeoclimatology, Palaeoecology, 155,

135-153.

Walker, L.R., 1994. Effects of fern thickets on woodland development on landslides in Puerto Rico.

Journal of Vegetation Science 5, 525-532.

44



1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

Ward, D.P. and Kutt, A.S., 2009. Rangeland biodiversity assessment using fine scale on-ground
survey, time series of remotely sensed ground cover and climate data: an Australian savanna case

study. Landscape Ecology 24, 495-507.

Ward D., Wiegand K., Getzin S. 2013. Walter's two-layer hypothesis revisited: back to the roots!

Oecologia 172, 617-630.

Wasson, R. J., 1992. Modern sedimentation and late Quaternary evolution of the Magela Creek Plain.

Northern Territory Printing/Publishing Services, Darwin.

Wells, S., 2001. Saltwater people: Larrakia stories from around Darwin. Larrakia Nation Aboriginal

Corporation, Darwin, Northern Territory.

Wende, R., Nanson, G. C., and Price, D. M., 1997. Aeolian and fluvial evidence for Late Quaternary
environmental change in the east Kimberley of Western Australia. Australian Journal of Earth Sciences

44, 519-526.

Whitlock, C. and Larsen, C., 2002. Charcoal as a fire proxy. In, Smol J.P., Birks H.J.B., Last W.,
Bradley R.S. and Alverson K. (Eds) Tracking environmental change using Lake Sediments, pp. 75-97.

Springer Publishing, Netherlands.

Wiegand, K., Saltz, D., and Ward, D., 2006. A patch-dynamics approach to savanna dynamics and
woody plant encroachment-insights from an arid savanna. Perspectives in Plant Ecology, Evolution

and Systematics 7, 229-242.

Williams, R. J., Duff, G. A., Bowman, D. M. J. S., and Cook, G. D., 1996. Variation in the composition
and structure of tropical savannas as a function of rainfall and soil texture along a large-scale climatic

gradient in the Northern Territory, Australia. Journal of Biogeography 23, 747-756.

Williams, A. N., Ulm, S., Cook, A. R., Langley, M. C. and Collard, M. 2013. Human refugia in Australia
during the Last Glacial Maximum and terminal Pleistocene: A geospatial analysis of the 25-12 ka

Australian archaeological record. Journal of Archaeological Science, 40, 4612-4625.

45



1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

Williams, A. N., Veth, P., Steffen, W., Ulm, S., Turney, C. S., Reeves, J. M., Phillips, S.J. and Smith, M.,
2015a. A continental narrative: Human settlement patterns and Australian climate change over the last

35,000 years. Quaternary Science Reviews 123, 91-112.

Williams, A. N., Ulm, S., Turney, C. S., Rohde, D., and White, G., 2015b. Holocene demographic

changes and the emergence of complex societies in prehistoric Australia. PLoS One 10, e0128661.

Wilson, B.A. (1991). The open-forest-'treeless' plains boundary on Melville Island, Northern Territory.

Unpublished MSc Thesis, University of Tasmania.

Woinarski, J. C. Z., Risler, J., and Kean, L., 2004. Response of vegetation and vertebrate fauna to 23
years of fire exclusion in a tropical Eucalyptus open forest, Northern Territory, Australia. Austral

Ecology 29, 156-176.

Woinarski, J., Mackey, B., Nix, H., and Traill, B., 2007. The nature of Northern Australia: its natural

values, ecological processes and future prospects. ANU e Press, Canberra, Australian Capital Territory.

Woodroffe, C. D., Thom, B. G. and Chappell, J., 1985. Development of widespread mangrove swamps

in mid-Holocene times in Northern Australia. Nature 317, 711-713.

Woodroffe, C. D., Chappell, J. M. A., Thom, B. G. and Wallensky, E., 1986. Geomorphological
dynamics and evolution of the South Alligator tidal river and plains, Northern Territory. Mangrove

Monograph No. 3, Australian National University North Australia Research Unit, Darwin.

Woodward, E., Jackson, S. and Straton, A., 2008. Water resources of the Howard River region,
Northern Territory. A report on the social and cultural values and a stakeholder assessment of water

use scenarios. CSIRO Sustainable Ecosystems, Darwin, Northern Territory.

Wyrwoll, K. H., and Miller, G. H., 2001. Initiation of the Australian summer monsoon 14,000 years ago.

