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Abstract

:

Ethnographic observations suggest that Indigenous peoples employed a distinct regime of frequent, low-intensity fires in the Australian landscape in the past. However, the timing of this behaviour and its ecological impact remain uncertain. Here, we present detailed analysis of charcoal, including a novel measure of fire severity using Fourier transform infrared (FTIR) spectroscopy, at a site in eastern Australia that spans the last two glacial/interglacial transitions between 135–104 ka and 18–0.5 ka BP (broadly equivalent to Marine Isotope Stage (MIS) 6-5 and 2-1, respectively). The accumulation of charcoal and vegetation composition was similar across both periods, correlating closely with Antarctic ice core records, and suggesting that climate is the main driver of fire regimes. Fire severity was lower over the past 18,000 years compared to the penultimate glacial/interglacial period and suggests increasing anthropogenic influence over the landscape during this time. Together with local archaeological records, our data therefore imply that Indigenous peoples have been undertaking cultural burning since the beginning of the Holocene, and potentially the end of the Last Glacial Maximum. We highlight the fact that this signal is not easily discernible in the other proxies examined, including widely used charcoal techniques, and propose that any anthropogenic signal will be subtle in the palaeo-environmental record. While early Indigenous people’s reasons for landscape burning were different from those today, our findings nonetheless suggest that the current land management directions are based on a substantive history and could result in a reduction in extreme fire events.
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1. Introduction


The history of the peopling of Sahul (modern day Australia, Papua New Guinea, and Tasmania), spanning perhaps ≥50,000 years [1,2] has been associated by some researchers with widescale changes to the environment and fire regimes [3,4], while others are more cautious with the linkage [5]. Ethnographic observations of Indigenous society documented the use of fire to facilitate hunting, to stimulate or facilitate the gathering of flora or other resources, and for ‘Country keeping’ or socialising the landscape (sensu [6,7]. Recent research of both Indigenous societies returning to the practices of ‘Country keeping’ and palaeo-environmental investigations suggest that systematically and skilfully practiced cool, low intensity fire was regularly applied to the Australian landscape [8,9,10]. However, the timing of the use of fire continues to be debated, with no clear agreement on when or how Indigenous societies integrated its use into their day-to-day activities. As an example of this debate, there are those that suggest it was a significant cultural behaviour adopted in the Pleistocene [11] whereas Black and Mooney [12] suggest it was adopted to reduce hazards as landscape became more fire prone during El Nino Southern Oscillation (ENSO) intensification only in the late Holocene. Williams et al. [13] similarly suggests a Holocene use, and further hypothesise that it was only periodically adopted during times of major climatic and/or societal disruption. This debate is significant for modern land management practises, where adoption of regular low intensity cool fires is being proposed to offset increasing fire severity as a result of climate change and/or post-colonial changes in vegetation [14].



One of the main issues with resolving the timing of anthropogenic fire is separating ‘natural’ from anthropogenic wildfires. It is possible that Indigenous people kept vegetation in a disclimax state through application of fire, with purposeful deflection towards more open vegetation communities or with desirable or culturally important resources, however, ‘visibility’ in palynological records of vegetation is not straightforward [14,15]. An unequivocal pre-colonial anthropogenic signal is also not easily found in paleoenvironmental proxies of fire [16] despite significant progress made towards increased rigor in the quantification of sedimentary charcoal [17,18]. Previous work has demonstrated that charcoal analysis best captures past fire events when they are large and of high intensity [19,20,21,22]. More recently it has been shown that use of a weak oxidant commonly used to isolate charcoal from sediments degrades lightly-pyrolyzed charcoal particles [23,24] and so anthropogenic cool fires may have previously been overlooked. It is equally possible that any anthropogenic signal involves only subtle change in fire intensity or severity, which is not easily discernible in commonly used methods for the quantification of charcoal in sediments.



To overcome these issues here we use a unique site that has unequivocal pre-Indigenous sediments, along with new palaeo-fire methods to discern the nature of the fire record. Specifically, we use charcoal isolated from sediments without an oxidant, and Charring Intensity (CI), a recently developed proxy for wildfire intensity [25] using Fourier Transform Infrared (FTIR) spectroscopy. CI, as formalized in Pyle et al. [26], is a measure that integrates the heat energy applied to wood and the duration of pyrolysis. Constantine et al. [25] produced a modified predictive model of CI using FTIR spectroscopy and chemometrics. Their method uses modelled CI of laboratory produced charcoal of known formation characteristics (temperature and duration of heating) that approximate conditions reached in wildfires to infer the formation characteristics of charcoal recovered from the environment. Though it is acknowledged that charcoal produced in a laboratory is not perfectly analogous to that formed under wildfire conditions, Constantine et al. [25] showed that their modelled CI appears to mirror changes in climate and environmental proxies, suggesting it is a useful metric for examining past wildfires. Recent research [27] that applied these methods to investigate the effects of oxidants on sedimentary charcoal suggest the CI metric can characterize aspects of wildfires.



