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Paleoecology has demonstrated potential to inform current and future land management by providing long-term baselines for fire regimes, over thousands of years covering past periods of lower/higher rainfall and temperatures. To extend this potential, more work is required for methodological innovation able to generate nuanced, relevant and clearly interpretable results. This paper presents records from Cape York Peninsula, Queensland, Australia, as a case study where fire management is an important but socially complex modern management issue, and where palaeofire records are limited. Two new multiproxy palaeofire records are presented from Sanamere Lagoon (8,150–6,600 cal BP) and Big Willum Swamp (3,900 cal BP to present). These records combine existing methods to investigate fire occurrence, vegetation types, and relative fire intensity. Results presented here demonstrate a diversity of fire histories at different sites across Cape York Peninsula, highlighting the need for finer scale palaeofire research. Future fire management planning on Cape York Peninsula must take into account the thousands of years of active Indigenous management and this understanding can be further informed by paleoecological research.
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INTRODUCTION

The response of fire under changing climate conditions is an increasingly critical management issue in Australian environments and globally (Commonwealth Scientific and Industrial Research Organisation [CSIRO], 2009, 2021). Paleoecological studies have great potential to provide long-term baselines to better understand “linkages between climate, vegetation, fire regimes and humans” (Gillson et al., 2019, p.1) which is a critical research area worldwide (Bowman et al., 2011). This could improve modeling of future fire conditions under climate change, based on observations of conditions under past climatic shifts, and thereby inform present-day land management. However, the interpretation and application of paleoecological findings to modern and future landscape management is still in its infancy. While regional and global approaches to trends in fire activity are useful for understanding long-term trajectories in wildfire activity (Marlon et al., 2015), more local approaches are needed for studies of past fire to be interpretable in a way that is applicable to modern management issues (e.g., Carter et al., 2021). Delivering on the promise of paleoecology still requires experimentation in Australia. We examine Cape York Peninsula, Queensland, as an ideal location to begin investigating the possibilities of paleoecology within fire-prone tropical savanna environments.

The Cape York Peninsula bioregion covers approximately 122,565 square kilometers (Department of Agriculture, Water and the Environment, n.d.), making up around 6% of Australia’s tropical savanna region (Beringer et al., 2015). Despite ∼40% of the region being grazed (as of 2005; Department of Agriculture, Water and the Environment, 2008), Cape York Peninsula is known as a “pristine wilderness” area (Cape York Sustainable Futures, 2010 p. 13) that has been investigated for possible nomination to World Heritage status for both natural and cultural values (Department of Sustainability, Environment, Water, Population and Communities, 2012).

Fire has been identified as a management issue for the Cape York Peninsula region (Department of Agriculture, Water and the Environment, 2008), with a lack of fire leading to the declining health of heaths and an absence of active fire management leading to large, severe fires and thickening of woody vegetation (Department of National Parks, Sport and Racing, 2013). Fire frequency has also had observed biodiversity effects, such as varied effects on the composition of bird communities (Perry et al., 2011) and feral cat behaviors, with cats showing a preference for recent fire scars (McGregor et al., 2017). Carbon farming initiatives that seek to provide payment for enhanced ecosystem benefits, resulting from controlled early dry season burning, have recently begun in the region (Aboriginal Carbon Foundation, 2019; Queensland Government, 2021), although the relationship between this type of fire regime and possible co-benefits for diversity is potentially complicated (Perry et al., 2016).

Socially, fire management issues on Cape York Peninsula are complex, due to the interplay between the different priorities of pastoralists, Traditional Owners, other industries such as mining, and the Queensland Parks and Wildlife Service (Drucker et al., 2008; Perry et al., 2018; Department of Environment and Science, 2021). Additional factors include fire management policy (e.g., Ockwell, 2008) and general public attitudes, both in favor of, and against, anthropogenic burning (Ockwell and Rydin, 2006). Complexities are not limited to conflicting management priorities but also include differing timings of firing for different vegetation communities across the vast peninsula region; the five vegetation community types and their varied fire requirements identified by Steffensen (2021) in Awu-Laya country (the Laura region of southern Cape York Peninsula) alone demonstrate the need to understand past, present and future fire at finer scales than it is often studied. As Cape York Peninsula is a tropical savanna environment, modeling of fire into the future for this region is also complex, as estimates of future fire activity under warming conditions indicate potentially more fire, less fire, or negligible change (Williams et al., 2001; Pitman et al., 2007; Moritz et al., 2012).

Studies of past fire (palaeofire) can contribute to improving our understanding of both contemporary fire issues and future fire predictions by providing a long-term baseline for fire activity (Lynch et al., 2007). For Cape York Peninsula, this long-term record includes critical information on fire regimes under Indigenous land management prior to European arrival, data which are currently lacking (Crowley, 1995). Disentangling interactions between fire, climate and humans represents a key component of understanding this long fire history (Lynch et al., 2007). Additionally, understanding fire regime changes in the past and into the future under changing climate conditions requires the identification of fire characteristics, not simply the presence or absence of fire. Despite the low number of published palaeofire records in this vast region (5 on the mainland, 7 from offshore Torres Strait islands), Cape York Peninsula is still the best represented area within Australia’s savanna zone for palaeofire research (International Paleofire Network, 2021). The studies that exist primarily use a single fire proxy, microscopic charcoal (Rowe, 2005; Luly et al., 2006; Moss et al., 2015), or a combination of microscopic and macroscopic charcoal (Proske and Haberle, 2012; Stevenson et al., 2015). Previously published records have suggested that lake expansion and stabilization occurred in the region during the mid-Holocene (Luly et al., 2006) and burning increased at several sites in association with human activity (Stephens and Head, 1995; Rowe, 2005, 2007; Proske and Haberle, 2012; Lentfer et al., 2013); this will be described in detail in the Discussion.

