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A B S T R A C T   

The timing and cause of megafaunal extinctions are an enduring focus of research interest and debate. Despite 
the developments in the analysis of coprophilous fungal spores (CFS), the proxy for reconstructing past mega
herbivore changes, the environmental consequences of this fauna loss remain understudied. This is partly due to 
the general obscurity of such a signal in pollen records, as well as limitations in disentangling human and 
extinction ecological impact, and the lack of spatial information of megafauna changes in site-level sedimentary 
records. In Australia, the debate centres on the possibility that habitat loss through climate change, vegetation- 
fire change, human intervention, or a combination of these factors led to the extinction of some large animals 
during the Late Pleistocene. Pollen and plant isotope studies have also demonstrated that vegetation-fire re
sponses following the Late Pleistocene megafaunal extinctions were characterized by increased vegetation 
density and fire activity due to reduced grazing/browsing pressure. Here, we use a well-dated marine sedi
mentary core record from the Murray Darling Basin in southern Australia and apply palynological and functional 
palaeoecological approaches to reconstruct the Late Pleistocene megafaunal abundance changes, the timing and 
potential cause of extinction across the basin and investigate if extinction was associated with any signal of trait- 
based vegetation changes. We infer megafaunal abundance changes from the abundance of CFS and compare this 
with climatic proxies from the same core. We then link modern observations of fruit, seed and fire response traits 
of plant genera within the basin to the fossil pollen record to reconstruct palaeo vegetation community traits and 
determine if extinction was associated with any changes in plant community trait composition. Closely-spaced 
14C dates obtained from planktonic foraminifera and δ18O tie points place a major decline in CFS, and thus 
the timing of extinction, within the basin at ~43.3 ka. While climate-driven environmental changes largely 
controlled megafaunal presence, human arrival and frequent landscape burning are considered the most likely 
primary cause of extinction or, at the very least, megafauna decline in the Murray Darling Basin. We also found 
that the proposed period of megafaunal decline was also accompanied and followed by a decline in the preva
lence of plants with larger seeds and fruits that were likely to have been once dispersed by megaherbivores. Our 
study supports the idea of a human-driven megafaunal extinction in mainland Australia and that the extinction 
caused changes in vegetation due to reduced plant dispersal and herbivory. However, high fire activity primarily 
linked to these vegetation changes was not observed, as humans were already practicing landscape burning 
before the period of megafaunal extinction and likely continued to do so afterward.  
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1. Introduction 

The timing, cause(s), and legacy effect of the extinction of mega
fauna (animals >40 kg) remain topics of global interest (Brook and 
Bowman, 2002; Wroe et al., 2013; Meltzer, 2020). While the timing of 
megafaunal extinction has been established in many parts of the world, 
the causes and impact on the environment remain contested (Brook and 
Bowman, 2002; Wroe et al., 2013; Barnosky et al., 2016; Villavicencio 
et al., 2016). Extinction is thought to have been primarily driven by 
climatic shifts (including a shift in Earth’s geomagnetic field) (Brook and 
Bowman, 2002; Wroe et al., 2013; Cooper et al., 2021; Stewart et al., 
2021) or human overhunting/habitat modification (Miller et al., 2005; 
Turney et al., 2008; Rule et al., 2012; van der Kaars et al., 2017) or a 
combination of both (Villavicencio et al., 2016; Bradshaw et al., 2021a, 
2021b; David et al., 2021; Nürnberg et al., 2022). However, the envi
ronmental consequences which followed megafaunal extinction are still 
poorly understood in many parts of the world, including in Australia. 
This is partly due to the paucity of animal-plant interactions in con
ventional pollen records and human-land transformations around the 
time of extinction (Miller et al., 2005; Turney et al., 2008; Johnson, 
2009; Lopes dos Santos et al., 2013a; De Deckker et al., 2021). These 
limitations have prompted the use of other plant proxies (e.g., stable 
carbon isotopes) to examine vegetation response to megafaunal extinc
tions (Miller et al., 2005; Lopes dos Santos et al., 2013a). The relatively 
few existing studies on this topic in Australia and beyond suggest that 
changes, including increases in vegetation density and increased fire 
activity, occurred across landscapes following the extinction of mega
fauna (Miller et al., 2005; Johnson, 2009; Rule et al., 2012; Lopes dos 
Santos et al., 2013a; Pym et al., 2023). However, this trend can also vary 
spatially as demonstrated by Perrotti et al. (2022) in their study, which 
shows woody taxa expansion following megafaunal extinction in 
northern and central United States, and wood taxa expansion preceding 
extinction in southern United States. Our goal here is to use a palyno
logical and functional palaeoecological (Brussel and Brewer, 2021; 
Adeleye et al., 2023) approach to (i) identify the timing and potential 
cause of megafaunal extinction, and (ii) to chart associated changes in 
the functional characteristics of vegetation and fire activity in southern 
Australia. 

