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The plant macrofossil assemblage from Madjedbebe, Mirarr Country, northern Australia, provides insight into human-plant relationships for the ~ 65,000 years of Aboriginal occupation at the site. Here we show that a diverse diet of fruits, nuts, seeds, palm and underground storage organs was consumed from the earliest occupation, with intensive plant food processing in evidence. The diet varied through time as foraging strategies were altered in response to changes in environment and demography. This included a broadening of the diet during drier glacial stages, as well as changes in the seasonal round and incorporation of new foods with the formation of freshwater wetlands following sea level rise in the late Holocene. The foundations of the economy evidenced at Madjedbebe include seasonal mobility, a broad diet and requisite plant processing and grinding technologies, all of which are maintained throughout the entire timespan of occupation. This points to a resilient economic system in the face of pronounced environmental, and likely demographic, change.

1.1 Introduction
Ethnographic studies indicate that plants contributed as much as 70–80% of the diet of Indigenous people in some regions of Australia (Meggitt, 1957). Yet understanding long-term plant food use in Australia through archaeological means has proven difficult due to poor preservation, difficulties in identifying tropical plant remains and the implementation of inadequate archaeobotanical recovery techniques (Denham et al., 2009; Florin & Carah, 2018). Key questions remain unanswered about the diversity and role of Aboriginal plant use since first human arrival in Australia. These include the degree to which diet breadth varied through time in response to climate or technological change, the origins of intensive plant food processing techniques such as grinding and detoxification, the degree of food production and landscape management via vegetation burning and plant husbandry practices, and the long-term resilience of a variety of food procurement and production systems. Madjedbebe, a rockshelter on Mirarr country in the Alligator Rivers region of northern Australia (see Fig. 1a), provides a unique opportunity to explore these questions in one region of Australia owing to the recovery of a large, charred plant macrofossil assemblage spanning the last ~ 65 thousand years (ky; Clarkson et al., 2017; Florin et al., 2020).

Recent excavations at Madjedbebe have extended the duration of human occupation of Australia to ~ 65 thousand years ago (kya) and greatly expanded our understanding of early Aboriginal culture, economy and technology (Clarkson et al., 2017; Florin et al., 2020). The implementation of systematic archaeobotanical recovery via the bulk flotation of two 1 x 1 m excavation squares and fourteen excavated hearths (see Table 1) also permitted the analysis of a large quantity of charred plant macrofossils from the entire sequence of human occupation at the site. These span significant changes in local environment, including the Last Glacial Maximum (LGM) and Holocene sea-level rise and allow new insights into long-term human plant selection, processing and use. 

This paper presents the archaeobotanical analysis of these charred plant macrofossils from the earliest use of the site to the recent past. Madjedbebe provides one of the longest plant macrofossil sequences in the world and is the only organic record to span the human history of the Alligator Rivers region. Analysis of this record allows documentation of changes in foraging strategies over time, including changes in diet breadth, plant-processing techniques, land use and seasonal mobility. As such, it allows exploration of the complexity of plant-based foraging strategies at Madjedbebe over this ~ 65-ky period and of past human responses to significant local environmental changes.

[bookmark: _Ref37853496]Figure 1: Madjedbebe and its environmental context; a Map showing the location of Madjedbebe, adapted from Florin et al. (2020); b Current distribution of vegetation communities in proximity to Madjedbebe, developed from CSIRO Land Research Surveys maps (Story et al., 2011; Story et al., 2018); basemap uses USGS SRTM (Farr et al., 2007); c Palaeoprecipitation record at Madjedbebe, generated from Pandanus spiralis endocarp, and projected past distribution of vegetation on the Alligator Rivers lowlands by archaeological phase, adapted from Florin et al. (2021). From left to right: soil profile; δ13C values of archaeological P. spiralis endocarp from Square C2/C3 grouped by phase and displayed by mean depth of contexts; predicted mean annual precipitation at Madjedbebe; and projected past distribution of vegetation on the Alligator Rivers lowlands, based on modelled palaeoprecipitation (Florin et al., 2021), geomorphological and palaeoenvironmental data (Clark & Guppy, 1988; Woodroffe et al., 1986; Woodroffe et al., 1985). Age estimates are based on the modelled mid-point value of the 95% confidence interval for the start age estimate of each phase (Clarkson et al., 2017), except for the start age estimate of Phase 7, which is based on three AMS radiocarbon dates for C2/10 (see Table S1).
1.2 Regional Setting
1.2.1 The site and its cultural and environmental setting
Madjedbebe is located on Mirarr traditional lands, within the geographical extent of the Kundjeihmi language group, in the Alligator Rivers region of the Northern Territory. It is situated at the base of the Djuwamba Massif, an escarpment outlier to the east of the Magela Creek floodplain, south of the East Alligator River and west of the Arnhem Land escarpment proper (Fig. 1b). Today, the narrow rockshelter is located within an open woodland and savannah environment, with several edible plant taxa clustered in its vicinity. These include several fruit- and nut-bearing trees, Buchanania obovata, Canarium australianum, Morinda citrifolia, Sersalisia sericea, Syzygium suborbiculare, and Terminalia grandiflora, and two taxa of vines with edible underground storage organs (USOs), Dioscorea bulbifera and Ipomoea sp. cf. abrupta (MN, DjDj). It also sits in close proximity to the seasonally inundated freshwater floodplains of the Magela Creek and to small monsoon vine forest patches, found in rocky slope environments on the escarpment outliers. 

The climate of the Alligator Rivers region today is characterised by a monsoon cycle, often divided into two broad seasons: a ‘wet’ and a ‘dry’. More than 90% of all precipitation occurs from November to April, during the ‘wet’ season (Eamus et al., 2000). Local Bininj people (the Aboriginal peoples of western Arnhem Land), however, recognise six seasons: Kudjewk (approx. late Dec to mid-March; monsoon season); Bangkerreng (approx. mid-March to. April; windy, ‘knock-em-down’ storm season); Yekke (approx. May to June; cooler, yet still humid, onset of the dry season); Wurrkeng (approx. July to August; cold weather season), Kurrung (approx. September to late October; hot dry season) and Kunumeleng (approx. late October to late December; pre-monsoon, storm and lightning season; MN, DjDj; Fox & Garde, 2018; Russell-Smith et al., 1997). These seasons shape the economic life of Bininj, with different plants, animals and other resources only abundant and accessible at certain times of the year.

Ethnographic research has established a broad seasonally shaped pattern of Bininj land use in the Kundjeihmi-speaking region of western Arnhem Land (Chaloupka, 1981; McArthur, 1960; Russell-Smith et al., 1997; Spencer, 1914). During the heavy rains of Kunumeleng and Kudjewk (November to mid-March), the floodplains and adjoining lowlands and their resources are largely inaccessible and Bininj chose to spread out along the margins of the lowland floodplains or up into the sandstone escarpment and plateau. Within this season monsoon vine forest patches and the ‘yams’ they provide, especially Dioscorea bulbifera, D. transversa and Amorphophallus paeoniifolius, are particularly important. Small animals, fish and the eggs of waterbirds can be gathered from the margins of streams and floodplains, and the hunting of larger animals occurs within the escarpment and plateaus. As floodwaters recede in Bangkerrang and Yekke (mid-March to June), Bininj then moved into the lowlands to access both the floodplains and the surrounding open forest and woodlands. Available resources include the seed heads and rhizomes of waterlilies, Nymphaea pubescens, N. violacea and N. macrosperma, the corms of Eleocharis dulcis, and abundant and easy-to-find open forest and woodland USOs, such as Eriosema chinense, Ipomoea gracilis, I. graminea, Typhonium spp. and Vigna vexilata. These open forest and woodland USOs become harder to find as their above-ground vines and leaves shrivel over Wurrkeng. In Wurrkeng and Kurrung (July to October), Bininj moved further into the drying floodplains to focus on their now abundant and accessible resources, including turtles, magpie geese and deep-water aquatic plant taxa, such as the rhizomes of Nelumbo nucifera and Nymphaea macrosperma. 