This paper suggests that in order to meaningfully contribute to current and future fire problems, palaeofire research must address current limitations to improve the discipline’s provision of more nuanced knowledge for modern and Quaternary sciences (e.g., Woodward and Haines, 2020). For example, for Cape York Peninsula, few studies have tested the applicability of methodologies developed elsewhere to Australian savanna contexts (Rehn et al., 2021; Rehn et al., in press). Lynch et al. (2007) also identify shortcomings of the use of microscopic charcoal as a fire proxy due to interpretive issues, and the need to develop methodologies to better pinpoint human influences. This fits within a broader need for methods that can identify fire characteristics beyond the presence of more or less fire; this is a methodological challenge that can be addressed through a novel combination of existing techniques. Methods that measure the occurrence of fire or amount of biomass burned based on different fire products (charcoal counting and chemical isolation of pyrogenic carbon) can be used together with methods investigating fuel types (charcoal morphology and stable carbon isotopes) to create a more nuanced characterization of past fire.

This study addresses the methodological gap identified above through the application and critical assessment of techniques developed outside of Australian savanna ecosystems. This includes a combination of techniques to investigate factors such as fuel type and spatial differences in fire signal (local versus regional). It also applies the relative fire intensity estimation method presented in Rehn et al. (2021) to Cape York Peninsula to better understand this region’s characteristics of past fire beyond fire incidence, to better identify possible anthropogenic influences. The paper is part of a series of studies presenting new paleoecological records for northern Australia to fill the identified Quaternary knowledge gaps (Rowe et al., 2019, 2020; Rehn et al., 2021). The new data presented here represent a mid-Holocene fire record for Sanamere Lagoon, northern Cape York Peninsula (introduced in Rehn et al., in press), and a late Holocene fire record for Big Willum Swamp, Weipa (previously studied by Stevenson et al., 2015; Figure 1). This region is large but relatively contained (i.e., as a peninsula), is ecologically diverse and, valuably, incorporates a range of site types suitable for paleoecological study. Cape York Peninsula also has complex modern fire issues, both socially and environmentally.
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FIGURE 1. Site locations for new records presented in this paper: (A) Australia with the extent of savanna vegetation indicated by shading (see Fox et al., 2001), showing the study area of Cape York Peninsula, (B) the study area with locations of new records marked with circles, existing record locations marked with diamonds, and the Cape York Peninsula bioregion is shaded in gray (after Department of Agriculture, Water and the Environment, 2021). For a detailed map of paleoenvironmental records across all of northern Australia see Reeves et al. (2013).




SITE DESCRIPTIONS AND METHODS


Cape York Peninsula

Cape York Peninsula forms the northernmost extension of the state of Queensland, Australia. The region is classified as equatorial/tropical savanna with a dry winter under the Köppen-Geiger climate classification (Kottek et al., 2006; Peel et al., 2007). Average annual rainfall across the region is 1450 mm, primarily falling from November to April (Bureau of Meteorology [BOM], 2019) driven by the Australian Monsoon and modulated on inter-annual timescales by the El Niño-Southern Oscillation (ENSO) (Bureau of Meteorology [BOM], 2008). Soils across Cape York Peninsula include 113 identified types, with a predominance of acidic and infertile soil types low in phosphorus (Biggs and Philip, 1995). The region is part of the greater savanna zone of northern Australia; for more detail on the distribution of vegetation types across the north into the Northern Territory and Western Australia, see Fox et al. (2001) and the Department of Environment and Water Resources (2007). The most widespread vegetation type is Eucalyptus woodlands (64% of total area), followed by Melaleuca woodlands (∼14%), and “miscellaneous communities” including mangroves and wetlands (∼7%) (Neldner and Clarkson, 1995). Fire frequency varies across the peninsula, with shorter fire return intervals in western and central regions than in the far north and the eastern coast (Figure 2; Northern Australian Fire Information, 2021), separated by the higher elevations of the most northerly section of the Great Dividing Range (Geoscience Australia, 2015). The western and eastern regions are also distinct in when biomass cures (dries and becomes flammable), with biomass fuels in the west curing earlier in the year than the east (Department of National Parks, Recreation, Sport and Racing, 2013). Parts of the west coastal region burned almost every year between 2000 and 2020, while areas along the east coast burned in five or less of the years in the same period (Northern Australian Fire Information, 2021). The study sites presented in this paper fall within both the broader regions of low fire frequency (Sanamere Lagoon) and high fire frequency (Big Willum Swamp).
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FIGURE 2. Years burnt 2000–2020 for Cape York Peninsula (after Northern Australian Fire Information, 2021).