We use a highly-resolved record of coprophilous fungal spores (CFS) 

in the upper 15 m of a deep-sea marine sediment core (MD03-2607) 
taken from offshore Kangaroo Island in southern Australia to infer 
temporal changes in megafaunal abundance across the Murray Darling 
Basin (~1.106 km2 in size) since the core is located opposite the mouth 
of the Murray River (De Deckker et al., 2021) (Fig. 1). The CFS record is 
then quantitatively compared to independent indicators of past climates 
and fire regimes to identify the possible drivers of megafaunal extinction 
in the area. The amount of compositional change in the already pub
lished fossil pollen record (De Deckker et al., 2021) through time is also 
estimated here to identify major vegetation shifts that may have fol
lowed megafaunal extinction. We then link contemporary observations 
(Falster et al., 2021) of fruit, seed and fire response traits of plant genera 
to the fossil pollen record. Based on the aforementioned studies (e.g., 
Miller et al., 2005; Johnson, 2009; Rule et al., 2012; Lopes dos Santos 
et al., 2013a; Pym et al., 2023) and existing knowledge of Murray Darlin 
Basin’s vegetation history (De Deckker et al., 2021), we hypothesize four 
scenarios of megafaunal-vegetation change trajectory during the Late 
Pleistocene which are highlighted below, and all scenarios assume an 
open pre-extinction vegetation with less fires (Fig. 2). Under all sce
narios, we also expect that megafaunal extinction caused changes in 
fruit, seed and fire response traits in plant communities (Gröcke, 1997; 
Miller et al., 2005; Johnson, 2009; Lopes dos Santos et al., 2013a). These 
expected changes across the extinction boundary include progressive 
exclusion of plant species with larger seeds and fruits that require 
dispersal by large herbivores for successful establishment (Lord, 2004; 
Corlett, 2010), shifts in dispersal mode away from animal dispersal with 
a consequent and corresponding increase in the proportion of 
non-animal related dispersal modes in plant communities (Pym et al., 
2023), and expansion of plants tolerant to high frequency fires. 

For the first scenario (scenario 1), we expect human-pressure 
(including hunting and burning during a period of initial human occu
pation of the landscape) to drive megafaunal extinction, followed by an 
increase in vegetation density due to a decline in herbivory, resulting in 
high fire activity. Alternatively, under more intensive human-landscape 
management scenario (scenario 2), we expect no major changes in 
vegetation, which is maintained burning by humans following extinc
tion. Given the progressive cooling and drying trends that generally 
characterize the Late Pleistocene (De Deckker et al., 2021), in the third 
scenario, we expect climate to drive an opening of vegetation and 

Fig. 1. Location of deep-sea sediment core MD03- 
2607 sediment core (solid red circle) taken offshore 
Kangaroo Island in southern Australia (De Deckker 
et al., 2021). The site is away from the canyons. 
Light-brown shaded area adjacent to the Australian 
coastline between Kangaroo Island and Millicent to 
the south relates to the shallow (<200 m) Lacepede 
Shelf and on this are the postulated positions of 
ancient channels of the Murray River during low sea 
levels (Hill et al., 2009). The dark, brown-shaded area 
in the inset map indicates the Murray Darling Basin, 
which is ~1.106 km2 in size.   
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megafaunal decline during periods of cooling, with no/minor increase in 
vegetation density and fire activity following extinction. In scenario 4 
we expect a combination of human pressure and climate variability to 
drive vegetation change and megafaunal extinction, with open vegeta
tion maintained by cool, dry climate and human burning after 
extinction. 

2. Methods 

2.1. Fungal spores, pollen analysis and charcoal analysis 

Deep-sea sediment core MD03-2607 was obtained offshore Kangaroo 
Island (36◦ 57.64′S, 137◦ 24.39′E, 865 m water depth) opposite (~200 
km today and ~15 km during the low sea-level stand at the Last Glacial 
Maximum) the mouth of the River Murray in South Australia (Fig. 1). 
The pollen record from the core was previously published, spanning the 
last 125,000 years (De Deckker et al., 2021). For the present study, we 
analyse the core for coprophilous fungal spore (CFS) assemblages and 
re-examine the pollen record using a functional palaeoecological 
method. Coprophilous fungi are saprobes in large herbivore dungs and 
their fossil spores are used to infer past changes in megafaunal bio
mass/density and extinction (Lee et al., 2022; van Asperen et al., 2020, 

2021; Baker et al., 2013). We also use the abundance changes in CFS in 
core MD03-2607 to infer temporal changes in megafaunal abundance 
and the timing of extinction across the Murray Darling Basin. The CFS 
were counted on pollen slides and expressed as concentrations with log 
transformation (log_spore counts/mg of sediment) (Pym et al., 2023; 
van Asperen et al., 2020; Baker et al., 2016; Gill, 2014). CFS concen
tration was estimated by spiking samples with a known number (20,848 
spores) of exotic Lycopodium spores (Batch no: 483216). 