This pattern of land use is heavily influenced by the local environment and its seasonality, including the annual flooding of river and creek systems within the Alligator Rivers region lowlands. It is also mediated by Bininj landscape modification practices, including anthropogenic vegetation burning. Vegetation burning is used as a tool in the Alligator Rivers region for a multitude of functions, including:
to hunt, including trapping or driving macropods, and flushing smaller vertebrates and invertebrates out of their burrows; 
to produce economically important vegetation communities, such as perennial grasses attractive to wallabies, and geophytic floodplain species;
to protect other economically important vegetation communities, such as monsoon vine forest, woodland yam patches and fruit trees;  
to clean-up and clear pathways and campsites; and,
to reduce the build-up of dangerous fuel loads (MN, DjDj; Russell-Smith et al., 1997).
Vegetation burning is also a seasonally mediated practice, with burning beginning as vegetation communities cure, first in upland environments and then progressively downslope, with the beginning of Yekke and the dry seasons. If left unburnt, the vegetation mass grown in the wet seasons, fuels large and dangerous conflagrations in Kurrung. 

1.2.2 Past environmental settings
Much of the land systems and vegetation communities present in the Alligator Rivers today are, however, relatively recent in their current form. Over the ~ 65 ky that people have lived in this area, local changes in climate and sea level have affected the landforms, vegetation communities, and resources available to them (see Figure 1c). These environmental changes can be related to the phases of occupation at Madjedbebe rockshelter, whose chronology is based on optically stimulated luminescence and AMS radiocarbon dating (Clarkson et al., 2017), expressed here as the 95.4% confidence interval obtained from the modelled start and end age estimates of each phase, except for the end age estimate of Phase 6 and start age estimate of Phase 7, which is based on three AMS radiocarbon dates for C2/10 (see Table S1): 
Phase 2, dating from 68.7–50.4 kya, broadly corresponds to the end of MIS 4 or the penultimate glacial maximum and a period of relatively decreased precipitation;
Phase 3, dating from 54.0–26.0 kya, corresponds to MIS 3/2 and a period of relatively increased precipitation;
Phase 4, dating from 28.9–12.2 kya, corresponds to MIS 2 or the Last Glacial Maximum (LGM) and a period of relatively decreased precipitation; 
Phase 5, dating from 10.5–7.1 kya, corresponds to the beginning of MIS 1, a period of increased precipitation, and rising sea levels, and the inundation of the Alligator River lowlands, peaking at ~ 8 kya;
Phase 6, dating from 9.1–~ 4 kya, corresponds to a period of increased precipitation and the formation of estuarine environments along the South Alligator River; and
Phase 7, dating from ~ 4 kya to present, corresponds to the onset of El Niño Southern Oscillation (ENSO) conditions, more variable and decreased precipitation, and the transition from estuarine to freshwater vegetation communities on the Alligators Rivers’ lowlands, due to increasing sedimentation, culminating in the formation of the Magela Creek floodplain freshwater wetlands at 1,333–1,062 cal. BP (Bronk Ramsey, 2009; Clark & Guppy, 1988; Croke et al., 2011; Florin et al., 2021; Hogg et al., 2020; Maroulis et al., 2007; Reeves et al., 2013; Shulmeister & Lees, 1995; Woodroffe et al., 1986; Woodroffe et al., 1985; Woodward et al., 2014). 

1.3 Materials and methods
1.3.1 Archaeobotanical analysis
1.3.1.1 Sampling
During excavation, 100% of the excavated sediment from two 1x1m2 columns and all identified features were processed using flotation. The columns were derived from Squares C2 and C3, and C5 and C6, with the square chosen for flotation changing in both instances with depth, to follow the decreasing overhang of the rock shelter in the case of C2 and C3 and the dripline in the case of C5 and C6. Archaeobotanical analysis then focused on the 14 identified hearth features (see Table 1) and the sediment matrix from Squares C2/C3, where charred macrofossils were more abundant due to the greater protection offered by the rockshelter overhang. 

The analysis of both isolated hearths and sediment matrix contexts allowed for better understanding of the processes involved in the production of the archaeobotanical assemblage (Asouti & Austin, 2005). Hearths represent deliberate single or multiple spatially discrete burning event(s) associated with cooking, heating, tool production, and social and/or religious activities. Hearths, therefore, offer the most direct means for inferring anthropogenic inputs into the archaeobotanical assemblage, although preservation and sample sizes are limited in some cases. Sediment matrix contexts, on the other hand, represent time-averaged behaviour, and allow for inferences about general burning activities at the site over time. Within the sediment matrix column, every Pleistocene excavation unit (XU) (Phases 2-4) and every second Holocene XU (Phases 5-7) was analysed.

All charred plant macrofossils that were > 1 mm in size were analysed from the light fraction or ‘flot’ of each context. In Phase 2, charred plant macrofossils that were > 0.5 mm in size were also scanned for morphologically identifiable specimens (i.e., small seeds and chaff). From the heavy fraction, all charred plant macrofossils that were >1 mm in size in Phase 2 and > 3 mm in size in Phases 3-7 were analysed. The latter, allowed for the analysis of denser plant macrofossil fragments, especially endocarp fragments (‘nutshell’ or ‘fruit pip’), that are less likely to float and, therefore, less likely to be represented within the flot (Hageman & Goldstein, 2009). 


Table 1: Depth and age of the identified hearth features grouped by phase; AMS radiocarbon dates originally published in Clarkson et al. (2017) and recalibrated using SHCal20 data (Hogg et al., 2020) and OxCal program v.4.4 (Bronk Ramsey, 2009); *sample for AMS radiocarbon dating did not survive ABA pretreatment.
	Phase
	Hearth
	Depth (cm)
	Lab ID
	Calibrated 14C Age (cal. BP)
95% confidence level

	Phase 2
	C1/43A
	227.1
	*
	*

	Phase 3
	D2/30
	159.0
	*
	*

	Phase 4
	C4/36A
	161.9
	Wk43605
	24,920 – 24,300

	
	E4/22A
	106.3
	Wk43611
	18,740 – 18,310

	
	E3/20A
	96.0
	Wk43610
	12,900 – 12,760

	Phase 5
	D2/21A
	101.7
	Wk43606
	9,410 – 9,030

	
	D3/21A
	98.9
	*
	*

	
	C3/18A
	79.8
	Wk43603
	9,260 – 9,000

	
	D3/16B
	73.6
	Wk43607
	8,600 – 8,450

	Phase 7
	C4/9A
	31.4
	Wk43604
	2,870 – 2,760

	
	E4/6A
	16.5
	OZQ460
	440 – 280

	
	E3/5A
	17.0
	Wk43609
	245 – 20

	
	B3/5A
	13.9
	-
	-

	
	C3/4A
	7.8
	-
	-



1.3.1.2 Identification and reference collection
The relevant plant macrofossils were separated from wood charcoal and organised into broad botanical groupings via sorting under low-powered light microscopy. High-powered light microscopy was then used to further identify the non-wood charcoal plant macrofossils. Some specimens, including all parenchymatous tissue (from both USOs and palms) suggested to comprise either vasculature or its remnants (e.g., rhexigenous splits), mineral inclusions (e.g., phytoliths, druses, raphides), or other identifying features under high-powered light microscopy, were further analysed using scanning electron microscope imaging. An archaeological Oryza sp. grain was imaged using MicroCT. The morphological and anatomical features of these specimens were compared to modern reference material from the region. The identifications made are limited by three factors: the size of the modern reference collection; the nature of the preservation of different specimens; and the degree to which the botanical structures represented in the archaeological assemblage vary by family, genus and species.

