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Pollen analysis. We attempted to extract fossil pollen from 81 speleothems collected from 10 

16 caves from the Western Australian portion of the Nullarbor Plain. Nullarbor speleothems 11 

and caves are essentially “fossil” features that appear to have been preserved by very slow 12 

rates of landscape change in a semi-arid landscape. Sample collection targeted fallen, well 13 

preserved speleothems in multiple caves.  U-Pb dates of these speleothems (Table S3) 14 

ranged from late Miocene (8.19 Ma) to Middle Pleistocene (0.41 Ma), with an average age 15 

of 4.11 Ma.  16 

Fossil pollen typically is present in speleothems in very low concentrations, so pollen 17 

processing techniques were developed to minimize contamination by modern pollen (1), but 18 

also to maximize recovery, to accommodate the highly variable organic matter content of the 19 

speleothems, and to remove a clay- to fine silt-sized mineral fraction present in many 20 

samples, which was resistant to cold HF and which can become electrostatically attracted to 21 

pollen grains, inhibiting their identification. Stalagmite and flowstone samples of 30-200 g 22 

mass were first cut on a diamond rock saw in order to remove any obviously porous material. 23 

All subsequent physical and chemical processes were carried out within a HEPA-filtered 24 

exhausting clean air cabinet in an ISO Class 7 clean room. Samples were washed repeatedly 25 

in distilled, deionized water, then etched in dilute (c. 0.5 M) HCl for 10 minutes to remove 26 

the outer few 100 µm of calcite, before washing repeatedly again in distilled water. Exotic 27 

Lycopodium spores (available in tablet form from Lund University, Sweden) were added to 28 

each sample in order to allow pollen concentrations to be estimated and to provide bulk for 29 
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centrifugation to act upon, before samples were dissolved in concentrated (12 M) HCl. The 30 

CaCl-rich solute was then diluted approximately four-fold with distilled water before 31 

centrifugation (3500 ppm for 3 minutes) to discard the solute component. Organic fractions 32 

were separated from residues using a Na-polytungstate heavy liquid (2) (empirical formula 33 

Na6O39W12) made up to specific gravity 2.0. Those samples which yielded a substantial 34 

organic-rich supernatant were then immersed in 10% KOH at 80°C for 2-10 minutes. 35 

Following KOH, these samples, along with samples that yielded minimal organic 36 

supernatants, were dehydrated in 100% ethanol, then suspended in glycerol. Acetolysis was 37 

avoided in order to aid the identification of modern pollen contaminants (1).  38 

The majority of speleothems contained ≤0.1 pollen grains g-1, and, for most samples, 39 

no pollen was observed during complete scans of multiple glass slides representing ≥50% of 40 

the acid-resistant residue. Statistically meaningful quantities of pollen were recovered from 41 

13 speleothems, mostly flowstones, from five caves (Table 1). We initially incorporated 42 

Carrera marble blanks into our processing protocol in order to monitor contamination rates, 43 

but it quickly became clear that the majority of samples in any processing batch contained no 44 

fossil pollen. The 68 (84% of the total) processed speleothems that contained no detectable 45 

fossil pollen thus served as analytical blanks which provided an indication of the rate of 46 

contamination by modern pollen. In total, six obviously modern (retaining cell contents and 47 

in perfect condition) pollen grains (of four taxa, Ulmus, Alnus, Plantago lanceolata type, and 48 

Poaceae) were observed in six of the 81 residues, implying an extremely low rate of 49 

contamination, relative to the total number of fossil pollen grains, commensurate with our 50 

use of HEPA-filtered workstations for this work. The first three modern pollen types 51 

represent exotic taxa present in urban environments near our Melbourne laboratory, and 52 

easily identified if encountered in a polleniferous sample. Poaceae includes many native 53 

species, so modern contaminant grains conceivably could be mistaken for fossils.  However, 54 

the observed rate of pollen contamination implies that the proportions of fossil Poaceae, 0-55 
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3.3% of the pollen sum, might in reality be as much as 0.2% lower, or 0-3.1% of the sum, a 56 