A Detrended Correspondence Analysis (DCA) was also conducted on 
the pollen record and first DCA axis scores were extracted to quantify 
compositional changes in vegetation through time. The DCA was per
formed in R using the ‘vegan’ package (Oksanen et al., 2022). Addi
tionally, the microscopic charcoal record from core MD03-2607 is 
re-analysed for charcoal accumulation rates (CHAR) with peak identi
fication using the ‘tapas’ package in R (Finsinger, 2022), which is the R 
version of the CharAnalysis program (Higuera et al., 2009). A 
globally-defined threshold at 0.95 with Gaussian mixed models is used 
for peak detection. 

2.2. Plant functional trait analysis 

Plant species currently distributed across the Murray Darling Basin 

Fig. 2. Hypothesized scenarios (1–4) of megafaunal-environmental changes trajectory during the Late Pleistocene. All show an open, pre-extinction vegetation with 
less fires, human or/and climate driven landscape changes and megafauna extinction. Post-extinction trajectory included dense vegetation formation and biomass 
burning due to a decline in herbivory (scenario 1) or open vegetation maintained by human land use or/and climate (scenarios 2–4). Decline in the proportion of 
plants with large fruits and seed dispersed by large herbivores is expected following extinction. A shift in fire response trait across the extinction boundary is also 
expected, especially in scenario 1. 
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were identified using cleaned occurrence records associated with digi
tised herbarium specimens (Andrew et al., 2021). These occurrences 
include 236,620 observations for 4015 plant species. Values for five 
traits were obtained for these species from the AusTraits database 
(Falster et al., 2021) (https://austraits.org/) with 101,386 trait obser
vations in total being available for the target species. The traits used 
include seed mass (mg), seed length (mm), fruit length (mm), dispersal 
modes, and fire response (Table 1, Fig. 3). To obtain representative trait 
values where more than one observation of a trait was available for a 
species, continuous traits were averaged and for categorical traits the 
most common phenotype was recorded, and the species level traits were 
subsequently aggregated for each of the 23 groups/families (Table 1). 
Mean log-transformed plant traits were then linked to corresponding 
square root-transformed fossil pollen (23 taxa/types) abundance to 
calculate community-weighted means (CWM) for each trait down core, 
performed in R using the ‘FD’ package (Laliberté et al., 2014). FD is a 
distance-based framework that measures trait diversity and at the same 
time calculates trait CWM in a multidimensional space (Laliberté et al., 
2014). 

2.3. Changepoint analysis and generalized additive modelling 

A changepoint analysis is performed on all palaeoecological datasets 
(including plant trait reconstructions) and palaeoclimate records from 
core MD03-2607 to determine the timing of major shift in trends and the 
sequence of shifts particularly across the boundary of the megafaunal 
extinction. Changepoint analysis is performed using a Bayesian trans- 
dimensional Markov chain Monte Carlo test with 100,000 iterations 
(Gallagher et al., 2011) using PAST program version 4.11 (Hammer 
et al., 2001). A generalized additive model with non-linear smoothing 
and Gaussian distribution is used to assess the relationships between 
CFS, pollen DCA, CHAR, plant traits and climate records to identify 
major drivers of megafaunal extinction and vegetation change. In line 
with the goal of study, data points younger than 30 ka (i.e. 30 ka–pre
sent) are not included in the fitted models. Generalized additive 
modelling is performed in R using the ‘mgcv’ package (Wood, 2023). In 
order to remove the effect of temporal autocorrelation from fitted 
models, random resampling of each variable at a lower resolution is 
performed and each model fitted 100 times. The climate variables were 
previously published independent records of sea-surface temperatures 
(alkenone-based temperatures) and pollen-based annual rainfall 

reconstructions for the MD03-2607 core (Lopes dos Santos et al., 2013b; 
De Deckker et al., 2021). All datasets are smoothed to the same temporal 
resolution (1000-yr interval on average) as the fungal spore record 
before fitting the models. 

2.4. Core chronology 

All reported dates are based on a chronology developed for core 
MD03-2607 using a combination of accelerator mass spectrometry 
(AMS) 14C dates, optically stimulated luminescence (OSL) dates and 
foraminifera δ18O isotopic dating tie points linked to the global marine 
isotope stratigraphy (see De Deckker et al., 2021; De Deckker et al., 2021 
for details). 14C dates are calibrated, after correction for local marine 
radiocarbon reservoir ages, using the latest Southern Hemisphere cali
bration curve—SHCal20 (Hogg et al., 2020). The age-depth model is 
built using a Bayesian OxCal P sequence with variable deposition rates 
and a general outlier analysis (see Supplementary Fig. 1 for age-depth 
model and De Deckker et al., 2021 for methodology details). 