Quaternary International 83, 119-128.

Zejun, T., Tingwu, L., Qingwen, Z., and Jun, Z., 2002. Sealing process and crust formation at soil

surface under the impact of raindrops and polyacrylamide. In Proc. 12th Conf. ISCO, May, pp.456-461.

46



1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

Tables

Table 1: Girraween vegetation description.

Table 2: Vegetation structural terminology as used in the text (modified from Specht, 1981, and as used

in the Northern Territory by Wilson et al., 1990, and Bowman and Minchin, 1987).

Table 3: 1*C Radiocarbon AMS sample results. Age reporting follows Stuiver and Polach (1977) and
Fink et al. (2004), converted into calibrated ages using CALIB REV7.1.0 (Stuiver and Reimer, 1993,
Hogg et al., 2013; calibration curve SHCal13). A Bayesian age-depth model was constructed for the
core using Bacon 2.2 (Blaauw and Christen, 2011). Hypy refers to hydrogen pyrolysis, used in the pre-

treatment of samples for radiocarbon dated as reported in Bird et al. (2014).

Figures

Figure 1. Map and images of Girraween Lagoon showing location, core site, site vegetation
communities (described in Table 1), water bores surrounding the lagoon, and the manner in which the

lagoon surface is coincident with the water table in the wet and dry seasons (photograph by M. Bird).

Figure 2: Girraween Lagoon percentage pollen diagram plotted against depth, stratigraphy, radiocarbon
results and calibrated age range. Data presentation divided into, 2a: Pollen group summaries and
microcharcoal alongside core material sedimentation and mass accumulation rates, pollen diversity and
precipitation estimates; 2b: Sclerophyll woody pollen taxa; 2¢c: Monsoonal forest associated woody
taxa, liana and mistletoe, grasses, with long-distance coastal pollen, and 2d: Non-woody pollen taxa

(herbaceous and aquatic). All percentages derived from total pollen sum inclusion.
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Table 1: Girraween vegetation description

Map Code

(Figure 1) Vegetation Title Vegetation Description

E. tetrodonta and E.miniata dominated. Erythrophleum chlorostachys and Lophostemon
lactifluus present in tree canopy. Secondary canopy includes Terminalia ferdinandiana,
Eucalyptus woodland to open | Planchonia careya, Calytrix exstipulata and Buchania obovate, incorporating Acacia,

forest Syzygium and occasional Pandanus. Understorey shrubs and saplings vary in density and
height, dependent on seasonal variation and fire history. Dominant grasses include
species of Sorghum and Chrysopogon

M. symphyocarpa and M. viridiflora open to closed woodland subject to seasonal
inundation. Forms temporary swamp communities. Caldesia oligococca, Nymphoides
indica, species of Utricularia and herbaceous Fabaceae occur when waterlogged. Ground
surfaces support minimal grasses and/or are bare when dry

2 Melaleuca seasonal swamp

Mixed association with monsoonal forest and/or riparian inclinations. Dense woodland
forming forest, with thicker mid-layers and Eucalyptus or Corymbia species as emergents.
3 Mixed species community Lophostemon lactifluus and Pandanus spiralis common. Acacia, Syzygium, Alphitonia and
Terminalia ferdinandiana are present. Grass cover is reduced, with Sorghum absent.
Lianas are noticeable (e.g.Flagellaria indica)

Narrow transition vegetation. Dominant Banksia dentata with Grevillea pteridifolia low
open woodland. Lophostemon lactifluus, Eucalyptus papuana and Acacia sp. are

4 Banksia transition occasional. Grassland ground cover with saplings of varied height. Community appears to
be influence by wet soils.
Open, mixed species grassland (annual and perennial species). Scattered trees include

5 Grassland Eucalyptus polycarpa and E. papuana (saplings absent). Incorporates areas of track

disturbance.

Closed sedgeland. Seasonally flooded. Cyperaceae dominated (Elaeocharis, Cyperus
and Fimbristylis), with species zonation (species presence, height and density determined
6 Sedgeland by depth and duration of inundation). Leptocarpus, Xyris and small herbs present.
Localised, low and thin Melaleuca cajuputi trees are incorporated. Pools of standing water
interspersed throughout (occupied by Nymphoides indica and/or Nymphaea sp.).