The modern reference material was collected by SAF, MN and DjDj across several seasons and from a range of environments in the Alligator Rivers region. This collection occurred with the permission and support of the Mirarr people, Gundjeihmi Aboriginal Corporation and Parks Australia (Permit to carry out Scientific Research in a Commonwealth Reserve Permit No. RK870 and RK909; Access to Biological Resources in a Commonwealth Area for Non-Commercial Purposes Permit No. AU-COM2015-287, AU-COM2017-339, AU-COM2018-391). Plants were identified in the field by MN and DjDj, and Herbarium specimens and samples of the economic portions of the plants were collected. Relevant information about the nature, habitat and use of each plant was recorded. In some cases, plants were also processed to define the material signature of plant food processing practices currently practiced in the Alligator Rivers region. 

Specimens were identified and vouchered or accessioned by the Northern Territory Herbarium, and the economic products and by-products were processed and housed in The University of Queensland Archaeobotanical Reference Collection: dried, charred and/or in spirits (University of Queensland, 2014). Following Hather (2000), where underground storage organs, stems and roots were part of the sample, stained thin-sections were produced (using a modified version of the method outlined by Johansen (1940)). This allowed for the anatomical structure of these plant parts to be understood prior to their transformation through charring.

1.3.1.3 Analytical units
The identified taxa (and types) were further grouped by useful analytical units, including the vegetation community, seasonal availability and diet breadth ranking of the taxa. The latter analytical unit is based in optimal foraging theory (Emlem, 1966; MacArthur & Pianka, 1966; Pyke et al., 1977) and uses a diet breadth model to rank plant resources based on their post-encounter energy return rate. A post-encounter energy return rate is a value generated by dividing the calorific content of a resource by the handling time required to gather and prepare the resource for eating (O'Connell & Hawkes, 1981). This model assumes that those resources with the highest return rates after handling (high-ranked) will always be exploited if they are available, whereas resources with lower return rates after handling (low-ranked) will only be exploited when higher ranked resources are unavailable. As such, it allows a means of testing the response of the people occupying Madjedbebe to stress factors (e.g., environmental changes, increased population and over-harvesting) affecting their resources.

1.3.1.4 Quantification and statistical analysis
The Madjedbebe assemblage was quantified via measures of ubiquity, absolute abundance and percentage abundance, allowing for analysis of relative change in abundance over time. A pilot study demonstrated that weight data closely tracked count data within the Madjedbebe assemblage (Florin, 2013). Weight data were, therefore, not used for quantification. Minimum number of individuals (MNI) was also not used as many of the plant elements identified could not be easily equated to a whole specimen (Lyman, 2008).

The total number of specimens (NISP) and number of taxa (NTAXA) in each context were also recorded. Here, NTAXA was used to denote the number of individual plant resources, not just species, in the assemblage. Therefore, different food resources from the same plant taxa (i.e., waterlily seeds and waterlily rhizomes) are counted as separate taxa. However, where there was overlap in taxonomic categories (i.e., between Terminalia grandiflora and T. spp.) they were counted as one taxon. As NTAXA in a given context is sensitive to sample size (i.e., NISP; Lyman, 2008), following Faith (2013), two further metrics were examined to control for this: the residuals from a linear regression between log-transformed NISP and nTAXA; and Fisher’s α.

Correspondence analysis (CA) was conducted on plant macrofossil abundance data to examine the associations between plant taxa, archaeological contexts and archaeological phases at the site (Smith, 2014). CA identified the major changes in the taxonomic composition of the assemblage through time, which were then subject to further statistical testing. Significant temporal trends were identified using chi-square tests for linear trends (Lyman, 2008). The adjusted residuals (AR) of the chi-square tests were calculated in order to identify where significant departures from expected composition occurred within the assemblage (Everitt, 1977).

1.3.2 Accelerator Mass Spectrometry (AMS) radiocarbon dating
Three charcoal samples from C2/10 were dated using AMS radiocarbon dating in order to better define the boundary between Phase 6 and Phase 7. They were pre-treated using the ABA method, combusted and then converted to graphite (Hua et al., 2001). Radiocarbon analysis was carried out using the VEGA AMS Facility at ANSTO (Fink et al., 2004). The radiocarbon results were converted to calendar ages using the SHCal20 data (Hogg et al., 2020) and OxCal program (Bronk Ramsey, 2009). The AMS radiocarbon dates are reported in Table S1.

1.4 Results
1.4.1 Plant macrofossil assemblage
Thirty-five distinct types of plant macrofossils are identified in the Madjedbebe assemblage, including fragments of endocarp, mesocarp, seed, stem and root tissues (NISP=8310, see Tables S2 and S3). Of these, 28 types are identified as representing the by-products of distinct plant-food processing and disposal practices (see Figs 2, 3). These include the remains of fruits and nuts (Buchanania sp. fruit, Canarium australianum nut, Celtis sp. fruit, Pandanus spiralis nut, Persoonia falcata fruit, Terminalia grandiflora nut, Terminalia spp. fruit/nut and Endocarp: Type A fruit/nut), seeds (Nelumbo nucifera seeds; Nymphaea spp. seeds, and Oryza sp. seeds), palm apex or ‘heart’ and pith (Arecaceae pith: Type A cf. Livistona sp., Type B, Arecaceae meristem and Arecaceae young leaf), and underground storage organs (cf. Dioscorea transversa tuber; Nymphaea spp. rhizome; Cyperaceae tuber: Type A, Type B, Type C, Type D, Monocotyledonous USO stem tissue: Type A, Type B, Type C, Type D, and Secondary root tissue: Type A, Type B, Type C). Table 2 lists these plant foods by archaeological phase.

1.4.2 Composition of hearth features
The composition of the plant foods found in the hearths at Madjedbebe offers compelling evidence for the anthropogenic nature of these features. Table S4 provides quantitative data for the composition of these hearths. Interestingly, five of the identified hearth features, including C1/43A (the only hearth from Phase 2), only include plant macrofossils from a single type of plant food (see NTAXA in Table S3). Another hearth, E3/20A, does not include any plant food remains at all. This is not the case for any of the sediment matrix contexts analysed, which all include an array of plant food remains, and it is likely a result of the nature of the hearth features as contained, primary deposits, produced by a single, or multiple, but temporally constrained and deliberate anthropogenic burning event(s). Hearths, therefore, provide a robust line of evidence for the stratigraphic integrity of the Madjedbebe deposit (contra O'Connell et al., 2018).


[bookmark: _Ref38971493]Figure 2: Examples of endocarp, mericarp, seeds and palm stem from the Madjedbebe plant macrofossil assemblage. A, b Buchanania sp. endocarp from C2/28, a close-up of outer surface, scale bar is 500µm, b transverse section, scale bar is 500µm; c, d Canarium australianum endocarp from C3/4(HR) and C2/33(HR), respectively, c proximal end, scale bar is 1mm, d inner surface, scale bar is 100µm; e Celtis sp. endocarp from C4/9A, scale bar is 1mm; f Pandanus spiralis mesocarp from C3/6, transverse section, close up of fibre bundle, scale bar is 500µm; g, h Pandanus cf. spiralis endocarp from C3/5, g transverse section, scale bar is 1mm, h close-up of vascular bundle, scale bar is 300µm; i, j Terminalia grandiflora endocarp from E3/5A, I transverse section, scale bar is 2mm; j close-up of sclerenchyma, scale bar is 1mm; k Endocarp: Type A from C2/30, scale bar is 500µm; l Nelumbo nucifera seed from C3/4, scale bar is 1mm; m, n Nymphaea sp. seed from C2/27, m basal end, scale bar is 500µm, n close-up of surface patterning, scale bar is 300µm; o, p Oryza sp. seed from C2/34, o scale bar is 500µm, p scale bar is 500µm; q, r Arecaceae pith: Type A from C2/29, q transverse section, scale bar is 500µm, r close-up of fibro-vascular bundle, scale bar is 200µm; s, t Arecaceae pith: Type B from C2/44, s transverse section, scale bar is 500µm, t close-up if fibrovascular bundle, scale bar is 200µm; u, v Arecaceae meristem from C3/8, u transverse section, scale bar is 500µm, v close-up of epidermis, scale bar is 200µm; w, x Arecaceae young leaf tissue from C3/4, w transverse section, scale bar is 2mm; x close-up of fibrovascular bundles, scale bar is 300µm. See SI Section 3, Figs S1–7 and Florin et al.(2020) for detailed identification proofs and the corresponding reference materials.