3. Results 

Total coprophilous fungal spore (CFS) concentration, as well the 
results of the DCA, functional trait reconstruction and charcoal analysis 
for MD03-2607 core are presented in Fig. 4. The CFS recorded include 
Sporomiella (which makes up ~95%), Sordaria and Podospora (see Sup
plementary Fig. 2 individual CFS raw count diagram.). Changepoint 
analyses show a major shift (decline) in total CFS concentration at ~43.3 
ka and a shift in pollen taxa composition (DCA1) occurred at ~73 ka. In 
the considered plant traits, seed mass, seed length, and fruit length show 
major changes across the boundary of major decline in CFS abundance; 
however, the percentage changepoint is highest for seed and fruit traits 
(Fig. 4). Charcoal analysis reveals the most peaks between 60 and 43 ka 
and with the greatest peak at ~47 ka. Among the previous palae
oecological and palaeoclimatic datasets from MD03-2607 core re- 
analysed for changepoint analysis, only the records of C4 plants 
(Lopes dos Santos et al., 2013a) and sea-surface temperatures (SST) (De 
Deckker et al., 2021) show major changes around the timing of CFS 
abundance decline (Fig. 5). 

The generalized additive modelling result identifies SST and DCA1 as 
the significant (p < 0.05) predictors of the observed changes in CFS 
concentrations, with SST being the strongest predictor with an F-statistic 

Table 1 
Mean log-transformed and categorical plant trait data for pollen taxa recognised in core MD03-2607. DM = Dispersal modes (see text for further details), FR = Fire 
response (Os—obligate seeders, Res—resprouters), FL = Fruit length (mm), SM = Seed dry mass (mg), SL = Seed length (mm).  

Taxa/pollen type DM DM% FR FR% FL SM SL 

Acacia zoochory 77.5 Os 72.7 4.328 2.694 1.52 
Banksia anemochory 94.1 Os 52.2 2.327 2.949 2.194 
Callitris anemochory 100 Os 100 3.219 2.035 1.625 
Casuarina anemochory 100 Os 80 1.732 0.126 1.438 
Coprosma endozoochory 100 Os 50 NA 1.511 1.564 
Dodonaea anemochory 96.4 Os 75 2.744 1.324 0.915 
Elaeocarpus endozoochory 66.7 Res 75 2.292 5.665 1.799 
Epacris zoochory 83.3 Os 37.5 NA − 3.34 − 0.443 
Eucalyptus barochory 72.1 Res 74.1 2.066 0.277 0.49 
Euphorbia zoochory 72.7 Os 100 1.589 0.79 0.793 
Gyrostemon myrmecochory 100 Os 100 NA − 0.177 0.693 
Melaleuca anemochory 100 Res 70 0.896 − 2.38 − 0.073 
Amaranthaceae epizoochory 36.7 Os 69 1.903 0.051 0.756 
Asteraceae anemochory 72.2 Os 65.2 0.556 − 1.211 0.659 
Centrolepidaceae barochory 90 Os 100 NA − 3.113 − 0.462 
Cyathaea anemochory 100 Res 66.7 NA NA NA 
Cyperaceae barochory 29.2 Res 66.2 0.486 − 0.911 0.517 
Haloragaceae zoochory 42.6 Res 54 NA − 0.642 0.338 
Plantago barochory 48.7 Res 59 NA − 2.043 0.373 
Poaceae epizoochory 52.1 Res 48.2 0.724 − 0.596 0.937 
Rhamnaceae zoochory 62.5 Os 90.4 2.081 − 0.009 0.754 
Scrophulariaceae barochory 40 Res 56.7 1.775 0.403 0.947 
Typha anemochory 100 Res 100 NA − 1.915 0.46  
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value of 9.2 (Table 2). All predictors significantly (p < 0.05) explain 
DCA1; however, SST and annual rainfall have the highest F values. In 
addition to CFS, CHAR significantly (p < 0.05) explain changes in seed 
mass and SST significantly (p < 0.05) predict fruit length (Table 2).. 