Melaleuca cajuputi dominated low open woodland forming a ring around open water zone.
7 Fringe Melaleuca Width of woodland varies, but is commonly narrow. Borders with sedgeland are sharp.
Permanently waterlogged.

8 Open water Aquatic groups well represented by Nymphaea species and numerous submerged taxa.




Table 2: Vegetation structural terminology as used in the text (modified from Specht, 1981, and as used in the Northern
Territory by Wilson et al., 1990, and Bowman and Minchin, 1987).

Percentage foliage cover of tallest plant layer

Life form and height Dense (70-100%) Open (30-70%) Sparse (10-30%) Very sparse (<10%)
Trees* 10-30m Closed forest Open forest Woodland Open woodlandt

Trees <10m Low closed forest Low open forest Low woodland Low open woodland

Shrubs* >2m Tall closed shrubland Tall shrubland Tall open shrubland Tall sparse shrubland
Shrubs <2m Closed shrubland Shrubland Open shrubland Sparse shrubland
Grasses Closed grassland Grassland Open grassland Sparse grassland
Sedges Closed sedgeland Sedgeland Open sedgeland Sparse sedgeland
Herbs** Closed herbland Herbland Open herbland Sparse herbland

*A tree is defined as woody, usually with a single stem; a shrub is a woody plant with stems arising near the base

a woody lower base)

** Flowering plants with no significant woody tissue above ground; includes forbs (broad-leaf) and sub-shrub (<1m perennial forb developing

t ‘Savanna’ applies to wooded vegetation with a pronounced grass component. Gillison (1983) and Walker and Gillison (1982) divide grass-
savanna and wooded-savanna at 2% woody plant cover




Table 3: 1*C Radiocarbon AMS sample results. Age reporting follows Stuiver and Polach (1977) and Fink et al. (2004),
converted into calibrated ages using CALIB REV7.1.0 (Stuiver and Reimer, 1993, Hogg et al., 2013; calibration curve
SHCal13). A Bayesian age-depth model was constructed for the core using Bacon 2.2 (Blaauw and Christen, 2011).
Hypy refers to hydrogen pyrolysis, used in the pre-treatment of samples for radiocarbon dated as reported in Bird et al.

(2014).
13 1 Calibrated age .
Lab. Sample code Sample | Depth | pMC 78C C Age | loerror 95% probability Calibrated age
) . e

Code type (cm) (%) (%o) (yrBP) | (yrBP) range (cal BP) (median probability)
0ZV436 | A34-GIR3 SPAC-14 rgﬁﬂe 41 | 9075 | -152 780 25 654 - 724 676
07V437 | B13-GIR3 SPAC-14 rggge 115 | 8894 | -165 | 940 25 737 - 823 796
07V438 | C13-GIR3 SPAC-14 rggze 214 | 6438 | -175 | 3535 25 3687 - 3852 3766
07V439 | C54-GIR3 SPAC-14 rgﬁﬁe 258 | 5327 | -184 | 5060 35 5656 - 5798 5762
0ZV440 | D12-GIR3 SPAC-14 rﬁsﬁie 313 | 37.96 | -151 | 7780 35 8429 - 8590 8512
0ZV441 | D84-GIR3 SPAC-14 reHsYSZe 300 | 32 | -129 | 9150 35 10197 - 10302 10,252
ozvagp | E4O-S0-CGIRISPAC- | Hypy |\ oo | 199 | 452 | 12070 | 80 | 15188- 15740 15,453

14C residue
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Appendix A Supplementary Material: Principle component analysis of the Girraween Lagoon

Holocene pollen data.

An unconstrained Principle Component Analysis (PCA) was undertaken to explore relationships
between Girraween'’s pollen zones and examine their organisation along ecological gradients. The first
two axes of the PCA are shown in Figure A.1, and explain 52% of the variation within the data. How the
plant functional-environmental response groups drive sample and zone distribution across the bi-plot
space is also shown. Sample distributions along the first axis (the x axis) appear to represent degrees
of openness within the vegetation. The distribution of samples along the second axis (y axis) is

considered to reflect a moisture/fire gradient.