While the oldest published date for human occupation on Cape York Peninsula is approximately 35,000 BP, the majority of archeological sites and paleoenvironmental records in the region date to the Holocene (Haberle and David, 2004) including initial occupation of Torres Strait (∼8,000 BP; David et al., 2004) and offshore islands (∼4,000 cal BP for Lizard Island; Lambrides et al., 2020). For a detailed map of archeological sites and radiocarbon distributions refer to Williams et al. (2015).



Sanamere Lagoon

Sanamere Lagoon (11.12°S, 142.35°E; 15 m a.s.l.) is a shallow water body covering approximately 1.5 × 2 km and is located ∼20 km south of Bamaga, northern Cape York Peninsula, Australia (Figure 3). The lagoon is part of the Jardine River Wetlands Aggregation and is classified as a sub-coastal wet heath swamp (Department of Environment and Science, 2018b). Maximum water depth recorded in April 2016 was 1.25 m, and most of the lagoon is perennially wet (from LANDSAT imagery 1970–2018; Department of the Prime Minister and Cabinet, 2019). Sanamere Lagoon lies in an enclosed basin surrounded by higher elevation land and has an approximate catchment area of 9 km2 (Geoscience Australia, 2015).
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FIGURE 3. Satellite imagery and on-site photos of sites presented in this study; (a) Sanamere Lagoon satellite image (Google Earth, 2021b), (b) Sanamere Lagoon dwarf heathland vegetation, (c) open woodland vegetation 300 m from Sanamere Lagoon, (d) Big Willum Swamp satellite image (Google Earth, 2021a), (e) open woodland showing the wet season high water mark of Big Willum Swamp, (f) open woodland vegetation with grassy understorey beyond the Big Willum Swamp high waterline.


The site has a mean annual rainfall of ∼1,750 mm, measured from the nearest weather station on Horn Island ∼55 km north of Sanamere Lagoon, with > 90% occurring between December and April (Bureau of Meteorology [BOM], 2021a). Average daily temperatures range between 25.5 and 30.2°C (Bureau of Meteorology [BOM], 2021a. Wind direction is seasonally variable with predominantly north-northwesterly and southeasterly winds in January and July, respectively (Bureau of Meteorology [BOM], 2021a).

Sanamere Lagoon overlays Pleistocene sand with some silt and clay, bordered by deeply weathered Middle Jurassic to Early Cretaceous quartzose sandstone and micaceous carbonaceous siltstone (“Helby Beds”; Bureau of Mineral Resources, Geology and Geophysics, 1977). Deep bleached sands (Ca43: Uc2.21) and deep sandy mottled yellowish red earths (Mt9: Gn2.64) are dominant soils in the area (Northcote et al., 1960–1968).

Rehn et al. (in press) present a detailed description of vegetation at the site. Vegetation at Sanamere Lagoon can be divided into three main groups. The vegetation at the edge of the lagoon is closed sedgeland with scattered Pandanus and emergent sedges (Eleocharis and Schoenus) extending in bands into the water (Brass, 1953). This sedgeland transitions sharply to open heathland, the dominant vegetation type in the broader Sanamere Lagoon catchment. The heath forms a near treeless shrubland dominated by Neofabricia, Asteromytus, Baeckea, Jacksonia, Hibbertia, Thryptomene, Allocasuarina, and Grevillea (Neldner and Clarkson, 1995; Department of Environment and Science, 2019). Grasses are minimal, with ground cover consisting of clumped Schoenus sedges on wetter soil areas and drainage lines (Rehn et al., in press). The heathland vegetation group extends approximately 300 m from the waterline, transitioning into Eucalyptus woodland with an increase in trees and overall canopy height. The open woodland is dominated by Eucalyptus tetrodonta with Corymbia nesophila codominant (Neldner and Clarkson, 1995; Neldner et al., 2017). Smaller sub-canopy trees include Acacia species, Grevillea glauca, and Grevillea pteridifolia, along with Lomandra and Asteromyrtus species present as shrubs (Rehn et al., in press). Ground cover in this area is dominated by grasses (Poaceae), and leaf litter is present. The area immediately surrounding Sanamere Lagoon burned in 7 of the years from 2000 to 2020, with some areas burning every year at their most frequent (including 2018–2019 and 2019–2020; Northern Australian Fire Information, 2021).

Sanamere Lagoon lies within the Apudthama Land Trust Area (Apudthama Land Trust, 2018) and is immediately adjacent to the Jardine River National Park to the east, gazetted in 1977 (Queensland National Parks and Wildlife Service, 1996). The border of the national park follows the Old Telegraph Track, created in 1887 alongside the overland telegraph line (Horsfall and Morrison, 2010); the Old Telegraph Track was the only access point to the town of Bamaga to the north, established 1949–1952, until development of the Bamaga Road (Queensland Government, 2015). No dated archeological information has been published from the surrounding region.