4. Discussion 

4.1. Methodological considerations 

Coprophilous fungal spores (CFS) of herbivore dung are widely used 

as a proxy to infer changes in herbivore density, including megafauna, in 
the past (Johnson, 2009; van der Kaars et al., 2017; Perrotti, 2018; van 
Asperen et al., 2020; Baker et al., 2013, 2016; Gill, 2014); however, this 
is not straight forward (Chepstow-Lusty et al., 2019; Davies et al., 2022). 
The accumulation of spores in sedimentary deposits can be influenced 
by various factors, such as dispersal medium (water and wind), biotic 
and abiotic factors affecting spore germination and growth, and catch
ment conditions (e.g., size and changes in water levels) (Kuthubutheen 
and Webster, 1986; Krug et al., 2004; Johnson, 2009; Raczka et al., 
2016; Chepstow-Lusty et al., 2019). To reflect herbivore density and 

Fig. 3. The distribution (grey solid circles) and mean/dominant (black hollow triangles) trait observations in each pollen type/genus examined in the MD03-2607 
core record. 
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temporal abundance shifts more accurately, it has been found that using 
spore concentration (Raczka et al., 2016; Johnson et al., 2015; Pym 
et al., 2023) and influx (Wood and Wilmshurst, 2013; van Asperen et al., 
2020) provide better results compared to spore percentages. Addition
ally, considering multiple species of CFS during analysis yields a more 
robust estimate of herbivore density, thus minimizing the impact of 
interspecific responses to the aforementioned factors (Krug et al., 2004; 
Pym et al., 2023). In this study, we have also used CFS concentration to 
infer changes in megafauna density during the Late Pleistocene. Our 
concentration estimate includes multiple coprophilous fungal species, 
such as Sporomiella, Podospora, and Sordaria. Our concentration and 
influx estimates also exhibit a significant similarity (R = 0.91; Supple
mentary Figure 3). 

While accumulated macroscopic charcoal particles in contiguously- 
sampled sedimentary records are known to provide a more accurate 
indication of past fire activity, microscopic charcoal particles in pollen 
slides are also used to infer fire history, despite the associated un
certainties (Whitlock and Larsen, 2001; Mooney and Tinner, 2011). We 
acknowledge the potential sources of error that may be associated with 
our microscopic charcoal record, particularly due to the non-contiguous 
nature of the samples and the processing methods used. The 

millennial-scale sampling intervals may have resulted in missed fire 
events or episodes in the record, and the delicate nature of fossil char
coal raises the possibility of introducing artifacts through the rigorous 
chemical treatments and mixing involved in pollen processing (Clark, 
1984; Mooney and Tinner, 2011). However, in order to enhance the 
representation of past fire activity in the Murray Darling Basin through 
our microscopic charcoal record, we are expressing our results as 
charcoal accumulation rates (Mooney and Tinner, 2011). 

4.2. The timing and cause of Late Pleistocene megafaunal extinction in 
mainland Australia 

The age of a single bone specimen (Zygomaturus trilobus) reported by 
Westaway et al. (2017) from the Willandra Lakes in western New South 
Wales implies a megafaunal presence in Australia at ~36–32 ka; how
ever, the ages of several specimens reported by Roberts et al. (2001) 
across the continent suggest the disappearance of the large animals 
around 46 ka. The ~36–32 ka age is yet to be confirmed in other sites in 
Australia. While it is possible that a scanty number of the megafauna 
persisted for millennia in some parts of Australia after 46 ka (Westaway 
et al., 2017), it is likely that there was at least a major population or 

Fig. 4. The coprophilous fungal spore (CFS) record from deep-sea core MD03-2607 compared with vegetation changes (DCA1), plant traits (community-weighted 
means) and charcoal analysis result (CHAR-charcoal accumulation rates), as well as their corresponding change point analysis results. The black dashed horizontal 
lines indicate the timing of major decline in CFS at ~43.3 ka determined by changepoint analysis, which is taken as the timing of megafaunal extinction. Red crosses 
in CHAR curve are significant charcoal peaks. 
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diversity decline of the animals around 46 ka (Roberts et al., 2001). 
Our CFS record presents one of the few pieces of evidence for the 

timing of Australia’s megafaunal disappearance and indicates the pres
ence of megaherbivores around the Murray-Darlin Basin in southern 
Australia until ~43.3 ka or at least a major decline in their presence in 
the area at this time (Fig. 6). The CFS trend indicates this marked decline 
was brief and decline in megafaunal presence in the basin was generally 
gradual from this time, as previously reported in some other parts of the 
world (e.g., interior Alaska) where megafauna extinction was also not an 
abrupt event (Conroy et al., 2020). While our recorded timing of ~43.3 
ka is comparable to previous age estimates of megafaunal extinction 
ranging from ~50 to 40 ka on the Australian mainland (Roberts et al., 
2001; Miller et al., 2005; Gillespie et al., 2006; van der Kaars et al., 2017; 
Hocknull et al., 2020; David et al., 2021), the robust chronological 
control and relatively higher sampling resolution of the core 
MD03-2607 (supplementary Fig. 4) provide a more precise age estimate 
of the timing of megafaunal decline in the Murray Darling Basin. 