From oldest to youngest, the pollen zones plot in an approximate clockwise progression. The oldest
zone (GIR-1, 12,700-11,000 cal BP) is positioned in the top right of the hi-plot. Only one other sample is
incorporated into this space. This quadrat of data reflects the presence of non-eucalypts, with the
position of some samples further influenced by grasses and/or herbs. Woody verses non-woody taxa,
and wider spread sample proximity, demonstrate the variable nature of this time period. Zones dating
11,800-8700 cal BP (GIR-2, GIR-3 and notably GIR-4) then cluster together in the lower right, defined
more strongly by the presence of grasses and to a lesser extent herbaceous taxa. Zone GIR-5 (8700-
3000 cal BP) largely separates and dominates across the lower left, dictated by eucalypts but also
crossing the y-axis. Zones encompassing the previous 3000 years also cluster together in association
with eucalypts as well as non-eucalypts (less predominantly). However, zones GIR-6 and GIR-7 (3000-
450 cal BP), occupy the top left more distinctly that GIR-8 (previous 450 years), which transitions back
into the space occupied by GIR-5 and the eucalypts. The PCA also illustrates that the period of least

variability within the record has been over the last 3000 years.

Figure A.1: Principle components analysis (PCA) of the Girraween Lagoon pollen data. Samples
distinguishing each pollen zone are coloured and outlined. The bi-plot shows the driving position
between the four main plant functional groups, and inferred ecological gradients. The first two axes

explain 52% of variation in the dataset.
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Appendix B Supplementary Material: Complete data description, Girraween Lagoon Holocene

record.

The pollen and charcoal Holocene record for Girraween Lagoon is divided into eight zones. Detailed
descriptions of the pollen, charcoal, and sedimentological data are provided below. An outline of data

has been presented in the main article text.

B1.1. GIR-1(504-458 cm below sediment surface (bss), 12,670-11,820 cal BP).

The lowermost post glacial section of the core is highly variable, and composed of fine clays (strongly
mottled, grey to dark grey 2.5Y 6/1-2.5Y 4/1) with interlayered sand and small clay aggregates (from
500-492 cm and 489-481 c¢m bss), and two thin bands of heavier compact clay (492-489 and 481-477
cm bss, very dark grey 2.5Y 3/1). Sediment boundaries in this unit are not distinct and the variable
nature of sediments has impacted pollen concentrations. Very low pollen counts, with poorest
preservation, occurs at depths 490, 467 and 461 cm. In this zone, charcoal accumulations are at their

lowest for the record.

Poaceae initially makes up a large proportion of the pollen sum (67-69%, 12,675 — 12,590 cal yr BP),
declining toward 13% before rising again to 50% at the zones 1-2 boundary. Sedges (and similar wet-
ground indicators) show the opposite pattern; these jump to 29% as Poaceae declines (e.g. 467 cm
bss, 12,010 cal yr BP), and incorporate three Cyperaceae taxa as well as Caldesia, Typha and
Dapsilanthus. Pteridophytes are also important (and peak) in this zone. Other herbs show low values

throughout, consisting of Amaranthaceae, Spermacoce, Solanaceae and Fabaceae types.

Dryland associated Myrtaceae form the bulk of woody taxa, averaging 20% of total pollen, but with a
sharp spike in the upper zone to 76% of the pollen sum (473 ¢cm bss, 12,130 cal yr BP). As
preservation has affected distinguishing grain features undifferentiated Myrtaceous taxa dominate this
category. However, grain sizes =15um do suggest Eucalypteae (see Thornhill et al., 2012; Stevenson
et al., 2015 consistent with Eucalyptus and Corymbia modern pollen collections). Other sclerophyll

woodland taxa occur in low abundance; slight rises adjoin the Myrtaceous peak and 11 taxa are
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recorded (particularly Terminalia, Petalostigma and Proteaceae types, with repeat occurrences of
Acacia, Casuarina and Pandanus). Wetland Myrtaceae comprise Melaleuca types only and largely
appear mid-zone (478cm bss, 12,230 cal yr BP), increasing to 14%. There is no significant presence of
monsoonal-forest group taxa; the liana Stephania is recorded, an occupier of forest edges providing

some evidence of the local presence of a monsoon forest group. Mangroves show only trace value.

B1.2. GIR-2(458-420 cm bss, 11,820-10,965 cal BP)

Transition from zone 1 into 2 correlates with an additional sand layer in the fine clay (460-446 cm bss).
This fine clay continues until depth 441 cm, abruptly changing into dark (2.5Y 2.5/1, black) fibrous,
organic mud containing sand and grit. Pollen and charcoal inputs remain very low and do not begin to

increase until the uppermost samples. At this point rises are substantial.