Big Willum Swamp

Big Willum Swamp (12.657°S, 141.998°E; 30 m a.s.l.), also known as Willem Swamp or Waandriipayn (Stevenson et al., 2015), is located near Weipa, western Cape York Peninsula, Australia, within an active bauxite mine (see Figure 3). The swamp covers approximately 250 × 600 m and is classified as a palustrine system (Department of Environment and Science, 2018a). The Traditional Owners of the site are the Peppan people (Stevenson et al., 2015; Queensland Government, 2017). Maximum water depth recorded in July 2017 was 3.5 m, and the swamp is perennially wet (from LANDSAT imagery 1970–2018; Department of the Prime Minister and Cabinet, 2019). The swamp has a small catchment area of ∼0.75 km2 and is surrounded by terrain with limited (∼10 m) elevation variation (Geoscience Australia, 2015).

Big Willum Swamp has a mean annual rainfall of ∼1,790 mm, measured from the nearest weather station Weipa Eastern Ave ∼13 km away, with > 90% occurring between December and April (Bureau of Meteorology [BOM], 2021b). Average daily temperatures range between a mean minimum of 21.8°C and mean maximum of 32.3°C (Bureau of Meteorology [BOM], 2021b). Wind direction is multi-directional and low speed in January while predominantly southeasterly in July (Bureau of Meteorology [BOM], 2021b).

Big Willum Swamp is located on the Weipa Plateau, a Quaternary and Tertiary aluminous laterite including bauxite (Bureau of Mineral Resources, Geology and Geophysics, 1976). The swamp in its current state was formed by the collapse of underlying laterite karst (see Grimes and Spate, 2008). Bauxitic “deep loamy yellowish red earths” are dominant in the surrounding area (Northcote et al., 1960–1968).

The vegetation around Big Willum Swamp is open woodland, and this is also the principal habitat found across the broader Weipa Plateau (Cameron and Cogger, 1992). The site is surrounded by open Eucalyptus woodland with Eucalyptus tetrodonta, Corymbia nesophila codominant (Neldner et al., 2017). The sparse, poorly developed shrub layer contains Coelospermum and Persoonia and the “mid-dense” ground layer of grasses is dominated by Heteropogon, Sarga, and Alloteropsis (Cameron and Cogger, 1992; Neldner et al., 2017). The area surrounding the swamp burned in 6 to 12 of the years 2000–2020, with small patches burning every year at their most frequent, outside of the swamp’s immediate catchment area (Northern Australian Fire Information, 2021).

Extensive archeological sites have been recorded in the Weipa area, including the Wathayn cultural complex four kilometers south of Big Willum Swamp (Shiner et al., 2013). Archeological evidence suggests Indigenous occupation of the Weipa region by ∼2,700 cal BP with an increase in occupational intensity of site use after 1,000 cal BP (Shiner and Morrison, 2009; Morrison, 2014). A Presbyterian mission was established on the Embley River in 1898, named Weipa Mission the following year (Weipa Town Authority, 2014; Queensland Government, 2017). Bauxite mining at Weipa began in 1956, with construction of Weipa township beginning in 1964 (Weipa Town Authority, 2014). Mining leases in the Weipa area span 3,860 km2, including active mining areas and land undergoing rehabilitation (Rio Tinto, 2017).



Sample Collection and Chronology

The new fire records are presented here for Sanamere Lagoon (uppermost samples presented in Rehn et al., in press) and Big Willum Swamp (previously studied by Stevenson et al., 2015; Proske et al., 2017) were created using the following methods (presented in detail in Rehn et al., 2021). Sediment cores were collected during fieldwork in 2016–2017 using a D-section corer at Sanamere Lagoon (SAN1) and a raft-mounted hydraulic corer modified from Eijkelkamp equipment at Big Willum Swamp (BWIL2). Cores were continuously sampled at 0.5 cm intervals to a depth of 24 cm (SAN1) and 13 cm (BWIL2).

Lead-210 and carbon-14 sample preparation and analysis was undertaken at the Australian Nuclear Science and Technology Organisation (ANSTO). Lead-210 dating was conducted only on samples from BWIL2; sufficient sample volumes were not available from the uppermost depths of D-section core SAN1 for lead-210 dating. For details on lead-210 dating methodology see Rehn et al. (in press). Lead-210 dates were converted to calendar years BP (reported as years before 1950 CE) and were combined with radiocarbon dates to create a Bayesian age-depth model using the rBacon package in R (see R Development Core Team, 2013; Blaauw et al., 2019). This process included calibration of radiocarbon dates to cal BP using the Southern Hemisphere calibration curve SHCal20 (Hogg et al., 2020).



Sediment Elemental Composition

Sediment cores were scanned using an Itrax™ μXRF core scanner at ANSTO to provide sediment elemental composition as context for the fire record. Elemental analysis was conducted on core BWIL2 only, as D-section core SAN1 was subsampled in the field. The BWIL2 core was scanned at 1,000 μm intervals with 10 s exposure, using a Molybdenum X-ray tube. Elements of interest were selected from interpreted elements listed by Davies et al. (2015), such as detrital elements Ti, Al, and Fe, including the ratio of incoherent to coherent scatter (Mo ratio) interpreted as an organic signal. Elemental counts were normalized using the procedure described by Weltje et al. (2015), with counts divided by the incoherent scatter for that depth. Measurements included magnetic susceptibility, often associated with erosion and detritus (Davies et al., 2015). Principal components analysis on elemental data was completed using R.