[bookmark: _Ref38971522]Figure 3: Examples of USOs and stem from the Madjedbebe plant macrofossil assemblage; en: endodermis, rha: rhizome attachment scar, vb: vascular bundle, ad: air duct. a-c cf. Dioscorea transversa tuber from C2/37 and C2/33 (c), a transverse section with rhexigenous splits, scale bar is 2mm; b transverse section, scale bar is 100µm, c close-up of vasculature, arrow points to xylary tissue, scale bar is 100µm; d, e cf. Cyperaceae tuber: Type A from C3/4, d scale bar is 1mm, e transverse section, scale bar is 1mm; f, g cf. Cyperaceae tuber: Type B from C3/4, f transverse section, scale bar is 1mm, g close-up of vascular bundle, scale bar is 50µm; h cf. Cyperaceae tuber: Type C from C3/4, scale bar is 1mm; i cf. Cyperaceae tuber: Type D from E3/5A, transverse section, scale bar is 1mm; j-l Monocot. USO stem tissue: Type A from C2/32, j close-up of root abscission scar, scale bar is 300µm, k transverse section, scale bar is 500µm, l close-up of vascular bundle and associated phytoliths, scale bar is 100µm; m, n Monocot. USO stem tissue: Type B from C3/4A, m scale bar is 1mm, n transverse section, close-up of vascular bundle, scale bar is 100µm; o, p Monocot. USO stem tissue: Type C from C3/4, o transverse section, scale bar is 1mm, p close-up of vascular bundles, scale bar is 500µm; q, r Monocot. USO stem tissue: Type D, q scale bar is 2mm, r transverse section, close-up on vascular bundle, scale bar is 500µm; s Secondary root tissue: Type A from C2/39, transverse section, scale bar is 2mm; t Secondary root tissue: Type B from C2/27, transverse section, scale bar is 2mm; u Secondary root tissue: Type C from C3/2, transverse section, scale bar is 1mm; v, w Nymphaea sp. stem from C3/6, v transverse section, scale bar is 1mm, w close-up of vasculature, scale bar is 100µm; x Monocot. stem: Type A from C3/2, transverse section, scale bar is 200µm. See SI Section 3 and Figs S8–10 for detailed identification proofs and the corresponding reference materials.

1.4.3 Plant processing and diet breadth
Table 3 details the diet breadth ranking and post-encounter handling practices of different plant foods available to communities frequenting Madjedbebe over this ~ 65-ky sequence, dividing them into high- (>1,500 Kcal/kg), middle- (1,500–500 Kcal/kg) and low-ranked (<500 Kcal/kg) resources. All of these resources have relatively low-ranked calorific returns in comparison to those described in other diet breadth models. For instance, O’Connell and Allen (2012) discussed high-ranked foods in Wallacea and Sahul as those with energy return rates >3,000 Kcal/kg and low-ranked foods as those with energy return rates <1,000 Kcal/kg. However, a relatively lower post-encounter calorific return for plant foods than for animal foods is expected given the lower calorific content and often lengthier processing requirements of the former. At Madjedbebe, zooarchaeological remains are not preserved until the Holocene, except for highly fragmentary cases. Diet reconstruction is, therefore, restricted to plant foods for the Pleistocene phases of site occupation. 

A correspondence analysis (CA) was performed to explore temporal variability in the Madjedbebe plant macrofossil assemblage. Fig. 4 plots axes 1 and 2 of the CA, which account for 38% of variability overall, with 21% and 17% respectively. This analysis reveals the relative relationships between different sampling contexts based on variations within their taxonomic composition and abundance. The CA groups the contexts, including sediment matrix and identified hearth features, by these cultural phases. Phases 2–6 exhibit a large degree of overlap, whereas Phase 7 plots away from the other phases (Fig. 4a). This is explained by a change in the plant food taxa recovered between Phases 2–6 and Phase 7 (see Table 2). Phase 7, which is grouped with positively loaded taxa on CA axis 1, is characterised by a significant increase in taxonomic richness (see Table S2), including an increase in the abundance of freshwater taxa (e.g., Nymphaea spp. seeds and rhizomes, cf. Cyperaceae tubers: Types A, B, C and D, and Monocotyledonous USO stem tissue: Type A). 

Whilst the range of plant foods remains similar in Phases 2–6, there are significant differences in the relative abundance of taxa within these phases. This is evident from the more negative spread of Phases 3 and 6, and to a lesser extent Phase 5, and the more central spread of Phases 2 and 4 on CA axis 1 (Fig. 4b). Phases 3, 5 and 6 are grouped with most of the high-ranked fruits and easily extracted nuts found in the assemblage (i.e., Buchanania sp. fruit, Canarium australianum nut, Persoonia falcata fruit, Terminalia spp. fruit/nut, Endocarp: Type A fruit/nut). In contrast, Phases 4 and 2 are grouped with several of the low-ranked foods (i.e., Pandanus spiralis nut, Arecaceae pith: Type A). This suggests that Phases 3, 5 and 6 are representative of a narrower diet breadth than Phases 2 and 4, as they are composed of a higher proportion of high-ranked resources and a lower proportion of low-ranked resources. Table 4a provides the absolute abundance and adjusted residuals from a chi square test of differences in diet breadth across archaeological phases (x2 = 484.52; p = <0.0001). Positive adjusted residuals suggest higher abundance than expected and negative adjusted residuals suggest lower abundance than expected, with adjusted residuals ≥1.96 or ≤-1.96 significant to two standard deviations. The chi square test confirms the pattern suggested by the CA. Phases 3, 5 and 6 have a significantly higher relative abundance of high-ranked resources and a significantly lower relative abundance of low-ranked resources. In opposition, Phases 2 and 4 have a significantly higher relative abundance of low-ranked resources. Phase 2 also has a significantly lower relative abundance of high-ranked resources. This suggests that during periods of lower precipitation in MIS 4 and MIS 2 (i.e., Phase 2 and Phase 4), people included a significantly higher proportion of low-ranked plant foods in their diet. This strategy, and the technological ability to process such foods, would have allowed people to survive in this region during periods of lower precipitation when both plant and animal resources were likely more widely dispersed and, therefore, less abundant within the landscape.

Interestingly, we find no toxic (locally described as ‘cheeky’) plants represented in the Madjedbebe plant macrofossil assemblage. Residue and usewear analysis on an upper grinding stone from Phase 7, L49, does include starch grains from possible Amorphophallus galbra tuber (Hayes et al., 2021). However, whilst these tubers can be toxic, less ‘cheeky’ varieties can be easily identified from their leaves prior to gathering, and require relatively little extra processing (i.e., baking for half a day; Chaloupka & Guiliani, 1984; Fox & Garde, 2018). This is despite:
the prevalence of cheeky plants in the local vicinity of Madjedbebe today and likely in the past (MN, DjDj; Florin et al., 2021; Story, 1969); 
their depiction in rock art styles, likely spanning the last c. 6 ky (including naturalistic, phytomorphic, and phyto-anthropomorphic yam (Dioscorea bulbifera) figures; Taçon et al., 1996); 
their continued use by Bininj (especially Dioscorea bulbifera; MN, DjDj); 
their often archaeologically visible inclusions, such as raphides or cystoliths (see SI Section 2 and Fig. S8; Chandler-Ezell et al., 2006; Crowther, 2009); and,
the fact that many other low-ranked plant foods (e.g., Pandanus spiralis kernels, palm pith and palm apex) are well-represented within the Madjedbebe plant macrofossil assemblage. 
As occupation of this site covers the full sequence of human occupation in the Alligator Rivers region it is unlikely that people using the rockshelter did not know how to detoxify such plants. Indeed, other forms of intensive processing activities, including grinding and pounding, were practised from earliest occupation of Madjedbebe (Clarkson et al., 2017; Florin et al., 2020). Rather, it is more likely that such plants were not regularly processed at Madjedbebe, as they require leaching in running water to be detoxified (e.g., Dioscorea bulbifera, Tacca leonpetaloides, Cycas conferta; MN, DjDj; McCarthy & McArthur, 1960). No such water source, seasonal or otherwise, occurs within a ~1km radius of the site today, making it unlikely that cheeky yams were brought to the site for preparation. Determining the antiquity of leaching-based detoxification practices in the Alligator Rivers region, therefore, likely requires further archaeobotanical research at sites in close proximity to running water sources.