Sample-to-sample variability as seen in zone GIR-1 continues. Poaceae forms an early important
proportion of the pollen sum (41-46%), then shows a decline in abundance (26 to 9%), with
corresponding increases in sedge categories. Sedges (and similar) which peak strongly at 84% toward
the top of the zone (431 cm bss, 11,215 cal yr BP; best represented by Cyperus, with low consistent
Eleocharis/Schoenus plus small rises in Fimbristylis and Typha). Aquatics primarily Nymphoides (5%),
appear for the first time (c. 11,750-11,480 cal yr BP), just prior to the sedge peak, but are not
maintained. The largest range of Pteridophytes occurs and there is an increased representation of
herbaceous taxa. Eight sub-shrubs and eight forbs now are recorded (particularly Solanaceae,
Goodeniaceae and Amaranthaceae types, with Spermacoce, c.f. Jacksonia and Tricodesma sub-
shrubs. Fabaceae and Haloragaceae, Apiaceae/Platysace, Asteraceae, Euphorbia, Polycarpaea and

Tribulus forbs are incorporated).

Woody representation is lower and marked by reduced Myrtaceous dominance. Dryland Myrtaceae
fluctuate to a greater extent (3-15%) than wetland associated Myrtaceae (2-8%), the latter now
incorporating Leptospermaceae (Asteromyrtus). Eucalyptus and Corymbia values are comparatively

even. Other sclerophyll taxa average 7% (in total) of the pollen sum. Casuarina, the Fabaceae types,
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Acacia, Pandanus and Petalostigma show slight increases and Dodonaea is introduced into the record.
These combine with minor Banksia, Arecaceae and Terminalia. There is an increase and developing
consistency in the range and presence of monsoonal-forest taxa (10 taxa, up to 6% of the pollen sum
from the base of the zone), including Bombax, Elaeocarpaceae, llex, Melastoma, Myristica as well as
some composite identifications. No lianas or mistletoe are recorded. A small expansion in mangroves is

seen, comprising Rhizophora and Ceriops/Bruguiera.

B1.3. GIR-3(420-372 cm bss, 10,965-9870 yr BP)

A clear shift in sedimentation takes place into GIR-3. Dark (2.5Y, 2.5/1, black), organic consolidated
peat material occurs. This is visually decomposed, with uniform spongy texture lacking sand or grit, is
coincident with pollen zonation, and continues through zone GIR-4. Greater pollen concentrations and
improved pollen preservation is associated with this sediment type. Pollen concentrations are variable,
reaching above 10,000 grains/cm? at the top of this zone. In a similar pattern, charcoal abundance

varies over a wide range between samples.

GIR-3 features a rise in Poaceae (>60%) until presence of the sedge group increases sharply toward
the top of the zone. This peak in sedges is dominated by Cyperus (77%). Eleocharis/Schoenus and
Fimbristylis remain secondary taxa with limited distributions. Other minor wet-ground taxa such as
Dapsilanthus and Typha, the Pteridophyta are also present, and combine with a low abundance of
aquatics (Nymphoides is the primary aquatic). Contributing to this community are two lianas (Flagellaria
and Ampelocissus), commonly associated with freshwater and/or riparian vegetation (Short and Cowie,
2011). The Cyperaceous undergrowth expands markedly (but momentarily) at 377 cm bss (9990 cal yr
BP). Herbaceous taxa are eliminated from the record across this same depth and time. The wetland
Myrtaceae woody fringe increases in representation, at 398 cm (10,470 cal yr BP) and 377 cm depth
(9990 cal yr BP, to 13% of the pollen sum); Melaleuca percentages rise slightly from the previous zone
while Leptospermeae (Asteromyrtus) remains stable. Leptospermeae (Leptospermum) is newly

recorded at the top of the zone.
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Reduced dryland Mytaceous values are maintained for most of the zone (<10%). Eucalyptus and
Corymbia are recorded, with the first appearance of Calytrix combining with Acacia, Dodonaea,
Banksia, Casuarina, Pandanus and Petalostigma as sub-canopy taxa. Cochlospermum and
Sapindaceae (c.f. Atalya) are introduced into this mixed woodland at this point. Dryland Myrtaceae rise
(to 17%) at 377cm to dominate other sclerophyll taxa. Monsoonal forest associations are not a
widespread vegetation feature (<2% each). Small (but increasing Rhizophora) numbers are

incorporated into this zone.