Charcoal, Pyrogenic Carbon and Stable Isotope Analysis

Sample preparation for fossil charcoal particle counting was completed following the procedure described by Stevenson and Haberle (2005) and Rehn et al. (2021). Prepared samples at 0.5 cm intervals were separated into three size fractions by wet sieving: >250 μm, 250–125 μm, and 125–63 μm. Macroscopic charcoal (>125 μm) is broadly interpreted here as representing a local signal, while microscopic charcoal represents a more regional signal; it is not possible to ascribe specific distance sources to these sizes as debate regarding source areas is ongoing (Vachula et al., 2018). Charcoal particles in each size fraction were counted, and measured (maximum length and width) using an eyepiece scale via stereomicroscope. Charcoal particles with length-width ratios of 3.6 or greater were categorized as “elongate” and attributed to grassy fuels (Umbanhowar and McGrath, 1998; Rehn et al., in press).

Sample processing for the determination of pyrogenic carbon content and carbon isotope composition by hydrogen pyrolysis was completed for bulk sediments and the <63 μm fraction, retained from the preparation for charcoal analysis as described above (as per Wurster et al., 2012 and Rehn et al., 2021). Pyrogenic carbon δ13C values were corrected using the formula presented by Wurster et al. (2012), reported against the international V-PDB reference scale with an uncertainty of ± 0.1 ‰. Stable carbon isotope (δ13C) values of −24 ‰ or less are attributed to C3 plants while values of −15 ‰ or greater are attributed to C4 plants (grasses), with values between these end members indicative of mixed C3-C4 biomass contribution (O’Leary, 1988; Wurster et al., 2012; Saiz et al., 2018). Tropical grasses in northern Australia are predominantly C4, allowing for interpretation of the relationship between C3 and C4 values as the relationship between woody fuels and grasses (Saiz et al., 2015). Charcoal counts and pyrogenic carbon abundances were converted to rates of influx using recorded sample volume and mean sedimentation rate derived from the age-depth model. Z-scores were calculated for charcoal and pyrogenic carbon fluxes to determine relative fire intensity, as described in Rehn et al. (2021).




RESULTS


Sanamere Lagoon

The Sanamere Lagoon record presented here spans the mid-Holocene, from approximately 8,150 to 6,600 cal BP (Supplementary Figure 1), noting sedimentation at the site is documented as having begun in the Pleistocene (Comley, 2017; Rivera Araya et al., 2020). Radiocarbon dates for core SAN1 are presented in the Supplementary Table 1. Charcoal and pyrogenic carbon fluxes peak early in the record, from 8,150 to 7,900 cal BP (Figure 4). High relative fire intensities span approximately 8,050–7,900 cal BP (Figure 5). After 7,900 cal BP, all fire proxies decline sharply and remain at lower levels for the rest of the record, with a minor increase in charcoal fluxes 6,750–6,670 cal BP. Elongate charcoal particles are present throughout the record, which would usually be interpreted as grass input. However, δ13C values are consistently low (<−24 ‰) and suggest input by C3 vegetation with negligible C4 contribution. The elongate charcoal particles in SAN1 are therefore interpreted as deriving from C3 sedges (present at the site today), rather than deriving from grasses which are predominantly C4 in northern Australia (Rehn et al., in press).
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FIGURE 4. Stratigraphic plot of data from Sanamere Lagoon core SAN1, plotted by age. Proxies plotted are sediment moisture (percentage), charcoal fluxes by size fraction, charcoal elongate particle percentages, pyrogenic carbon fluxes by size fraction, pyrogenic carbon δ13C, and Z scores for total charcoal particles and bulk pyrogenic carbon.
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FIGURE 5. Z scores of total charcoal particle influx (gray dashed line, triangle markers) and pyrogenic carbon influx (black line, circle markers) for Sanamere Lagoon core SAN1. High relative fire intensities (red bars) are identified by positive pyrogenic carbon Z scores and low to negative total charcoal Z scores.




Big Willum Swamp

The Big Willum Swamp record presented here spans the late Holocene, from approximately 3,900 cal BP to modern (Supplementary Figure 2). Lead-210 and radiocarbon dates for core BWIL2 are presented in the Supplementary Tables 2,3. Elements Al, K, Ca, Ti, Mn, and Fe were identified as detrital in the BWIL2 record by PCA, and are inversely related to organic deposition (Mo ratio) (Supplementary Figure 3). Magnetic susceptibility and all detrital elements decline around 1,700 cal BP. Deposition of organics (indicated by increased Mo inc/coh ratio), charcoal, and pyrogenic carbon increase after ∼1,700 cal BP and peak over the last approximately 600 years (Figure 6). Peak fire occurrence over the last century is considered to be at high relative fire intensities (Figure 7). Trends are comparable across all charcoal size fractions and low levels of macroscopic charcoal are present for most of the record. Elongate charcoal particles are present throughout the record, and δ13C values suggest consistent mixed C3-C4 contribution (−16 ‰ to −20 ‰) for bulk pyrogenic carbon, with −20 ‰ to −27 ‰ for < 63 μm pyrogenic carbon due to the Stable Isotope Disequilibrium Effect (Saiz et al., 2018).
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FIGURE 6. Stratigraphic plot of data from Big Willum Swamp core BWIL2, plotted by age. Proxies plotted are Mo ratio (organic signal), charcoal fluxes by size fraction, charcoal elongate particle percentages, pyrogenic carbon fluxes by size fraction, pyrogenic carbon δ13C, and Z scores for total charcoal particles and bulk pyrogenic carbon.
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FIGURE 7. Z scores of total charcoal particle influx (gray dashed line, triangle markers) and pyrogenic carbon influx (black line, circle markers) for Big Willum Swamp core BWIL2. High relative fire intensities (red bars) are identified by positive pyrogenic carbon Z scores and low to negative total charcoal Z scores.