1.4.4 Land use
The plant macrofossil assemblage at Madjedbebe includes resources from a range of vegetation communities that would have been found in varying proximity to the rockshelter over time. These include open forest and woodland vegetation (Persoonia falcata and Terminalia grandiflora), monsoon vine forest vegetation (Celtis sp. and cf. Dioscorea transversa), freshwater vegetation (Nelumbo nucifera, Nymphaea spp., Oryza sp., Cyperaceae tuber: Type A, B, C, and D, Monocotyledonous USO stem: Type A, and Monocotyledonous stem: Type A), and shared vegetation (Buchanania spp., Canarium australianum, Pandanus spiralis, Terminalia spp., Arecaceae; Cowie et al., 2000; Fox & Garde, 2018; Wightman & Andrews, 1989). The only lowland vegetation community not represented in the plant macrofossil assemblage is estuarine vegetation. This is not surprising as this vegetation community is depauperate in plant food resources, with the exception of the fruits of Avicennia marina and Diospyros spp., the former of which requires processing prior to eating (Wightman, 2006).

Table 4b provides the absolute abundance and adjusted residuals from a chi square test of differences in vegetation communities across phases (x2 = 360.15; p = <0.0001). During Phases 2–6, people foraged from all these vegetation communities, with an emphasis on the exploitation of open forest and woodland taxa, the adjusted residuals of which are significantly positive for Phases 3–5. In Phase 3, there was an increase in the use of monsoon vine forest vegetation, driven by a significant increase in the relative abundance of cf. Dioscorea transversa (see SI Section 2 and Fig. S8 for a detailed identification proof). This was followed by a significant decrease in the relative abundance of this species in Phase 4. It is likely that the increase in Phase 3 represents opportunism on the part of the people frequenting Madjedbebe during these phases. Open forest and woodland vegetation would likely have always dominated the environment surrounding the rockshelter. However, the modern distribution of monsoon vine forest vegetation is correlated significantly with precipitation (Fensham, 2012), and it is, therefore, likely that it was increasingly abundant on the Alligator River lowlands in Phase 3 prior to a narrowing of its spread during the Last Glacial Maximum (i.e., Phase 4, see Fig. 1c; Florin et al., 2021). People occupying Madjedbebe increased their use of plant foods found within this patch as it became more abundant in the vicinity of the site. 

[bookmark: _Ref37841978]Table 2: Plant foods identified by phase. Age ranges are expressed as the 95.4% confidence interval obtained from the modelled start and end age estimates of each phase (Clarkson et al., 2017), except for the end age estimate of Phase 6 and start age estimate of Phase 7, which is based on three AMS radiocarbon dates for C2/10 (see Table S1). *As this resource has not been recovered from an identified hearth feature and could have been growing in close proximity to the site, it’s use as a food is ambiguous; **This was referred to as Monocotyledonous stem: Type B in Florin et al. (2020); ***This resource was identified from a stem fragment, likely the by-product of removing the roots and stems from a Nymphaea spp. tuber during the cooking process.
	Phase
	Fruits and nuts
	Seeds
	Palm
	Underground storage organs

	Phase 2 (68.7–50.4 kya)
	Buchanania sp. fruit, Canarium australianum nut, Pandanus spiralis nut, Persoonia falcata fruit, Terminalia spp. fruit/nut
	
	Arecaceae pith: Type A cf. Livistona sp., Type B*
	cf. Dioscorea transversa tuber**, Monocotyledonous USO stem tissue: Type A, Secondary root tissue: Type A

	Phase 3 (54.0–26.0 kya)
	Buchanania sp. fruit, Canarium australianum nut, Pandanus spiralis nut, Persoonia falcata fruit, Terminalia grandiflora nut, Terminalia spp. fruit/nut, Endocarp: Type A fruit/nut*
	Nelumbo nucifera seed, Nymphaea spp. seed, Oryza sp. seed
	Arecaceae pith: Type A cf. Livistona sp.
	cf. Dioscorea transversa tuber**, Monocotyledonous USO stem tissue: Type A, Secondary root tissue: Type B

	Phase 4 (28.9–12.2 kya)
	Buchanania sp. fruit, Canarium australianum nut, Pandanus spiralis nut, Persoonia falcata fruit, Terminalia grandiflora nut, Terminalia spp. fruit/nut, Endocarp: Type A fruit/nut*
	Nymphaea spp. seed
	Arecaceae pith: Type A cf. Livistona sp.
	cf. Dioscorea transversa tuber**, Monocotyledonous USO stem tissue: Type A, Secondary root tissue: Type B

	Phase 5 (10.5–7.1 kya)
	Buchanania sp. fruit, Pandanus spiralis nut, Persoonia falcata fruit, Terminalia grandiflora nut, Terminalia spp. fruit/nut, Endocarp: Type A fruit/nut*
	Nymphaea spp. seed
	Arecaceae pith: Type A cf. Livistona sp.
	cf. Dioscorea transversa tuber**, Monocotyledonous USO stem tissue: Type A, Type C

	Phase 6 (9.1– ~ 4 kya)
	Buchanania sp. fruit, Persoonia falcata fruit, Terminalia grandiflora nut, Terminalia spp. fruit/nut
	Nymphaea spp. seed
	
	cf. Dioscorea transversa tuber**, Monocotyledonous USO stem tissue: Type A

	Phase 7 (~ 4 kya to present)
	Canarium australianum nut, Celtis sp. fruit, Pandanus spiralis nut, Persoonia falcata fruit, Terminalia grandiflora nut, Terminalia spp. fruit/nut
	Nelumbo nucifera seed, Nymphaea spp. seed
	Arecaceae pith: Type A cf. Livistona sp., Arecaceae meristem, Arecaceae young leaf
	cf. Dioscorea transversa tuber**, Nymphaea spp. rhizome***, Cyperaceae tuber: Type A, Type B, Type C, Type D, Monocotyledonous USO stem tissue: Type A, Type B, Type C, Type D, Secondary root tissue: Type C


[bookmark: _Ref37843544]
[bookmark: _Ref39236156]Table 3: Plant food categories available in the Alligator Rivers region grouped by diet breadth ranking. See SI Section 2 for a detailed break-down of the energy return rates used (Bettinger & Malhi, 1997; Fox & Garde, 2018; Fysh et al., 1960; Hawkes et al., 1982; He & Xia, 2007; Jones & Meehan, 1989; Low, 1991; Lucas & Russell-Smith, 1993; McArthur, 1960; McCarthy & McArthur, 1960; Meehan et al., 1978; Miller et al., 1993; O'Connell & Hawkes, 1981; Petruso & Wickens, 1984; Semon & Thomas, 2008; Southwell, 2007). *Buchanania obovata and Persoonia falcata fruits are also often ground whole into a paste, dried and stored for later consumption (MN, DjDj; Russell-Smith et al., 1997). **These seeds are also often ground to make cakes (MN, DjDj; Fox & Garde, 2018; Russell-Smith et al., 1997). 
	Rank
	Resource category
	Energy return rate 
	Archaeological taxa/type
	Required gathering and processing techniques

	High-ranked (>1,500Kcal/hr)
	Fruits and easily extracted nuts
	2,091Kcal/hr
	Buchanania sp., Canarium australianum, Celtis spp., Persoonia falcata, Terminalia spp., Terminalia grandiflora
	Gathering; extraction of nuts using one to two blows from an anvil and hammerstone (easily extracted nuts)*