B1.4. GIR-4(372-320 cm bss, 9870-8670 cal BP)

Four details stand out in GIR-4; (1) consistently high Poaceae (>65%), and (2) reduced sample-to-
sample variation. Further, (3) mangrove taxa increase (Rhizophora, coinciding with a Ceriops/Bruguiera
return). In response, (4) dryland and wetland Myrtaceae are at their lowest in the record (< 5%) to this
point. Relative to the Myrtaceae, other sclerophyll taxa are slightly higher (< 7%). The individual values
of Dodonaea, Acacia, Pandanus, Petalostigma and Terminalia are greater or on par with those for
Eucalyptus and Corymbia, Melaleuca and Leptospermeae, and intermingle with minor Arecaceae,
Bracychiton, Cochlospermum, Calytrix and Fabaceae. Loranthaceae is also a part of this community.
Monsoonal forest taxa show small but increasing abundances toward the top of the zone; beginning
€.9450 cal yr BP, incorporating nine taxa, best represented by the Cannabaceae types Trema and
Celtis but also reflected in the lianas. Small volumes of herbs are present amidst the Poaceae; forbs
outnumber sub-shrubs and include Asteraceae, Euphorbia, Fabaceae types and Laminaceae-
Pogostemon. Sedge (and similar) taxa do not fluctuate to the extent seen in earlier zones (maintaining
6-10%) and remains dominated by Cyperus. Aquatics (Nymphoides prominent) are initially higher.

Conversely, Pteridophytes are absent at first then return in low numbers.

By around 9710 cal yr BP (365 cm bss) charcoal accumulations have increased to one of the highest
values recorded. Charcoal accumulation rate declines thereafter (but remains above previous levels),
through to ~9250 cal yr BP (345 cm bss), then rise again. A similar trend in pollen concentration is less

pronounced.
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B1.5. GIR-5(320-175 cm bss, 8670-2975 cal BP)

Sediments in this zone comprise dark, organic and consolidated peat materials, continuing up-core into
GIR-6 and GIR-7. This zone features a band of sand, spanning 287-266 cm bss (7125 — 6075 cal yr
BP). The approximate depth of this sand corresponds with a series of changes in the pollen
assemblage. Charcoal shows sustained increases via a series of spikes, reaching highest values in the
record at 223cm bss (4080 cal yr BP) and 180cm bss (3070 cal BP; around 1 million particles/cm?

each).

Further mangrove expansions take place until ¢.6600 cal yr BP (c.277cm bss, >10%), after which
percentages decline but are maintained for the remainder of the core (2-3%). Rhizophora is the
principle taxon; Ceriops/Bruguiera show lower values and fluctuate to a greater extent. Poaceae
decreases from GIR-4 and fluctuates between 23-46% of the pollen sum. The presence of herbs is
small but consistent. Haloragaceae, Asteraceae and Euphorbia remain the major taxa, accompanied by

Solanaceae/Solanum, Fabaceae (c.f. Jacksonia) and Amarathaceae types.

Sedges (and similar taxa) expand from GIR-4, building to a mid-zone high (~30%, centered on 245 cm
bss, 5100 cal yr BP). Cyperus remains most common, however previously minor Cyperaceae increase.
Eleocharis, Fimbristylis and greatest representations in Dapsilanthus and Typha are incorporated (the
latter in separated peaks). Lianas may also be contributing to this wetland community (Vitaceae, for
example, contains species known to occupy shallower parts of Melaleuca swamps, Cowie et al., 2000).
Indications of wetland (and water depth) expansion are reinforced mid-zone with rises in aguatics.
Utricularia is recorded for the first time and higher Nymphaea occurs (c. 255 cm bss, 5555 cal yr BP),

maintaining constant percentages from this point onwards.