DISCUSSION

The Sanamere Lagoon record presents high fire occurrence and relative fire intensity in the mid-Holocene, followed by a decline from 7,900 cal BP. Despite variations in fire occurrence and intensity, vegetation composition at Sanamere Lagoon appears consistently C3-dominated, comparable to the modern dwarf heathland at the site. The Big Willum Swamp record shows markedly increased fire occurrence and relative fire intensity in the historic period, and also shows consistent vegetation composition comparable to modern conditions (mixed trees and grass). The following sections will describe the current state of knowledge of past fire on Cape York Peninsula from existing records before outlining how the Sanamere Lagoon and Big Willum Swamp records contribute to and potentially change this understanding.


Existing Records of Past Fire for Cape York Peninsula

Regional syntheses and modeling have characterized the mid-Holocene as warm and wet across northern Australia due to suppression of ENSO and strengthening of the monsoon centered around 6,000 BP (Clement et al., 2000; Liu et al., 2004; McGregor and Gagan, 2004; Zheng et al., 2008; Koutavas and Joanides, 2012; Reeves et al., 2013). The onset of this wet phase appears to have occurred around 8,000 cal BP across Cape York Peninsula, with sedimentation beginning at Big Willum Swamp at this time (Stevenson et al., 2015). Also at this time, rainforest expansion also began at Three-Quarter Mile Lake on eastern Cape York Peninsula along with increasing charcoal, potentially due to the beginning or intensification of Indigenous fire management aimed at maintaining an open landscape in response to encroachment by woody vegetation (Luly et al., 2006; Figures 8, 9). Increased charcoal production and higher frequency burning is also recorded alongside a transition from grassland dominance to thickening woodland on Lizard Island offshore from 7,600 cal BP (Proske and Haberle, 2012). Permanent occupation of the Torres Strait islands also began at this time (David et al., 2004).
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FIGURE 8. Previously published charcoal records from mainland Cape York Peninsula (adapted from Luly et al., 2006; Proske and Haberle, 2012; Lentfer et al., 2013; Stevenson et al., 2015) and the Sanamere Lagoon and Big Willum Swamp records from this study. Black dots represent microscopic charcoal, gray dots represent macroscopic charcoal and red dots represent bulk pyrogenic carbon. Dashed lines indicate interpretable changes in the Sanamere Lagoon and Big Willum Swamp records and show their approximate correspondence with previously published records, with question marks indicating uncertain correspondence where dates are unavailable. Note that scales vary between records and all are plotted relative to depth. Length of Y axis is approximately scaled to maximum age for visual comparison.
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FIGURE 9. A selection of previously published charcoal records from Torres Strait (adapted from Rowe, 2007, 2015); refer to Figure 1 for location of Torres Strait north of Cape York Peninsula. Note that scales vary between records and all are plotted relative to depth. Length of Y axis is approximately scaled to maximum age for visual comparison.


Deepening of Big Willum Swamp between 7,000 and 5,000 cal BP is noted by Stevenson et al. (2015) and Proske et al. (2017) as possibly indicative of higher effective precipitation. A charcoal decline is noted on Lizard Island ∼5,800 cal BP associated with wetter conditions (Proske and Haberle, 2012). A shift from fluctuating brackish conditions to permanent freshwater occurred ∼5,000 cal BP at Three-Quarter Mile Lake attributed to higher effective precipitation, with a continued decline of dryland grasses and increasing woody dominance (Luly et al., 2006).

Mid- to high levels of burning were recorded around 3,800 cal BP on Lizard Island associated with the earliest evidence of human presence (Lentfer et al., 2013). Permanent reoccupation of the Torres Strait islands began shortly after this period (∼3,500–3,000 BP; David et al., 2004), accompanied by increased burning after this time (Rowe, 2005, 2007). Similarly, higher levels of burning and a transition from a shrubby to an increasingly grassy understorey were recorded in association with increased human occupation around Isabella Creek Swamp after 2,700 BP (Stephens and Head, 1995). A hydrological transition from fluctuating to permanent open water conditions occurred at 2,700 cal BP at two swamp sites in Torres Strait on Mua (BG2) and Badu (Bar20) Islands (Rowe, 2015). Increased levels of burning were again recorded at ∼1,500 cal BP on Lizard Island along with Cyclosorus ferns indicative of increased vegetation disturbance (Proske and Haberle, 2012).