small difference that does not affect our interpretation of late Neogene vegetation and 57 

climate. In order to assess the possibility that speleothem pollen was derived from the host 58 

limestone, we processed samples of the Early-Mid Miocene Nullarbor Limestone. No pollen 59 

grains were observed in these residues.  60 

Where possible, >100 pollen grains were counted from each sample. To achieve this in 61 

some cases several aliquots of speleothem were dissolved, up to 760 g, and in most cases the 62 

entire acid- and alkali-resistant residue was examined. Pollen was counted under compound 63 

light microscopy at 640 and 1600 x magnification on a Zeiss Axiolab A1 with N-Achroplan 64 

objectives, and photographed on a Zeiss Axioscope A1 compound microscope with EC Plan-65 

Neofluar objectives. All identified pollen types were included in pollen sums. The size of 66 

pollen sums unavoidably varied by approximately one order of magnitude, which entailed 67 

large variability in confidence estimates of pollen percentages (3). We therefore computed 68 

95% confidence intervals for observed pollen percentages (3, 4) in order to explicitly 69 

account for this variability. Deteriorated and unidentifiable grains were observed in low 70 

quantities, but generally pollen was either in acceptable to excellent condition, or absent. 71 

Pollen and spore identifications were made by comparison with pollen reference 72 

collections and with published pollen atlases, including the Australasian Pollen and Spore 73 

Atlas (apsa.anu.edu.au). For taxonomic groups for which existing knowledge of pollen 74 

morphological diversity was poor, new modern pollen reference material was generated by 75 

sampling voucher specimens at the National Herbarium of Victoria (MEL), supported by 76 

new collections in the field. For Banksia (Proteaceae), which includes approximately 170 77 

species, we took advantage of the availability of a nearly complete species level molecular 78 

phylogeny based on five chloroplast DNA regions (5-7) to map pollen morphological 79 

features observed under light microscopy onto a phylogenetic framework. Below, pollen 80 
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nomenclature follows Punt et al. (8) and updates at http://www.pollen.mtu.edu/glos-gtx/glos-81 

int.htm. 82 

Speleothem pollen taphonomy. Below, we briefly summarize current understanding of 83 

modes of pollen transport into caves, before considering the role of taphonomic processes in 84 

the transport and preservation of pollen in Nullarbor speleothems. Although rates of pollen 85 

deposition in caves are typically much less than in lake sediments, studies indicate that cave 86 

sediment pollen spectra are representative of the surrounding vegetation (9), and similar to 87 

the spectra found in nearby outdoor pollen traps and small lakes (9, 10). Pollen may be 88 

brought into caves within drip water, through airborne transport, by animals, or by streams 89 

(11). The status of drip waters as pollen sources is equivocal, with some studies finding 90 

substantial quantities of pollen in drip water (12), others finding very little or none (10, 11). 91 

Studies of airborne pollen transport and deposition within caves indicate that the quantities 92 

of deposited pollen decrease with distance into the cave (9, 10). Where pollen is transported 93 

into caves by animals, its impact on pollen spectra is expected to increase with cave depth, as 94 

airborne pollen fluxes decline (13, 14). 95 

The Nullarbor Plain is a broad surface of low relief, with limited deformation of its 96 

horizontally oriented stratigraphy since its emergence from the sea during the mid-late 97 

Miocene (15).  There are no known lithological sources of reworked pollen on the Nullarbor 98 

Plain other than the Nullarbor Limestone itself (which contained no pollen, see above).  99 

Speleothems were collected from caves at depths below surface of 10-20 m. Drip water flow 100 

paths are interpreted to be relatively simple through the overlying epikarst. Modern entrances 101 

to late Neogene Nullarbor caves are unlikely to have persisted in the landscape for more than 102 

a few 100 kyr, and are uninformative about the location of cave entrances at the time of 103 

speleothem growth during the late Neogene. Thus, we do not know the position of any 104 

speleothem with respect to cave openings at the time of its growth.  105 
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The acid-resistant residues of approximately 60% of the 81 processed speleothem 106 

samples contained only small amounts of quartz and/or other siliciclasts. The remaining 107 