We applied these methods to a long sediment core (core code LC2) from Lake Couridjah (−34°13′54.12″, 150°32′35.16″), one of five lakes comprising Thirlmere Lakes National Park in the temperate region of south-eastern Australia (Figure 1). The LC2 core encompasses the last ~135 kiloannum (ka) but includes a hiatus in the sedimentary record between ~18–104 ka [28].



This therefore presents the opportunity to consider the impact of humans on the fire regime of the site by comparing proxies of fire across two late glacial to interglacial periods (broadly equivalent to Marine Isotope Stage (MIS) 6-5 and 2-1), the former prior to the Indigenous peopling of Sahul and therefore undoubtedly without the presence of people, and the latter, when Indigenous people were increasingly prevalent across the continent [29].




2. Materials and Methods


This study used a 6.8-metre core extracted from the middle of Lake Couridjah. The core was split lengthways at the University of Wollongong and subjected to a series of sediment characterization methods and subsampled separately for pollen analysis [28]. LC2 was described previously [28]. The chronology of Forbes et al. [28] was updated by Francke et al. [30] which has been utilized in this study (Figure 2). AMS radiocarbon dating and calibration using the SHCal20 were used on top half of the core (0–320 cm). Single grain optically stimulated luminescence [OSL] reported as kiloannum, (ka) was used to date the bottom half (320–680 cm). The chronology of Francke et al. [30] considered and modelled the LC2 core as a single record with a hiatus specified at 320 cm. The hiatus was modelled to have occurred from 107.5 to 17.7 ka, covering 89.8 ka. All data is plotted using the median age estimation.



Macrocharcoal (<250μm) was separated from sediments to examine fire occurrence within ≈101–103 metres of the lake [31]. A total of 95 volumetric sub-samples were taken from the LC2 core at 5–10 cm intervals for charcoal analysis. Constantine and Mooney [23] showed that the use of oxidants can preferentially remove the proportion of lightly-charred material that is less recalcitrant to oxidative digestion, with an oxidative threshold for charred material between ~400–450° C (CI 3–3.2). In this study, charcoal was concentrated by immersion in reverse osmosis (R0) H2O rather than an oxidant to avoid eliminating the low intensity fraction of charcoal. Sediment was gently washed through a 250 μm sieve after 24 h of emersion in R0 H2O, then hand separated under a dissecting microscope. The concentrated charcoal was photographed and quantified using the image analysis software ImageJ version 1.52a [32]. The concentration of charcoal was quantified per cm3 of each subsample as area (mm2/cm3). Charcoal Accumulation Rate (CHAR) [33,34] was then calculated by dividing the charcoal concentration by the deposition time, estimated from the Bayesian age-depth model.



A modified version of CI, following the protocols of Constantine et al. [25] was used in this study. Individual charcoal particles (1–4 particles) from each depth where charcoal was present were scanned (n = 345) using an ATR-FTIR spectrometer. Spectra were measured in absorbance mode at a range of 4000–650 cm−1 at 4 cm−1 resolution with a wavenumber spacing of 1, with 8 scans accumulated per sample. The spectra were then modelled using the PLS-R model developed in Constantine et al. [25].



A time series of summed probability plots of radiocarbon data from the AustArch dataset encompassing south-eastern Australia [35,36] was used here to estimate the population of the Indigenous people of south-eastern Australia and to consider the role of people in the fire regimes of the Thirlmere lakes region. While increasingly advanced techniques to manipulate and interpret radiocarbon data have evolved in recent years, this approach provides a straightforward indication of human activity for the purpose of this paper; and aligns with more extensive analysis of past populations [29,37,38].