Total woody taxa increase through GIR-5. Dryland associated Myrtaceae strengthen towards the top of
the zone (to 25%). Gradual increases in Eucalyptus pollen types are recorded (dominated by the E.
tetradonta type). Total Corymbia pollen is more consistent through this zone, at lower values than the

Eucalyptus, and Calytrix is present throughout (rising slightly from previous zones). Wetland Myrtaceae
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also increase toward the upper zone, jumping in value after the sedge group expansion (notably
Melaleuca-A). The minor Melaleuca pollen types show rough alternation with Leptospermum and
Asteromyrtus, suggestive of some flux in wetland secondary tree and/or shrub growth within a
Melaleuca-A canopy. Non-Myrtaceous sclerophyll taxa consist of 19 pollen types (the highest
recorded), incorporating the first appearance of three taxa (Erythropleum, Euphorbiaceae
(Excoecaria/Homolathus), Malvaceae types). This group’s stronger presence continues from GIR-4,
higher at the base of the zone (to 14%, 287-277 cm, ¢. 7125-6610 cal yr BP), declining from then on,
driven by falling Acacia and in particular Pandanus (from peak values 298-266 cm bss, c. 7676-6070
cal yr BP). Secondary and more stable taxa include Petalostigma, Dodonaea and Terminalia.
Casuarina and Fabaceae pollen are better represented early in the zone, Banksia and Cochlospermum
later. Monsoonal forest taxa maintain ~5% of the pollen sum, but nonetheless comprise a broader
range of 15 taxa. Trace values of Trema, Urticaceae/Moraceae and Glochidion are the most re-
occurring. Other taxa such as Barringtonia, Anacardiaceae and Celtis are more intermittent. The

reminder are sporadic.

B1.6. GIR-6 (175-130 cm bss, 2975-2042 cal BP)

Fluctuations between charcoal samples have become comparatively less dramatic in this unit. Values
remain lower than zone five peaks, but higher than the early Holocene average. Pollen concentrations
dip slightly mid zone, then maintain consistency. Pollen assemblages are comparable between

samples. Dryland Myrtaceae and Poaceae become near even in representation (averaging 32.25 and

33.75% of the pollen sum, respectively) and together characterize this zone.

Eucalyptus, followed by Corymbia, increase in dominance as woodland arboreal taxa. Calytrix is
present, maintaining similar values to the minor Eucalypteae pollen types (and in continuation from the
upper half of GIR-5). These combine with a reduced range and abundances of secondary woody taxa
(11 sclerophyll and 8 monsoonal-forest taxa). Terminalia, Petalostigma and Dodonaea are the best
represented. Trace values in other sclerophyll taxa include Acacia, Arecaceae, Banksia,

Cochlospermum and Fabaceae type. Callitris is new to the sclerophyll group. Very low forest
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representatives include Celtis, Trema, Ficus, Annacariaceae, Barringtonia and Premna. In the wetland
zone, Melaleuca-A is the primary tree. Lesser Melaleuca pollen types now overlap with minor
Leptospermum, although Asteromyrtus has faded from the zone. The sedge group declines overall,
driven by fallen Cyperaceae values (Cyperus to a greater degree) and where Typha is not recorded.
Slight co-recorded increases in Utricularia and Dapsilanthus, alongside Nymphoides, occur at 158cm

bss (2625 cal yr BP).

With the exception of a single upper-zone sample, herbaceous taxa consistently make up c.3 percent of
the pollen sum. A greater range of sub-shrubs occurs comparative to forbs. Subshrubs consist of
Amaranthaceae, Cariospermum, Fabaceae (c.f. Jacksonia), Malvaceae (c.f. Sida), Solanaceae-
Solanum and Spermacoce. Apiaceae (Platysace) and Haloragaceae are the only forbs recorded, the

latter more common.

B1.7. GIR-7(130-30 cm bss, 2042-442 cal BP)

Between 130-40cm the dark organic peats become progressively less consolidated and more fibrous.
From 40cm bss, the peat is less decomposed, and incorporating algae and a higher water content
(2.5Y, 3/1, very dark grey) toward the surface. With this change, pollen concentrations gently decline.
Higher charcoal inputs are maintained until 91cm (1400 cal yr BP), with a prominent decrease mid-zone
(73cm, 1150 cal yr BP). Burning expands again toward 40cm bss (600 cal yr BP, noting the bulk of

charcoal concentrations remain comparable to GIR-6).