~40% included a silt- to clay-sized biogenic and mineral fraction comprising fungal spores, 108 

charcoal and heavy minerals, which we interpret as airborne dust. Of these, 13 samples 109 

included usable concentrations of pollen. The simplest interpretation of this pattern is that 110 

the ‘clean’ Nullarbor speleothems grew at times when their caves had no connection to the 111 

surface, while those containing biogenic/mineral dust fractions grew at times when their 112 

caves had one or more entrances open to the atmosphere, allowing dust to be introduced onto 113 

growing speleothem surfaces. Because the polleniferous samples represent a subset of 114 

samples containing biogenic and mineral dusts, we infer that pollen was not generally 115 

derived from drip waters, but from the atmosphere. This interpretation implies that, at least 116 

for Nullarbor caves, the presence of fossil pollen within speleothems depends both on a cave 117 

having had ≥1 entrances at the time of speleothem growth, and on other conditions at the 118 

speleothem surface having being favourable for pollen preservation. The nature of these 119 

conditions is unknown; speculatively, the first order condition may be the need for 120 

speleothem growth rate to be above some minimum threshold. It is currently difficult to test 121 

this assumption because late Neogene speleothem U-Pb 2σ age errors are of the order of 100 122 

kyr. In addition to an airborne component, the surprisingly strong representation of some 123 

animal-pollinated taxa, such as Geniostoma, implies that animals (presumably insects, based 124 

on the modern bird and insect pollination ecology of the genus in New Zealand(16)) were a 125 

quantitatively important pollen source. Idiosyncratic, animal-derived pollen spectra may be 126 

expected in speleothems remote from entrances(10), but the presence of Geniostoma pollen 127 

in speleothems from three caves also may imply that the source species was a cave-entrance 128 

habitat specialist, which is perhaps consistent with the fire-free habitat of Geniostoma today 129 

in New Zealand, other Pacific islands, and in northeastern Australian rainforest.  130 
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Pollen identification and interpretation of pollen assemblages. The Nullarbor speleothem 131 

pollen record demonstrates a new approach for revealing the environmental history of 132 

currently arid or semi-arid regions, particularly where, as in Australia, late Neogene 133 

aridification (17) has inhibited the preservation of most non-vertebrate fossil materials over 134 

very large areas, and very limited tectonic activity has inhibited the accumulation of thick 135 

sequences of the fine-grained lacustrine and fluvial sediments that typically preserve fossil 136 

pollen (18). Consequently there are very few late Neogene fossil pollen or paleobotanical 137 

records in Australia remote from the well-watered continental margins (18). It is thus not 138 

surprising that the late Miocene and Pliocene Nullarbor pollen archive indicates the presence 139 

of plant taxa (e.g. Doryanthes and Geniostoma) that have not been recorded previously in the 140 

late Cenozoic Australian plant fossil record. Carbonate lithologies typically generate neutral 141 

to alkaline soils that in many regions differ significantly in their characteristics for plant 142 

growth compared to soils developed on silicic lithologies, so speleothem fossil pollen 143 

assemblages may include taxa that are absent from or rare in pollen records from silicic 144 

landscapes. For example, in the British Late Quaternary Murton et al (19) found that 145 

speleothem fossil pollen assemblages reflected the flora of a limestone region which was not 146 

well documented by pollen records from silicic landscapes. In addition, speleothem pollen 147 

assemblages from the very extensive and flat Nullarbor Plain are very likely to avoid the 148 

pervasive bias towards wetland plant communities that routinely affects fossil pollen 149 

assemblages from lakes and wetlands (20). In examining Nullarbor fossil pollen 150 

assemblages, we encountered three distinctive pollen types (Geniostoma, Doryanthes, and 151 