In this work, the methods of Francke et al. [30] are used on LC2 palynological data [28] to calculate an index of the past canopy and mid-storey vegetation cover at Lake Couridjah. A Partial Least Squares Regression (PLS-R) between the relative abundances of Myrtaceae (Myrt.), Casuarinaceae (Casu.), Acacia, Asteraceae Asteroideae or Tubuliflorae (Ast. tub.) and Poaceae (as predictor variables) and catchment erosion, quantified using uranium-isotope derived sediment residence times (as a response variable) in the Lake Couridjah catchment, was applied to determine the influence of vegetation on sediment erosion suggest that the changes in pollen abundances in the PLS-R model represent an aspect of the vegetation community structure (physiognomy) and particularly the foliage projective cover of the canopy (e.g., open versus more closed).




3. Results


The age depth model inferred a basal age of 133.7 ka at a depth of 665–667 cm with a hiatus of 89.8 ka between ~17.7 ka and 107.5 ka. The top 0–320 cm of LC2 spans approximately 0–17.7 ka BP and 320 to 665 cm 107.5–133.7 ka and therefore these periods are broadly equivalent to Termination 1 and MIS 1 and Glacial Termination II and MIS 5e, respectively.



Charcoal Accumulation Rate (CHAR) and Charring Intensity (CI), along with the vegetation index for Lake Couridjah [30], human population index [38] and the EPICA temperature record from Antarctica [39] have been overlaid across the late glacial transitions and interglacials of MIS 6-5 and 2-1 (Figure 3). CHAR was higher and more variable during both late glacial-to-interglacial transitions, and relatively low and stable during the interglacial periods. There was a statistically significant difference in Charring Intensity between MIS 6-5 and 2-1 (t(216) = −11.5165, p = 1.533−24). CI was relatively high and stable throughout MIS 6-5 (µ = 4.3, σ = 0.62) but lower and less variable during MIS 2-1 (µ = 3.3, σ = 0.92). Importantly, there is noticeably increased variability in mean CI during the late-Pleistocene and early Holocene period before stabilizing to a consistently higher level after 10 ka BP. This consistency is despite major climate variations, including the mid Holocene climatic optimum [40] and the mid-to-late Holocene intensification of El-Niño Southern Oscillation (ENSO) which are widely believed to have affected fire regimes [41]. Changes in vegetation structure (Figure 3) suggest the environment underwent a shift towards taller and more closed vegetation communities during these late glacial transitions and remained relatively stable in the interglacial periods.




4. Discussion


4.1. Fire across Two Glacial—Interglacial Periods


Sea level, climate and environmental conditions were broadly similar across both interglacial periods, though temperatures were slightly warmer [42] and sea levels were somewhat higher [43,44] during the warmest period of the previous interglacial (MIS 5e). The deglacial period of MIS 2-1 was also punctuated by the Antarctic Cold Reversal (ACR), a temporary return to glacial-like conditions between ~14.7–13 ka BP [45].



Our data displays a remarkable similarity in vegetation abundance and CHAR across both transitions. At broad timescales both datasets correlate to the Antarctic deuterium (ẟD) record and strongly support changes to vegetation and fire as a response to climate forcing. Notably, the higher temperatures suggested by the Antarctic ẟD record of MIS 5e compared to MIS 2-1 corresponds to increased CHAR, suggesting heightened biomass burning during that slightly warmer period. At Lake Couridjah, both late glacials had elevated CHAR (in comparison to the interglacial periods) suggesting that these periods also witnessed elevated biomass burning as climate recovered and vegetation was re-established. Fire severity during the interglacial transition of MIS 6-5 was higher, on average, than that of MIS 2-1, and less variable, which could be indicative of greater vegetation density in the warmer environment.



In Australia, vegetation south of 30° latitude was reduced to herb- and grass-dominated taxa during the Last Glacial Maximum (LGM) (28.6 (±2.8)–17.7 (±2.2) ka BP) [46] and would have experienced limited burning. During deglacial periods, as temperatures and CO2 rose and moisture availability increased in the region [47], the vegetation clearly underwent change, and these were likely to include changes in community composition, physiognomy and structure and hence biomass and fuel loads.



During both late glacial to interglacial transitions, forest composition shifted from a Casuarinaceae-dominated woodland to a Myrtaceae forest around Lake Couridjah [28]. Paradoxically, biomass burnt decreased once interglacial conditions and vegetation had stabilised. This is at odds with more generalised views of how fire regimes alter into an interglacial period (which are often assumed to have more fire) and generalisations about fire regimes in landscapes dominated by pyrophytic Eucalypts [48].