	
	Waterlily and lotus seeds
	1,862Kcal/hr
	Nelumbo nucifera seeds, Nymphaea spp. seeds
	Gathering; peeling of fleshy part of seed head (Nymphaea spp.); removal and peeling of large, individual seeds (Nelumbo nucifera)**

	Middle-ranked (1,500-500Kcal/hr)
	USOs
	1,025Kcal/hr
	cf. Dioscorea transversa, Cyperaceae tuber: Types A, B, C and D, Moncot. USO stem tissue: Types A, B, C and D, Secondary root tissue: Types A, B and C
	Digging; removal of grit and/or peeling; cooking

	Low-ranked (<500Kcal/hr)
	Palm apex (‘heart’)
	488Kcal/hr
	Arecaceae meristem, Arecaceae leaf
	Removal of leaves; cutting out of palm apex

	
	Cheeky yam 
	444Kcal/hr
	(Dioscorea bulbifera, Tacca leonpetaloides)
	Digging; cooking; peeling; slicing/grating; leaching

	
	Palm pith
	431Kcal/hr
	Arecaceae pith: Type A c.f Livistona spp., Arecaceae pith: Type B
	Removal of leaves; cutting down of young palm tree; cooking; removal of outer husk; pounding

	
	Pandanus spiralis kernels
	401Kcal/hr
	Pandanus cf. spiralis endocarp, Pandanus spiralis mesocarp
	Gathering, potentially cooking; extraction of kernels using a hammerstone and anvil to pound the drupes repeatedly

	
	Grass seeds
	379Kcal/hr
	Oryza sp.
	Gathering; winnowing; grinding


[image: ]
[bookmark: _Ref37853546][bookmark: _Ref37853483][bookmark: _Ref37854955]Figure 4: Correspondence analysis plot of Phases 2-7, a where Axis 1 accounts for 21.2% of variation in the contexts and Axis 2 accounts for 16.9% of variation in the contexts. b close-up of variation in context composition between Phases 2–6. Data and R code for this figure are online at: http://doi.org/10.17605/OSF.IO/KPH5Z (Florin & Marwick, 2020).
Table 4: Absolute frequency (Aƒ) and adjusted residuals (AR) of composite chi square tests. a variation in absolute abundance of high-, middle- and low-ranked plant resources across phases; b variation in the abundance of vegetation communities across phases; significant values (2σ) in bold.
	a
	
	Phase 2
	Phase 3
	Phase 4
	Phase 5
	Phase 6
	Phase 7

	
	
	
	
	
	
	
	

	Rank
	Type
	Aƒ
	AR
	Aƒ
	AR
	Aƒ
	AR
	Aƒ
	AR
	Aƒ
	AR
	Aƒ
	AR

	High-ranked
	Fruits and easily extracted nuts
	62
	-4.67
	743
	19.00
	114
	-1.26
	54
	3.50
	12
	2.42
	48
	-20.02

	
	Waterlily and lotus seeds
	0
	-1.72
	2
	-4.67
	1
	-1.42
	2
	0.92
	1
	1.79
	23
	6.90

	
	Total
	62
	-5.05
	745
	17.91
	115
	-1.57
	56
	3.70
	13
	2.82
	71
	-18.43

	Middle-ranked
	USOs
	16
	-0.66
	77
	-3.67
	14
	-2.36
	3
	-1.77
	3
	1.39
	91
	6.99

	
	Total
	16
	-0.66
	77
	-3.67
	14
	-2.36
	3
	-1.77
	3
	1.39
	91
	6.99

	Low-ranked
	Palm apex ('heart')
	0
	-3.42
	0
	-10.80
	0
	-3.98
	0
	-2.12
	0
	-0.90
	111
	18.95

	
	Palm pith
	22
	0.04
	54
	-9.00
	44
	3.20
	13
	1.49
	0
	-1.37
	107
	7.63

	
	Pandanus spiralis kernels (without steel)
	109
	7.52
	271
	-6.22
	102
	2.93
	13
	-2.93
	0
	-2.60
	183
	1.78

	
	Grass seeds
	0
	-0.32
	1
	1.00
	0
	-0.37
	0
	-0.20
	0
	-0.08
	0
	-0.57

	
	Total
	131
	5.43
	326
	-15.86
	146
	2.92
	26
	-2.70
	0
	-3.62
	401
	14.48

	Χ2
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	484.52

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	p=<0.0001



	b
	
	Phase 2
	Phase 3
	Phase 4
	Phase 5
	Phase 6
	Phase 7

	
	
	
	
	
	
	
	

	Vegetation community
	Taxon or type
	Aƒ
	AR
	Aƒ
	AR
	Aƒ
	AR
	Aƒ
	AR
	Aƒ
	AR
	Aƒ
	AR

	Open forest and woodland
	Persoonia falcata (fruit)
	24
	-0.54
	174
	3.27
	10
	5.20
	13
	0.75
	5
	2.22
	4
	-9.45

	
	Terminalia grandiflora (nut)
	0
	-2.36
	41
	3.53
	1
	-3.63
	11
	6.52
	0
	-0.63
	7
	-1.88

	
	Total
	24
	-1.51
	215
	4.55
	101
	3.29
	24
	3.47
	5
	1.79
	11
	-9.59

	Monsoon vine forest
	Celtis spp. (fruit)
	0
	-0.30
	0
	-0.92
	0
	-0.51
	0
	-0.26
	0
	-0.08
	1
	1.91

	
	cf. Dioscorea transversa (tuber)
	11
	1.12
	73
	5.92
	4
	-4.04
	1
	-1.30
	1
	0.49
	7
	-3.50

	
	Total
	11
	1.08
	73
	5.80
	4
	-4.08
	1
	-1.31
	1
	0.48
	8
	-3.28

	Freshwater
 
	Nelumbo nucifera (seed)
	0
	-0.43
	1
	-0.12
	0
	-0.71
	0
	-0.26
	0
	-0.11
	1
	0.98

	
	Nymphaea spp. (seed, tuber)
	0
	-1.60
	1
	-4.52
	1
	-2.21
	2
	1.12
	1
	1.96
	23
	7.85

	
	Oryza sp. (seed)
	0
	-0.30
	1
	1.09
	0
	-0.51
	0
	-0.19
	0
	-0.08
	0
	-0.52

	
	Cyperaceae (tuber)
	0
	-1.04
	0
	-3.20
	0
	-1.75
	0
	-0.65
	0
	-0.28
	12
	6.63

	
	Monocot. USO stem tissue: Type A (tuber)
	3
	-0.90
	3
	-6.36
	5
	-2.29
	1
	-0.72
	2
	2.68
	45
	10.36

	
	Monocot. stem: Type A (stem)
	0
	-0.30
	0
	-0.92
	0
	-0.51
	0
	-0.19
	0
	-0.08
	1
	1.91

	
	Total
	3
	-2.02
	6
	-8.33
	6
	-3.73
	3
	-0.26
	3
	2.95
	82
	14.65

	Shared
	Buchanania spp. (fruit)
	5
	-0.32
	43
	2.78
	9
	-1.52
	11
	5.88
	1
	0.85
	0
	-4.41

	
	Canarium australianum (nut)
	31
	-1.31
	354
	14.87
	60
	-4.27
	0
	-4.42
	0
	-1.90
	14
	-10.66

	
	Pandanus spiralis (kernel)
	109
	6.28
	271
	-9.18
	249
	8.60
	13
	-3.47
	0
	-2.82
	183
	0.57

	
	Terminalia spp. (fruit, nut)
	2
	-4.09
	131
	4.63
	35
	-1.54
	19
	4.66
	6
	4.14
	22
	-4.21

	
	Arecaceae (pith, apex)
	22
	-1.48
	54
	-12.37
	44
	-3.91
	13
	0.39
	0
	-1.6
	218
	19.96