Across the zone boundary from GIR-6 Poaceae falls to values less than terrestrial woody taxa; dryland
associated Myrtaceae dominate GIR-7 and the fall in grasses is constant (Poaceae ranges 21-30% and
dryland Myrtaceae 37-47%). Eucalyptus and Corymbia reach their maximum extent in this zone and
appear to co-dominate (where small peaks in one do not occur at the expense of another). Calytrix
declines, but remains present. Sixteen non-Myrtaceous sclerophyll taxa are incorporated (3-7% for the
group). Of these, Pandanus, Petalostigma and Terminalia are the highest recorded (elevated

percentages spanning approximately 100-90cm bss, 1540-1390 cal yr BP). Acacia, Arecaceae,
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Casuarina and Dodonaea pollen are slightly less frequent, while Banksia, Callitris and the Fabaceae
types are intermittent. Grevillea/Hakea, Malvaceae, Euphorbiaceae (Excoecaria/Homolanthus) return
after absences of considerable depth. Cochlospermum and Rutaceae/Araliaceae disappear following

an early presence, possibly in response to Eucalyptus competition. .

Wetland Myrtaceae also expand to maximum extent (20%). Melaleuca-A remains the principle taxon (to
12%) and Melaleuca-B is at its most abundant for the record (5.5%). Remaining Melaleuceae are
variable but remain low, peaking at different stages. Leptospermum alternates between the melaleucas
while Asteromyrtus appears in the majority of samples at trace values. Ten monsoon-forest associated
taxa are distributed throughout the zone. Trema is the best represented pollen type, Bombax and
Glochidion/Nauclea also occurring more than once. A small mid zone rise in in the wetland Myrtaceae
and other woody sclerophyll groups (97-91cm bss, 1490-1400 cal yr BP) sees a corresponding decline

in dryland Myrtaceae and forest affiliated taxa.

Herbaceous taxa roughly divide mid zone. A greater array of sub-shrubs occurs through the lower half
of GIR-7, switching to majority (and an increased range) of forbs in the upper. Amaranthaceae,
Cardiospermum, Solanceae-Solanum, Spermacoce, the Euphorbiaceae and Fabaceae sub-shrubs give
way to Apiaceae (Platysace), Alysciarpus, Macroptilium, Haloragaceae, Liliaceae and Murdannia.
Asteraceae is the one exception, with strongest representation zone wide. Sedge and other wet ground
taxa maintain similar group abundances to the previous zone (c.10%), but include maximum Utricularia
and a temporary expansion in Dapsilanthus. Both deeper (Nymphaea) and shallow (Nymphoides)
aquatics are ongoing (to 5% of the pollen sum) and moisture-favouring lianas are present.

Pteridophytes are absent.

B1.8. GIR-8 (30-0 cm bss, 442 - ¢.20 cal BP)

This zone is marked by a decline in dryland Myrtaceae, with corresponding increases in Poaceae
(down to 24%, up to 34%, respectively). This zone is also separated through increases in sedge (and

similar) taxa. Herbaceous pollen and wetland Myrtaceae remain stable compared to GIR-7, with slight
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rises in the representation of non-Myrtaceous sclerophyll as well as monsoonal forest taxa. Aquatics

increase in the uppermost sample.

A number of non-myrtaceous woody taxa (sclerophyll and forest) are lost in the transition from Gir-7,
however many of those remaining increase in abundance. Pandanus and Petalostigma are common,
and combine with increasing Terminalia (notably), Acacia, Arecaceae and Casuarina. Fabaceae types
and Dodonaea are also present. Accompanying forest taxa include Bombax, Celtis, Euphorbiaceae
(Macaranga), Ficus, Podocarpus, Trema and Urticaceae/Moraceae. Eucalyptus and Calytrix pollen
initially decline but stabilize toward the surface. Corymbia decrease throughout the zone.
Leptospermum and Asteromyrtus are not recorded toward the surface. Melaleuca-A also falls (although
remains dominant in the wetland zone); conversely minor Melaleuca taxa rise slightly. Small gains in
Cyperus (primarily), Eleocharis/Schoenus, and consistent low values in Fimbristylis, and Dapsilanthus
also characterize the wetland environment. The aquatics Nymphaea and Nymphoides now combine
with minor Potamogeton. Herbaceous cover consists of a similar proportion of sub shrubs to forbs,

although the range of taxa has declined.

Pollen and charcoal curves initially decline before stabilizing at 15¢cm bss (125 cal yr BP), subsequently

falling again toward the surface.