The high and variable CHAR during the late glacial—interglacial transitions has been described for MIS 2-1 in the Sydney region previously [49] and in regional syntheses [16]. CHAR at Lake Couridjah increased in conjunction with increased tree and shrub cover [28] during the early deglacial period, which is unexpected as Mooney et al. [47] argued that cool (and dry) conditions continued until at least ~12 ka BP in the Sydney region. However, arboreal vegetation was still present in the Lake Couridjah catchment during the early deglacial period, suggesting sufficient biomass to sustain wildfires within the catchment. The highly variable CI and increased CHAR during the ACR, followed by continued warming afterwards, also suggests the increased fires were caused by variable climate shifts. Recent archaeological models also support lower bio-productive conditions, with a delayed recovery of populations after the LGM until at least the initiation of sea-level rise at ~14 ka BP [50,51]. Documenting such an increase across two late glacial-to-interglacial transitions supports a hypothesis that climate instability promotes fire in these dry sclerophyll forests. Bradstock [52] described a non-linear relationship between moisture availability and the productivity of the ecosystem and fire, which he defined as a series of switches which all must be tripped in order for fires to occur. The instability of glacial—interglacial transitions may produce conditions conducive to tripping these switches.



It should also be noted that the period of enhanced fire during the late glacials might have been related to some aspect of climactic upheaval that is perhaps more cryptic, for example related to increased lightning from frequent (dry) storms [53,54], altered seasonality of rainfall, or relatively short-term climatic variability (e.g., across El Niño Southern Oscillation (ENSO) or Interdecadal Pacific Oscillation (IPO)-like cycles) that contributed to alterations to fire across the glacial/interglacial transitions.



During both glacial/interglacial transitions CHAR was relatively high and variable in comparison to the lower levels recorded during the respective interglacial periods. The MIS 6-5 transition included large spikes in CHAR, some 7.5 ka BP after the Termination, and this corresponds to the start of MIS 5e. The sharp increase in biomass burnt during the start of MIS 5e is not a feature of MIS 2-1, as discussed below.




4.2. Is There An Anthropogenic Signal in Fire at Lake Couridjah?


It is notable that the accumulation of charcoal at Lake Couridjah as indicated by CHAR, was similar across both late glacial—interglacial transitions, but CI was different, particularly during the terminal Pleistocene and early Holocene. This suggests that CI, our index of fire severity, better distinguishes the nature of the fires that were burning, and hence allows differentiation of anthropogenic burning practices (e.g., low intensity, cooler fires) from natural background fires. The difference in the CI index and CHAR indices furthermore potentially offers insight into the issues of decomposition-destruction of lightly-pyrolyzed charcoal in the previous interglacial compared to Holocene evident in the 13C NMR data [28]. The lower levels of CHAR at the beginning of the Holocene, compared to MIS 5e (~128 ka), suggest the size of fires was also smaller, potentially a consequence of frequent, low intensity fires, as demonstrated by the lower CI values.



Using reconstructed human populations based on summed probabilities of 14C data (Figure 3), Williams et al. [37,38,55] argued that the climate and limited resources of the last glacial period kept Indigenous populations relatively low and occupying small cryptic refuges across the continent, and especially southeast Australia. As the climate improved following the LGM, previously marginal landscapes again became habitable, encouraging increase activity and migration from these refuges [38]. Barry et al. [50] and Williams et al. [51] found that the expansion of populations out of Sydney Basin refugia began soon after Meltwater Pulse 1A (14.6–14.3 ka BP), which is closely mirrors when the deflection of fire is at a maximum in the Lake Couridjah record.



During MIS 2-1, fire severity was lower, but with higher variability during the Pleistocene—Holocene transition, suggesting that frequent low intensity fires were occasionally punctuated by large conflagrations, and that fire was not always under control, likely a consequence of the increasing accumulation of biomass as the climate ameliorated. As has been previously proposed by Williams et al. [13], it may also suggest that anthropogenic burning was not an established or regularly adopted behaviour during this period and may have formed part of substantial societal change evident only in the early-mid Holocene. There was a progressive decrease in CI from the early Holocene at Lake Couridjah. As climate, resources and population levels began to recover after the MIS 2-1 transition, fire severity reached a maximum (and so equivalent to the MIS 6-5 example) at about 11.6 ka BP, corresponding to the Pleistocene-Holocene boundary and the Antarctic Thermal Maximum. This arguably suggests climate remained the primary driver of fires, despite the potential increased use of Thirlmere Lakes by people.