	
	Total
	169
	1.74
	853
	-2.61
	162
	0.83
	56
	-2.23
	7
	-3.14
	437
	2.77

	Χ 2
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	360.15

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	p=<0.0001



The CA suggests the occurrence of a significant shift in the plant-based foraging strategies represented in the Phase 7 plant macrofossil assemblage. This is driven primarily by the positive spread of both Phase 7 contexts and freshwater plant taxa on CA axis 1, including Nymphaea spp. seeds, cf. Cyperaceae tuber: Types A, B, C and D, and Monocotyledonous USO stem tissue: Type A. The adjusted residuals provided in Table 4b corroborates this trend, with a significant increase in all these taxa, and the exploitation of freshwater vegetation more broadly. Interestingly this trend begins during Phase 6, driven by an increase in Monocotyledonous USO stem: Type A and Nymphaea spp. seeds (see Table 4b). This likely explains the positive spread of the final Phase 6 context, C2/12, which is positioned in close proximity to the Phase 7 contexts on the CA. As more freshwater patches formed on the Alligator Rivers lowlands, people quickly altered their diet to include more of the high- and middle-ranked plant foods provided by such vegetation. However, unlike in Phase 3, this increase in the relative abundance of freshwater vegetation resources is coupled with a significant and pronounced decrease in the relative abundance, and, in some cases (e.g., Buchanania spp.), absence of high-ranked fruits and easily extracted nuts (adjusted residual = -20.02, see Table 4a). This includes a decrease in the relative abundance of open forest and woodland vegetation resources (see Table 4b), including those growing directly outside the rockshelter today (Buchanania obovata, Canarium australianum and Terminalia grandiflora). 

1.4.5 Seasonality
Not all the changes occurring in Phase 7 can be explained directly by the development of the Magela Creek floodplain. This includes the significant decrease in the relative abundance of high-ranked fruits and easily extracted nuts, and the addition of a number of novel plant foods that are not adapted to freshwater habitats (e.g., Arecaceae meristem and young leaf tissue, which is suggestive of the use of palm apices or ‘hearts’; and Monocotyledonous USO stem tissue: Types B and D, and Secondary root tissue: Type C).

Table 5 illustrates the smallest seasonal window of occupation required to make use of the plant foods found in the assemblage in both Phases 2–6 and in Phase 7. This table uses the Bininj six-season cycle and assumes that people are frequenting the site in a consistent seasonal manner across these two time-periods. In Phases 2–6, people were most likely visiting Madjedbebe from Kurrung to Kunumeleng (September to December) during the build-up to the monsoon season. In Phase 7, on the other hand, people were most likely visiting from Bangkerrang to Wurrkeng (mid-March to August, see Table 5). This shift in seasonality is driven by two factors:
the abundance of freshwater vegetation in Phase 7, which is seasonally abundant and only accessible when flood waters begin to recede on the Alligator River lowlands in late Bangkerrang (April); and 
the absence of Buchanania spp. in Phase 7, which fruits with the first rains in late Kurrung and Kunumeleng (October to December). 
This is accompanied by a decrease in the relative abundance and/or ubiquity of other fruits and nuts with similar but extended fruiting seasons (e.g., Persoonia falcata fruit, Terminalia grandiflora nut and Terminalia spp. fruit/nut).

[bookmark: _Ref37924293]Table 5: Variation in the use of seasonally available resources at Madjedbebe, using both Bininj and European calendars, comparing Phases 2–6 and Phase 7(Fox & Garde, 2018). Diagonal grey hatches indicate the smallest window of "fit" for seasonal use of Madjedbebe during the two time periods; horizontal white hatches indicate those plants that, whilst present, are either significantly less abundant or only found in one context within those phases. Note that the European calendar does not fit the Bininj seasonal calendar neatly, as the latter’s seasons are variable in length (Fox & Garde, 2018). For instance, Kudjewk is the longest season, beginning in late December and ending in mid-March, making both Kunumeleng and Bangkerrang shorter. 
	Vegetation community
	Taxa or type
	Dry
	Wet

	
	
	Yekke
	Wurrkeng
	Kurrung 
	Kunumeleng
	Kudjewk
	Bangkerrang

	
	
	May 
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov 
	Dec
	Jan
	Feb
	Mar
	Apr

	Phases 2–6 (~ 65–~ 4 kya)

	Open forest and woodland
	Persoonia falcata (fruit)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Terminalia grandiflora (nut)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Monsoon vine forest
	Dioscorea transversa (tuber)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Freshwater vegetation
	Nelumbo nucifera (seed)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	 
	Nymphaea spp. (seed, tuber)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Shared: Open forest and woodland, monsoon vine forest and freshwater fringe
	Buchanania spp. (fruit)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Canarium australianum (nut)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Pandanus spiralis (nut)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Terminalia spp. (fruit/nut)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Arecaceae (pith)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Phase 7 (~ 4 kya to present)

	Open forest and woodland
	Persoonia falcata (fruit)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Terminalia grandiflora (nut)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Monsoon vine forest
	Celtis spp. (fruit)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Dioscorea transversa (tuber)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Freshwater vegetation
	Nelumbo nucifera (seed)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Nymphaea spp. (seed, tuber)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Cyperaceae (tuber)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Shared: Open forest and woodland, monsoon vine forest and freshwater fringe
	Canarium australianum (nut)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Pandanus spiralis (nut)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Terminalia spp. (fruit/nut)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Arecaceae (pith)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	
	Arecaceae (apex)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 



Whilst these seasonal windows do not preclude the possibility of people frequenting Madjedbebe in other seasons, they do suggest a significant shift in the general seasonal round in Phase 7. In Phase 7, the seasonal window places people at the site at the end of Bangkerrang, ready to access both the edges of the floodplains (e.g., Cyperaceae tubers and Nymphaea spp. seeds and tubers) and the surrounding open forest and woodland environments, as described in the ethnographically recorded seasonal round (Chaloupka, 1981; Garde, 2009; McArthur, 1960; Russell-Smith et al., 1997; Spencer, 1914). This window explains the absence or decrease in the relative abundance of high-ranked fruits and easily extracted nuts, which are found in the vicinity of the site but were not fruiting in this season. It also explains the increase in novel USOs not adapted to freshwater environments, as these are likely representative of the use of now seasonally available open forest and woodland USOs. This material signature of seasonality is in accordance with the ethnographically described seasonal round from this region, suggesting that the current seasonal round was developed in response to the formation of the freshwater wetlands.

1.5 Discussion
The plant macrofossil assemblage at Madjedbebe suggests people frequenting the rockshelter from earliest occupation of the site to the recent past were eating a wide range of plant resources, including those requiring intensive and multi-step gathering and processing. The foraging strategies employed by these people did, however, change with time. People widened their diet breadth during phases of lower precipitation and resource stress (i.e., MIS 4 or Phase 2, and MIS 2 or Phase 4), and incorporated more resources from productive vegetation communities (i.e., monsoon vine forest and freshwater vegetation communities) into their diet as they became increasingly available in the immediate site surrounds. When the Magela Creek wetlands formed in the late Holocene, people both incorporated more resources from this abundant environment into their diet and likely shifted their seasonal round to use Madjedbebe as the floodwaters began to recede in Bangkerrang (mid-March). Contra to the mid- to late Holocene predictions of the Australian Intensification model of cultural change (Lourandos, 1997), this shift in foraging practices in Phase 7, whilst significant, does not reflect a shift in the complexity or type of plant-based processing techniques. Rather, it shows continued flexibility in both the plant selection and land use strategies of the people occupying Madjedbebe through time, as, amongst other things, the local environment changed.

The adaptability and resilience of communities in the Alligator Rivers region suggested by these plant-based foraging strategies is consistent with evidence from other material culture recovered from Madjedbebe and nearby archaeological sites. First, increased diet breadth in Phases 2 and 4 at Madjedbebe corresponds with peaks in lithic artefact discard at the site (Clarkson et al., 2017; Florin et al., 2021). Florin et al. (2021) argue that this is representative of the increased use of Madjedbebe during MIS 4 and 2 when precipitation decreased but remained moderate (>1,500 mm per annum; Fig. 3c) across both glacial stages. This palaeoenvironmental record is corroborated by the presence of monsoon vine forest and freshwater vegetation occurring within the plant macrofossil assemblage throughout the Pleistocene occupation layers. However, corresponding peaks in the use of exotic raw materials suggest that increased population size and decreased precipitation likely led people living at Madjedbebe to extend their ranges and possibly also their social networks (Gould & Saggers, 1985; Shott, 1986). The increased diet breadth evidenced is consistent with this behaviour, suggesting that shifts in environment and demography required people living at the site during MIS 4 and 2 to also use more low-ranked plant resources.