Microscopic charcoal increased on Mua and Badu Islands in Torres Strait beginning 1000 cal BP (Rowe, 2015) and a microcharcoal peak was similarly recorded at Big Willum Swamp by Stevenson et al. (2015). Stevenson et al. (2015) noted wet conditions from 600 to 400 cal BP at Big Willum Swamp, overlapping with a period of increased site establishment around Albatross Bay 800–400 cal BP (Morrison, 2014). Higher levels of burning were recorded in Torres Strait from 700 to 500 cal BP with increasing human occupational intensity (Rowe, 2007), promoting an opening of woodlands and encouraging floral diversity (Rowe, 2015).



Contributions of the New Sanamere Lagoon and Big Willum Swamp Records

Climate has been established as wetter than modern in the mid-Holocene, with increased water permanence and woody thickening of savannas and rainforest expansion; coincident with this was increased burning attributed to human attempts to maintain open understoreys. This is seen after 8,000 cal BP and strengthening from 5,000 cal BP at Three-Quarter Mile Lake, and 7,600 cal BP at Lizard Island.

Sanamere Lagoon contributes a record of mid-Holocene fire in a region of northern Cape York Peninsula that currently burns less frequently than areas to the south and southwest. Peak charcoal and pyrogenic carbon fluxes occurred at the start of the SAN1 record from 8,150 to 7,900 cal BP, initially at high intensities, along with consistently low δ13C values for bulk pyrogenic carbon (Figures 4, 5). An abrupt decline in sedimentation rate as well as charcoal and pyrogenic carbon fluxes at Sanamere Lagoon at 7,900 cal BP suggests a potential expansion of the site under the increasingly wet conditions of the mid-Holocene. A peak in < 63 μm pyrogenic carbon at Sanamere Lagoon occurred at ∼7,800 cal BP corresponded to a decrease in δ13C value, potentially reflecting regional burning including of grassy fuels beyond the catchment of the site (due to the Stable Isotope Disequilibrium Effect; Saiz et al., 2015). Charcoal flux increased again at the lagoon from ∼6,800–6,000 cal BP, but at lower levels than those seen prior to 7,900 cal BP.

Climate in the late Holocene was drier and increasingly variable compared to the mid-Holocene, with varied timing of transitions from shrubby to more open and grassy vegetation. Humans also became a more significant ignition source through time. This is recorded on Lizard Island at 3,800 cal BP (more fire attributed to humans) and 1,500 cal BP (more fire and disturbance), Torres Strait after 3,000 cal BP (more fire and opening vegetation) as well as 1,000 cal BP (more fire attributed to humans, also seen regionally at Big Willum Swamp) and 500 cal BP, and Isabella Creek Swamp at 2,700 cal BP (more fire attributed to humans and more grass).

The Big Willum Swamp record presented in this study contributes a multiproxy late Holocene fire record from within a broader region that today burns very frequently, but within a small local area that currently burns less often than the surrounding plateau due to its location within a bauxite mine (Northern Australian Fire Information, 2021). The oldest modeled age for core BWIL2 is ∼3,920 cal BP, associated with low sedimentation rates and minimal charcoal and pyrogenic carbon. Mixed C3-C4 vegetation is indicated throughout the Big Willum Swamp record (Figure 6); this is comparable to modern open woodland at the site and this vegetation type is characteristic of the broader Weipa Plateau (Cameron and Cogger, 1992). Organic input (represented by Mo ratio) and sediment accumulation increased noticeably after ∼1,700 cal BP at Big Willum Swamp, after the site became a permanent deep water body around 2,200 cal BP (Stevenson et al., 2015). Earth mound building at nearby Wathayn (south of the swamp) had begun by this time as well as initiation of most shell mounds in this region (Brockwell et al., 2016; Holdaway et al., 2017). While increased human activity is associated with higher levels of burning elsewhere on Cape York Peninsula (Stephens and Head, 1995; Rowe, 2005, 2007; Proske and Haberle, 2012; Lentfer et al., 2013) this does not appear to occur at Big Willum Swamp.

Peak microscopic charcoal at the swamp at 1,000 cal BP recorded by Stevenson et al. (2015) appears as a minor charcoal peak in the BWIL2 record suggesting a regional increase in fire in this part of Cape York Peninsula. Stevenson et al. (2015) noted wet conditions from 600 to 400 cal BP at Big Willum Swamp, reflected in the BWIL2 record as increased charcoal and pyrogenic carbon fluxes from some time after 600 cal BP coincident with increased sedimentation rates. Fire proxies peak at Big Willum Swamp over the last 100 years, at high relative fire intensities (high pyrogenic carbon, see Figure 7), associated with the establishment of bauxite mining and the Weipa township and cessation of Indigenous burning.



Understanding the Past, Present, and Future of Fire on Cape York Peninsula

The Big Willum Swamp fire record likely captures a regional fire signal representative of both the Big Willum Swamp catchment and beyond, due to the relatively homogenous vegetation composition across the Weipa Plateau. In contrast, the Sanamere Lagoon fire record appears to capture a local fire signal from within the catchment of the lagoon, with negligible input from the open woodland (mixed C3-C4) vegetation beyond the heathland (Rehn et al., in press). Human presence is difficult to investigate at Sanamere Lagoon due to the absence of documented archeological sites in the Jardine River region, while low charcoal and pyrogenic carbon fluxes for most of the record make identifying changes in relative fire intensity a challenge.