There is an ongoing debate on the cause of megafaunal extinction in 
Australia, and many arguments have been put forward to explain the 
cause(s). The low rank in the trophic network and fewer predators are 
thought to have rendered Australian megafauna vulnerable to external 
forcings and extinction (Llewelyn et al., 2022). These external forcings 
have been proposed to be caused by a climate-driven hydrological shift 
(Cohen et al., 2022), anthropogenic pressure (Rule et al., 2012; van der 
Kaars et al., 2017) and a combination of climatic and anthropogenic 
influences (David et al., 2021; Nürnberg et al., 2022). These patterns are 
reflected in our hypothesized scenarios for the trajectory of Late Pleis
tocene megafaunal extinction and landscape changes in Fig. 2. 

4.2.1. Climate driven-changes in megafaunal presence 
The overall importance (p < 0.001) of sea-surface temperature (SST) 

in our generalized additive models indicates the key role of climate in 
driving changes in megafaunal presence and vegetation in the Murray 
Darlin Basin during the Late Pleistocene (Table 2). However, the fitted 

Fig. 5. Selected records from Fig. 4, as well as the changepoint analysis results for vegetation (%C4 plants), fire (levoglucosan concentration) and climate records 
(sea-surface temperatures and annual rainfall) previously published from deep-sea core MD03-2607 (Lopes dos Santos et al., 2013a; De Deckker et al., 2021). The 
black dashed horizontal lines indicate the timing of the major decline in coprophilous fungal spores at ~43.3 ka determined by changepoint analysis, which is taken 
as the timing of megafaunal extinction. Red crosses in CHAR curve are significant charcoal peaks. 
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models for seed and fruit size suggests changes in megafaunal presence 
would have in turn had some influence on vegetation communities in 
the landscape in addition to the effect of background climate (e.g., 
increased dormancy and reduced germination success, Zhou et al., 
2021), especially from 125 to 41 ka (Table 2). The previously published 
pollen record from core MD03-2607 (De Deckker et al., 2021) and our 
new CHAR analysis for the core show that megafauna would have 
roamed a landscape characterized by open woodland with infrequent 
fires in the basin from 125 to 70 ka, and the stability of CFS abundance 
suggests a consistent presence of the large animals in the area as well 
(Fig. 6). During the last 125 ka, the first major climatic shift occurred at 
~70 ka (as detected by changepoint analysis), featuring a decline in SST, 
especially for the next ~10,000 years, and a major further opening of the 
landscape with herbaceous communities largely replacing woody ones 
(De Deckker et al., 2021). A grassland or savanna-like vegetation would 
have characterized the Murray Darlin Basin at this time. This 
climate-driven shift in vegetation composition (DCA1) may have 
featured a fluctuation in megafaunal presence in the area as indicated by 
the oscillating abundance of CFS during this period, which in turn 
perhaps contributed to the decline in the proportion of large-seeded 
and/or fruited plants due to reduced dispersal. A minor climate 
amelioration occurred after ~60 ka, with warming associated with a 
more stable megafaunal presence and an increase in the proportion of 
plants with large seeds and/or fruits (Fig. 6). However, the composition 
and perhaps structure of vegetation remained largely the same with the 
persistence of herb-dominated landscapes through and after the timing 
of major decline in megafaunal presence at ~43.3 ka. The large animals’ 
decline at/from this time may be related to climate cooling and was also 
accompanied by a decline in large-seeded and/or fruited plants until 
about 41 ka before recovery. The increase in the proportion of plants 
with large seeds and/or fruits after 41 ka may be due to the minor in
crease in temperature at this time or/and the recovery of some large 
herbivores in the Murray Darlin Basin (Fig. 6). 

4.2.2. Human driven-changes in megafaunal presence 
Ongoing changes in climate, especially the legacy effect of preceding 

cool and perhaps dry climatic episodes may have contributed to the 
decline in megafaunal presence at ~43.3 ka (Nürnberg et al., 2022). 
However, the degrees of temperature drop around 43.3 ka is similar to 

Table 2 
Results of generalized additive modelling with a non-linear smooting, showing 
relationships between changes in coprophilous fungal spore (CFS) abundance, 
vegetation compositional change (DCA1), fire (CHAR), plant traits (seed mass 
and fruit length) and climate (annual rainfall—rain and sea-surface temper
atures—SST). Traits selected are those with the highest percentage changepoint 
across the boundary of CFS abundance decline. Significance codes: ‘***’ <
0.001, ‘**’ <0.01, ‘*’ < 0.05, ‘.’ < 0.1, ‘’ < 1.  