Second, whilst there are no estuarine plant resources evident in the Madjedbebe plant macrofossil assemblage, Madjedbebe and several other rockshelters in the region show evidence of an uptake of estuarine faunal resources following the formation of these habitats (Allen & Barton, 1989; Hiscock, 1999; Kamminga & Allen, 1973; Schrire, 1982). This is evidenced in the accumulation of estuarine shell middens, dominated to varying degrees by Geloina coaxans, Cerithidea anticipata and Telescopium telescopium, from c. 6 kya. The reoccurrence of stone point manufacture in the region is also broadly concurrent with the onset of midden formation in rockshelter sites, their use peaking c. 4–2 kya before their disappearance from the archaeological record (Allen & Barton, 1989; Clarkson, 2006; Clarkson et al., 2017; Hiscock, 1999; Kamminga & Allen, 1973; Schrire, 1982). Archaeologists have argued that these points were part of composite toolkits that provided “readily maintainable, multi-functional extractive tools with an extendable use life,”(Hiscock, 1999), and that their use in the mid-Holocene was a risk reduction strategy linked to increased environmental uncertainty following the marine transgression and the onset of ENSO c. 4 kya (Clarkson, 2006; Hiscock, 1999; Shulmeister & Lees, 1995). This pattern of rapid uptake of newly available resources is again repeated with the incorporation of freshwater resources, including freshwater mussels, fish, tortoises and birds, as well as freshwater plants into diets as they became abundant within the Alligator River lowlands c. 4–2 kya (Allen & Barton, 1989; Hiscock, 1999; Kamminga & Allen, 1973; Schrire, 1982).

Third, the shift in seasonal round suggested by the change in composition of the plant macrofossil assemblage in Phase 7 also corresponds to a shift in settlement patterns in the Alligator Rivers region at this time. This includes an increase in the use of the Magela Creek floodplains c. 4 kya, with a proliferation of both shell mounds and middens, and the first use of Paribari rockshelter (located in a sandstone outlier on the floodplains) dated to this period (Brockwell et al., 2009; Hiscock, 1999; Schrire, 1982). The x-ray rock-art style also emerges in the Alligator Rivers Region during this final phase of occupation at Madjedbebe, comprising painted freshwater animal and, to a lesser degree, plant (waterlily and lotus) motifs, and beeswax designs (Chaloupka, 1993; Taçon & Chippindale, 2008; Taçon, 1989; Taçon et al., 2004). It has been argued that this recent rock art style reflects the restructuring of totemic relationships in this period, in part allowing people to redefine their relationships to newly emerging features of the physical environment by incorporating them into their pre-existing cultural and religious structure, and painting them onto their ancestral landscape (Taçon & Chippindale, 2008). Therefore, it is likely that the shift in seasonal round reflected in the Madjedbebe assemblage in Phase 7 was part of a broader reshaping of the settlement patterns, foraging practices and beliefs of people living in the Alligator Rivers region during the late Holocene. 

Ethnographic research also documents a series of niche constructing practices used by Bininj in the Alligator Rivers region, including plant husbandry and vegetation burning (Florin & Carah, 2018; Jones & Meehan, 1989; Russell-Smith et al., 1997). Several of these practices are connected to plant foods recovered from the Madjedbebe macrofossil assemblage, such as the replanting and tending (via aeration and soil turnover) of Dioscorea transversa (MN, DjDj; Atchison & Head, 2012; Head et al., 2002; Hynes & Chase, 1982; Jones, 1975; Jones & Meehan, 1989; Peterson, 1976); the lighting of small, low-intensity fires as vegetation cures in Yekke (May and June) to decrease fuel loads and protect economically important vegetation patches (e.g., fruit trees and lowland monsoon vine forest patches) from high-intensity conflagrations in Kurrung (September and October; Russell-Smith et al., 1997); and the burning of floodplains to promote the growth of middle- and high-ranked geophytic species (e.g., Cyperaceae tubers and Nelumbo nucifera) over that of seed-regenerating species (Garde, 2009; Russell-Smith, 1985). All these practices likely have antiquity beyond that of the colonial period, but whether this extends back to the time of the formation of the Magela Creek floodplain or to an even earlier period is unknown. This is because the results of these plant husbandry and vegetation burning practices, including the enlargement of Dioscorea transversa tubers and the promotion of economically important vegetation patches, are not readily visible in the archaeological record and are quickly reversed after their cessation (Denham et al., 2020; Hynes & Chase, 1982; Russell-Smith & Bowman, 1992).

Importantly for the establishment of the antiquity of low intensity firing regimes in the region, recent research into the palaeoenvironmental conditions at Madjedbebe confirms that > 1510 mm mean annual precipitation was likely in place as part of the northern Australia monsoon in this region throughout the whole of the last glacial cycle (Beaufort et al., 2010; Florin et al., 2021). This pattern of precipitation is responsible for increased vegetation growth during the wet season and the subsequent curing of large fuel-loads in the dry, culminating in Kurrung, when both anthropogenic and natural fires are likely to produce uncontrollable and dangerous conflagrations, even when fuel loads have been reduced (Russell-Smith et al., 1997). The Madjedbebe plant macrofossil assemblage places people on the Alligator Rivers lowlands during this season, at least sporadically, across much of the ~ 65-ky-sequence of human occupation (Phases 2–6). It is possible that people were frequenting the rockshelter during this season without reducing the risk associated with Kurrung fires. However, the continued use of Madjedbebe in this season, alongside the continued abundance of fruit trees in the local environment is suggestive of some form of controlled vegetation burning by people from first occupation of this region to present. A broader landscape approach describing the spatiotemporal position of both people and vegetation communities on this landscape – and especially of monsoon vine forest patches (Russell-Smith & Bowman, 1992) – is required to detect longer-term patterns of vegetation burning practices in the Alligator Rivers region.

Research into the diet and material culture of the people frequenting Madjedbebe suggests that they responded to long-term cultural and environmental changes in complex and flexible ways involving resource selection, alterations to the seasonal round, and technological change or elaboration. Some of the important technologies required to gather and process the plant foods available around the site, such as grinding stones, mortars and ground-edge axes, were, however, present from first occupation of the site and maintained throughout the long history of occupation (Clarkson et al., 2017; Florin et al., 2020). The maintenance of cultural knowledge, and an adaptable and flexible broad-spectrum plant diet and accompanying technology likely contributed to a resilient cultural system in the face of large-scale and relatively rapid environmental changes over the last ~ 65 ky of occupation.

Whilst some of the technologies required for processing plant foods were unique to northern Sahul for much of the Pleistocene (Hiscock et al., 2016), the evidence for the long-term use of a broad-spectrum plant diet at Madjedbebe is consistent with a growing body of research indicating that broad-based plant exploitation, including the cooking and processing of seeds and underground storage organs, was part of the adaptive toolkit of early modern humans and, even, Neanderthals (Barker et al., 2007; Henry et al., 2014; Inchley et al., 2016; Larbey et al., 2019; Madella et al., 2002; Mercader, 2009; Summerhayes et al., 2010; Wadley et al., 2020; Weiss et al., 2004; Zilhão et al., 2020). This evidence significantly predates the expectations of Kent V. Flannery’s (1969) ‘Broad Spectrum Revolution’, which hypothesises the incorporation of hard-to-process plant foods into hunter-gatherer diets only in the millennia immediately prior to the advent of agriculture. Rather, it suggests diet breath and the ability to access nutrients from a range of plant foods was crucial to the adaptability of our species to novel environments globally.
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