Banksia/Phanerostomata eastern clade) which do not appear to be documented previously in 152 

the Australasian Cenozoic or Quaternary palynological literature. We undertook new 153 

analyses to identify these pollen types.  154 

The Nullarbor pollen record is robust because each pollen sample is derived from a 155 

separate radiometrically dated speleothem, with ages directly traceable to the EarthTime 156 
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initiative reference materials (www.earth-time.org). This distinguishes it from other 157 

terrestrial records of Southern Hemisphere Pliocene vegetation (21). The record also 158 

contrasts with marine pollen records, which in some cases have broadly reliable chronologies 159 

based on biostratigraphy and/or magnetostratigraphy, but which typically integrate pollen 160 

from sub-continental regions. For example, a Late Quaternary marine sediment core taken 161 

115 km offshore of North Island, New Zealand, integrated pollen derived from 400-500 km 162 

of coastline, conflating the vegetation histories of cool- and warm-temperate forest biomes 163 

(22). By contrast, speleothems preserve pollen derived from local to regional vegetation (11), 164 

implying pollen source radii of <10 km. Differences between the pollen assemblages of 165 

coeval speleothems from the five Nullarbor caves, with a mean inter-cave distance of ~25 166 

km (range 7-60 km), may therefore be explained partly by vegetation patchiness or by other 167 

poorly understood taphonomic processes, especially given that some pollen types which are 168 

found inconsistently (Banksia, Doryanthaceae) are animal-pollinated. However, the pollen 169 

spectra of Pliocene samples younger than c. 4.9 Ma, derived from four different caves, are all 170 

consistently dominated by Eucalyptus, implying that the record as a whole is representative 171 

of regional vegetation. Moreover, the shallow climatic and vegetation gradients that 172 

characterize the Nullarbor Plain today (23) are determined by the region’s limited 173 

topographic relief (Fig S1B), which has changed little during the late Neogene (24). We 174 

therefore conclude that the patterns of vegetation and climate change revealed in the 175 

speleothem record are representative of Pliocene environments across central southern 176 

Australia.  177 

Paleoprecipitation estimates. We estimated mean annual precipitation for the 13 pollen 178 

assemblages, based on a probabilistic extension of the mutual climatic range approach (25-179 

28). We interpreted the affinities of the Nullarbor fossil pollen types to extant plant taxa or 180 

clades (see Supplementary Information), and then gathered modern occurrence data for these 181 

taxa or clades. We drew on publically accessible online databases of plant occurrence data, 182 
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for Australia, New Zealand, and globally. For Australia, we acquired data from the Atlas of 183 

Living Australia (ALA) (www.ala.org.au), NatureMap (29), the Australian Ecological 184 

Knowledge and Observation System maintained by the Terrestrial Ecosystem Research 185 

Network at the University of Adelaide (http://www.tern.org.au); The New Zealand National 186 

Vegetation Survey Databank maintained by Landcare Research, New Zealand 187 

(https://nvs.landcareresearch.co.nz); and the Global Biodiversity Information Facility 188 

(www.gbif.org). These databases contain large quantities of data, the great majority of which 189 

is presence only (PO) data. PO data demonstrates the presence of a taxon at a particular time 190 

and place but does not necessarily provide a reliable indication of locations where that taxon 191 

is absent (30).   192 

For species distribution modeling (31), the limitation of PO data is that they cannot 193 

provide a reliable estimate of species prevalence, or the proportion of sites in the region of 194 

interest in which a species is present (32), largely because the opportunistic and selective 195 

nature of species occurrence records means that PO data suffer from strong sampling biases 196 

(for example, there are more records near cities, and along roads within remote regions). It is 197 

thus difficult to generate quantitative estimates of the probability of occurrence of a species 198 

or taxon from PO data, as a function of selected climate (or other environmental) parameters 199 