From ~10 ka BP to present, subtle changes in the fire regime suggest the continued influence of people in the Thirlmere landscape. Despite relative stability in the climate during the Holocene, there were fluctuations (e.g., the Holocene Climate Optimum at ~7.6–6.2 ka BP and the onset of modern ENSO at ~4.0 ka BP [47], that would likely have affected fires regimes. However, the stable but lower CI in MIS 1 compared with 5e, and the lower CHAR, indicates less severe fires, with the data more akin to regular, cooler burns. This signal is consistent with landscape management as seen in contemporary Indigenous activities today. These small, low severity anthropogenic burns could have maintained a more open vegetation structure (e.g., with a less dense canopy or where sub-canopy components reduced fuel loads or provided less connectivity reducing fire spread or the likelihood of fire spreading as canopies ignited). Forbes et al. [28] also found that the percentage of pyrogenic carbon (SPAC), the residual carbon fraction left over after high temperature combustion, was also generally higher in MIS 6-5 than in MIS 2-1, supporting our contention that there is an anthropogenic signal in the fire regime at Lake Couridjah during the late Pleistocene and Holocene.





5. Conclusions


Aspects of the fire regimes of Lake Couridjah spanning two glacial/interglacial periods have been presented here. The results demonstrate that increased fire is a feature of both glacial transitions, suggesting that ameliorating conditions after glacial periods resulted in more increased biomass burnt than during more stable climatic periods. It is likely that ameliorating climate increased biomass and perhaps other cryptic environmental conditions (e.g., increased lightning), leading to more fire in the landscape during these climatic changes.



Importantly, this record spanning the previous two glacial-interglacial cycles suggests that the use of CHAR in isolation, may not be able to differentiate between low-intensity fires (e.g., anthropogenic ignitions) and fires caused by shifting climatic and environmental conditions. It is also problematic in accurately accounting for environmental oxidation and subsequent loss of low pyrolyzed charcoal over long term Quaternary records. In contrast, the CI metric of fire severity was reduced and more variable across the ACR and the Pleistocene/Holocene transition, compared to the MIS 6-5 transition. This improved method suggests that lower, cooler fires were common in the terminal Pleistocene and Holocene periods. Based on ethnographic observations, this type of fire regime is consistent with Indigenous land use burning practises and suggests that active landscape management was established by the onset of the Holocene some 10,000 years ago. Subdued fire values are evident as early as 16,000 years ago and may suggest periodic anthropogenic burning extends back to this period, but significant variability suggest this was intermittent and/or irregular.



While Indigenous anthropogenic burning prior to colonial contact was typically focussed on a range of localised activities, such as improving hunting and traversing the landscape, it appears to have indirectly modified broader vegetation structures and reduced fire extremes throughout the Holocene. Our data, therefore, provides some level of support for the current bushfire management approaches and the use of Indigenous burning practises in reducing extreme fire events. Unfortunately, results of this approach may require significant time to see fire regime change, potentially across multiple generations.
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Figure 1. Location of Lake Couridjah (D) in relation to the Thirlmere Lakes National Park (C), Sydney metropolitan area (B) (Google Maps, 2022) and Australia (New South Wales is shaded) (A). The white star (D) marks the location where LC2 was cored. 
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Figure 2. Age–depth model of LC2. An 89,700-year hiatus exists at 320 cm (~17.7–107.5 ka). OSL dates are represented in this diagram as light blue vertical lines. Radiocarbon dates are represented as light purple shaded four-point stars. Three OSL ages between 275–315 cm produced statistically identical ages of between 17.7 ± 1.4 ka and 16.0 ± 1.3 ka. The radiocarbon sample at t he same depth range (286 cm) returned an age of 39,244–38,248 years BP and was excluded from the model by the Bacon software program. The grey lines and shading represent 95% confidence intervals. 
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Figure 3. Overlay of MIS 6-5 (red) and 2-1 (black). Summed probability plots of archaeological data from south-eastern Australia represent an index for human activity levels [36]. Vegetation Cover represents the relationship between vegetation abundance and catchment erosion [30]. The mean Charring Intensity with 95% confidence intervals (shaded represents fire severity. The Charcoal Accumulation Rate (CHAR) or mm2/cm3/yr, represents relative biomass burnt. Changes in Antarctic temperature are represented by the ẟD record from EPICA dome C [39]. 
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