CFS edf Ref.df F p-value Significance 

DCA1 6.081 6.883 2.939 0.0231 * 
CHAR 1.39 1.662 1.307 0.3449  
SST 5.715 6.679 9.183 1.12E-05 *** 
Rain 1.191 1.351 2.27 E+00 0.1802  
DCA1 
CFS 8.46 8.857 2.527 0.02371 * 
CHAR 1 1 7.268 0.01124 * 
SST 1 1 11.394 0.002 ** 
Rain 1 1 11.757 0.00173 ** 
Seed mass 
CFS 1.388 1.676 4.56 0.02747 * 
CHAR 2.584 3.173 4.687 0.00631 ** 
SST 2.315 2.856 2.024 0.15624  
Rain 1 1 1.167 0.28742  
Fruit length 
CFS 1.701 2.125 3.377 0.0453 * 
CHAR 2.382 2.886 2.26 0.073 . 
SST 7.962 8.615 2.161 0.0462 * 
Rain 3.117 3.86 0.662 0.5707   

Fig. 6. Coprophilous fungal spore (CFS) abundance compared with charcoal 
accumulation rates (CHAR), seed and fruit trait reconstructions and sea-surface 
temperature reconstructions (Lopes dos Santos et al., 2013b; De Deckker et al., 
2021) from MD03-2607 core. Also shown is the percentage total of tree and 
shrub and herb pollen from the core (De Deckker et al., 2021) from core 
MD03-2607. Blue-shaded zone indicate a period of marked climatic change 
(cooling) featuring a major shift from open woodland landscape to grassland or 
savanna like landscape, decline in the proportion of plants with large seeds, and 
low-fluctuating abundance of CFS. The yellow-red gradient zone indicates the 
period of human occupation in Australia with the onset of occupation (red 
zone) around the Murray Darling Basin within ~49–43 ka (O’Connell et al., 
2018). The black dashed horizontal line indicates the timing of major decline in 
CFS at ~43.3 ka determined by changepoint analysis, which is taken as the 
timing of megafaunal extinction or at least major decline. (see Supplementary 
Fig. 4 for full records from core MD03-2607 and Supplementary Fig. 5 for 
percentage abundance of large-seeded/fruited pollen taxa across the extinc
tion boundary). 
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the decline between 70 and 60 ka, but the latter featured a greater 
decline in megafaunal presence than the former. Also, cooling between 
70 and 60 ka featured a major shift in vegetation which is not the case at 
~43.3 ka (Fig. 6). Other factor(s) superimposed on background climate 
likely drove a major megafaunal decline at ~43.3 ka, which in this case 
is likely anthropogenic (Rule et al., 2012; van der Kaars et al., 2017; 
Llewelyn et al., 2022). Increased frequency of fire peaks from ~58 ka 
despite the prevalence of low-biomass herbaceous vegetation in the 
landscape suggests human presence (Fig. 6). Humans are thought to 
have arrived in northern Australia around 65 ka (Clarkson et al., 2017) 
and across the continent from about 50 ka (Tobler et al., 2017; O’Con
nell et al., 2018; Bradshaw et al., 2021b). Specifically, the most securely 
dated archaeological evidence from sites within the Murray Darling 
Basin (Lake Menindee) indicates human occupation from at least within 
~48–43 ka with a median age of ~46 ka and nearby site west of the 
basin is Lake Warratyi, with a human occupation start date range of 
~49–47 ka and median age of ~48 ka (O’Connell et al., 2018). Although 
there is no direct evidence of overkilling yet in Australia (e.g., speared 
megafaunal bones), the possibility of multi-millennial human occupa
tion and landscape burning (David et al., 2021) reducing megafaunal 
habitats/useable niches (Llewelyn et al., 2022) cannot be dismissed. 
People likely burned grasslands in the Murray Darling Basin during this 
time period or perhaps targeted existing small areas of woodland. 
Ongoing burning would have prevented any possible recovery of 
pre-existing woodland under the improved climatic condition at this 
time, leading to the gradual decline of megafaunal presence from ~46.5 
ka, reaching a minimum at ~43.3 ka (Fig. 6). The peak in landscape 
burning at ~46.5 ka not only coincides with the timing of human spread 
across Australia (Williams, 2013), but also its local presence in the 
Murray Darlin Basin (O’Connell et al., 2018); this can be linked to the 
major decline in megafaunal presence at ~43.3 ka. Shrinking habitats, 
such as the loss of suitable open woodland habitats, would have further 
rendered megafaunal populations more susceptible to a climate change 
impact and also successful hunting (Llewelyn et al., 2022). The delayed 
decline of megafaunal presence after human arrival on the continent 
suggests there was a stable coexistence that was likely disrupted by a 
rapid increase in human population or its rapid spread from ~46.5 ka 
(Williams, 2013), with increased widespread burning and perhaps 
hunting pressure on megafaunal species (Fig. 5). Increased human 
presence of this kind could be explained by innovations that helped 
human populations adapt to the Australian continent. Such innovations 
could be driven by a growing knowledge of the unique Australian flora 
for cultivation (fire-stick farming, e.g., Bliege Bird et al., 2018) and 
medicinal uses. 