Several trends are apparent from existing palaeofire records on Cape York Peninsula (such as increasing fire occurrence coincident with increasing human occupation intensity). That not all of these trends are reflected within the Sanamere Lagoon and Big Willum Swamp records suggests long-term high spatial variability in fire regimes. Fire is an almost constant presence in most records, including Sanamere Lagoon and Big Willum Swamp. Increasingly wet conditions into the mid-Holocene are supported by the potential expansion of Sanamere Lagoon around 7,900 cal BP. Both sites presented here show relatively stable vegetation composition (C3 versus C4 contribution) in contrast to a trend toward thickening woody vegetation at other sites, particularly through the late Holocene. Similarly, a late Holocene regional trend to increased burning through time, particularly in association with human activity, is not apparent at Big Willum Swamp, despite a well-documented archeological record for the surrounding region. It is possible that the lack of vegetation thickening and lack of increased burning are related at the swamp, with vegetation composition not requiring a change in fire regime to maintain openness, or an unknown external driver influencing both features at other sites but not present at Big Willum.

A dramatic change is apparent in the most recent part of the Big Willum Swamp record, with a large increase in charcoal and pyrogenic carbon fluxes suggesting increased biomass burning at high relative intensities. Despite this major transition in fire regime, vegetation composition has remained stable. While the initiation date of this change is not chronologically well constrained (occurring somewhere between 600 cal BP and 75 cal BP), the new fire regime is sustained through the historical period and most likely represents a change in land management associated with European settlement and accompanying cessation of Indigenous fire management. The absence of any discernible changes in fire regime during earlier phases of presumed intensification of human occupation near Big Willum Swamp makes the recent transition particularly noteworthy.

Insights into modern and future fire issues on Cape York Peninsula can be found among the palaeofire records from the region. While biomass burning has been generally increasing at many sites on Cape York Peninsula during the late Holocene (Stephens and Head, 1995; Proske and Haberle, 2012; Rowe, 2015), recent peaks in fire incidence and intensity at Big Willum Swamp with European settlement exceed anything seen in the last 3,000 years at the site. Increased burning is accompanied at several sites by woody thickening, with this burning interpreted as human attempts to maintain landscape openness; this suggests that understoreys may close in some regions if active fire management is not maintained particularly as atmospheric CO2 continues to rise (Lehmann et al., 2009; cf. Prior et al., 2020). Future fire planning on Cape York Peninsula must acknowledge and account for diversity in fire regimes and thousands of years of active Indigenous fire management shaping the ecosystems found in the region today, despite modern conceptions of Cape York Peninsula as “pristine wilderness” separated from human influence (World Wildlife Fund, 2021).

While the findings of this study are inherently local, as any nuanced understanding of fire for management purposes should be, the multiproxy methodological approach presented in this study may be applied to savanna ecosystems, and potentially other fire-prone ecosystems, outside of Australia. Multiproxy approaches such as that presented by Aleman et al. (2013) have demonstrated the power of these combined techniques to African savannas, and this could be further strengthened with the addition of fire intensity estimation as shown in this study.




CONCLUSION AND RECOMMENDATIONS

Studies of past fire incidence and intensity provide critical information about interactions between fire, vegetation, climate, and people over the longer time scales needed to inform current and future fire management planning. The fire records presented here have helped address spatial and methodological gaps in understanding the Holocene fire history of Australian tropical savannas. The mid-Holocene Sanamere Lagoon record shows high relative fire intensities 8,100–7,900 cal BP followed by a potential expansion of the water body at 7,900 cal BP, and recurring fire in a C3-dominated local environment comparable to the modern dwarf heathland at the site. The late Holocene Big Willum Swamp record shows a minor increase in burning and deposition rates after 1,700 cal BP with no major impact on intensity or vegetation composition. Anthropogenic influence appears most starkly as a sharp increase in burning, at high relative intensities, over the last century associated with European settlement.

Interpreted in the context of existing published palaeofire records for Cape York Peninsula, these records provide the following insights for fire management planning: (1) humans have managed fire in the region for thousands of years and contributed to maintaining landscape openness through burning, (2) a general trend toward vegetation thickening appears across the region over the last ∼4,000 years, and (3) the biomass burning and high fire intensities at Big Willum Swamp since European settlement are unprecedented. Future rehabilitation of the landscape surrounding Big Willum Swamp after mining activities cease will require active fire management, as it has been managed for thousands of years.

These records demonstrate the interpretive power of a multiproxy approach to fire reconstruction and how records of past fire can contribute to modern fire management issues. They also demonstrate the diversity between sites in Australian tropical savannas even in relatively close proximity and therefore the importance of studying more sites in the savanna zone as no one site may be considered representative of the broader region. This fits within broader issues of scale in paleoecological research, and the need for finer spatial scale studies for relevance to modern fire management challenges.
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