4.3. Megafaunal-extinction associated vegetation changes 

The profile of plant community seed and fruit traits likely reflects 
shifts in vegetation community composition following the megafaunal 
decline in the Murray Darling Basin (Fig. 4). Particularly evident is the 
decline in size of seeds and/or fruits between 44 and 41 ka, which is also 
supported by the generalized additive model results (Table 2, Fig. 6). 
Plant community characteristics appear to have shifted, with large- 
seeded and/or fruited plant species fully or partially reliant on mega
herbivores for effective dispersal (e.g., Acacia, Elaeocarpus, Banksia), 
becoming less prevalent in the landscape within the first 2.5 millennia 
after the extinction. 

Previous studies of the Late Pleistocene environmental changes from 
Australia and beyond (Johnson, 2009; Lopes dos Santos et al., 2013a; 
Pym et al., 2023) have also suggested that the megafaunal extinction 
was followed by vegetation thickening and higher fire activity, and 
decline in animal-dispersed plants, especially within the first few 
millennia after the extinction. However, this is not consistent with our 
results. Only seed and fruit traits showed a major shift (high percentage 
changepoint) after the decline in megafaunal presence in the Murray 
Darlin Basin at ~43.3 ka (Fig. 6). Additionally, our plant fire response 

trait reconstruction, CHAR and changepoint analysis all show no evi
dence of fire activity that may have been primarily driven by a mega
faunal decline on the landscape (Figs. 4–6). A previous record of C4 
plants and levoglucosan (marker for biomass burning) from core 
MD03-2607 shows an increase in C4 plants and levoglucosan concen
tration within the first three millennia following megafauna extinction, 
suggesting increased vegetation density and fires in Murray Darlin Basin 
due to the decline in herbivory (Lopes dos Santos et al., 2013a). Though 
the abundance of C4 plants markedly declines between 44 and 42 ka, 
changepoint analysis for levoglucosan indicates no major change 
(Fig. 5). While changes such as vegetation thickening (Lopes dos Santos 
et al., 2013a) and reduced average seed size of plant communities may 
have followed megafaunal extinction, there is no clear evidence of 
increased fire activity that can be primarily linked to megafaunal 
extinction, given the existing roles of humans (Fig. 6). There is a pos
sibility that the observed fire activity (CHAR and levoglucosan con
centration) following ~43.3 ka is a reflection of ongoing human burning 
in the area, which later reduced upon the onset of the full glacial climate 
at ~30 ka (Figs. 5 and 6; Adeleye et al., 2021; Cadd et al., 2021). 

5. Conclusion 

In this study, our objective was to reconstruct Late Pleistocene 
megafaunal changes and identify the timing and potential causes of 
extinction across the Murray Darling Basin in southern Australia. We 
also aimed to investigate if the extinction was associated with any signal 
of trait-based vegetation change. Furthermore, we hypothesized four 
potential trajectories of Late Pleistocene megafaunal, vegetation, and 
fire-regime changes, as illustrated in Fig. 2. 

By utilizing a detailed chronology based on high-resolution 14C dates 
and tie points of the δ18O record of marine planktic foraminifera, we 
provide, for the first time in Australia, a well-defined timing of mega
faunal decline at approximately 43.3 ka. Our results also mostly support 
the first hypothesized scenario in Fig. 2 (scenario 1), in which we expect 
that frequent human burning and landscape transformation primarily 
drove the decline of megafauna and decrease in the proportion of large- 
seeded and/or fruited plants, and increased vegetation density following 
extinction. However, our findings do not indicate any increased fire 
activity that may be primarily associated with these post-extinction 
changes due to the already existing presence of humans and fire usage 
on the landscape before the extinction. Until we are able to distinguish 
between natural and anthropogenic fires during this period, it is best to 
associate fire activity in the first few millennia after extinction with 
human burning or, at least, a combination of human burning and 
vegetation thickening as a result of the decline in herbivory. 

This study reveals the usefulness of functional palaeoecological 
method (Carvalho et al., 2019; Brussel and Brewer, 2021) on the fossil 
pollen records to detect plant–animal interactions in past vegetation 
communities. Applying a similar approach to other Late Pleistocene 
(MIS 4–3) records in Australia may provide a better understanding of the 
variability in spatial response of Australian ecosystems to megafaunal 
extinction. This may also assist in projecting the potential impacts of 
animal population/diversity changes in present-day ecosystems. 
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Laliberté, E., Legendre, P., Shipley, B., 2014. FD: Measuring functional diversity (FD) 
from multiple traits, and other tools for functional ecology. 

Lee, C.M., van Geel, B., Gosling, W.D., 2022. On the use of spores of coprophilous fungi 
preserved in sediments to indicate past herbivore presence. Quaternary 5, 30. 
https://doi.org/10.3390/quat5030030. 

Llewelyn, J., Strona, G., McDowell, M.C., Johnson, C.N., Peters, K.J., Stouffer, D.B., de 
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