(33, 34). We therefore restricted our data search to systematic survey data, in which multiple 200 

species records from a single site include (at least nominally) all plant taxa that were present 201 

at the time of survey. By implication, it can be assumed that taxa not recorded within a 202 

survey were actually absent from the site when it was surveyed. For interpretation of the 203 

probability of occurrence of a taxon as a function of one or more environmental variables, 204 

these presence/absence data are less influenced by sampling biases because densely sampled 205 

regions harbor more presences but also more absences (35). While absences may be 206 

unreliable for taxa that are rare or difficult to detect (36), our taxa of interest are either 207 

perennial shrub to tree sized plants, or, in the case of monocotyledonous Doryanthes, a 208 
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highly distinctive giant rosette plant. It is unlikely that any of the taxa would be missed in 209 

even a cursory vegetation survey, unless locally very rare (but in which case it is unlikely 210 

they would have contributed to a pollen flora). 211 

We downloaded vascular plant data for Australia, using as filters the following 212 

exclusions: exotic species, records of cultivated specimens, records prior to 1970, spatially 213 

suspect records, records explicitly within non-native vegetation, and records with taxon 214 

identification issues. We recovered plant surveys from two sources: datasets of explicit 215 

regional to State-level plant surveys, included within online databases; and our own inferred 216 

surveys, which were extracted by filtering species occurrence data according to the following 217 

rules: groups of species occurrences were treated as “surveys” where they shared a species 218 

name, latitude and longitude (in some cases after smoothing to three significant digits), 219 

collector name, locality and site name (where supplied), and collection date (smoothed to 220 

one week to account for surveys that were conducted over several days). From the resulting 221 

sets of records, we excluded sets consisting of small numbers of species, typically less than 222 

ten, which we considered were unlikely to represent complete surveys of field quadrats or 223 

survey areas. We arbitrarily excluded sets of records containing more than 200 species, on 224 

the assumption that these sets most likely represented artificially precise geocoding of 225 

observation records during extensive plant collecting within an area substantially larger than 226 

a field plant survey (typically up to c. 0.1 ha).  The resulting filtered dataset consisted of 227 

more than 101,000 sets of Australian plant species, herein referred to as “surveys”. We 228 

scored the survey dataset for presence/absence of our target taxa: Gyrostemoanceae; 229 

Glischrocaryon and Haloragodendron (indistinguishable palynologically, and possibly 230 

phylogenetically: Haloragodendron is paraphyletic with respect to Glischrocaryon, 231 

according to the phylogeny of Chen et al. (37); Casuarinaceae; Corymbia/Angophora 232 

(indistinguishable palynologically); Eucalyptus; Banksia clades /Cryptostomata, 233 

/Phanerostomata 1, 2E and 2SW; Ericaceae; Asteraceae Cichorioideae; Doryanthes.  234 
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Two clades (Geniostoma and Chenopodiaceae) required special treatment because the 235 

survey data described above were inadequate for these taxa. Geniostoma occurs in only two 236 

of the >101,000 Australian surveys (Fig. S2M). We therefore acquired survey records of 237 

Geniostoma from two landmasses in which it is a widespread and common genus: for New 238 

Zealand, we recovered c. 5500 vascular plant surveys from The New Zealand National 239 

Vegetation Survey Databank (Fig. S2K, L). However, the New Zealand climate space is 240 

truncated at mean annual temperatures above c. 16°C, so we generated ‘pseudo-surveys’ 241 

from detailed distribution data of Hawaiian Geniostoma spp (as Labordia), from Price et al. 242 

(38). Price et al. provide high-resolution maps of modelled historical distributions of species 243 

of Labordia, based on all available species records. We created a 1.5’ grid (approximately 244 

7.3 km2) for the Hawaiian archipelago, and scored the centroid of each cell for presence or 245 

absence of Labordia according to the maps described above. The result was therefore 246 

equivalent to presence absence point data with matching climate data. The resulting pseudo-247 

surveys (Fig. S7B) were then combined with the New Zealand data and analyzed using the 248 

same methods as for all taxa except Chenopdiaceae. For Chenopodiaceae, recent taxonomic 249 

changes (the transfer of chenopods to Amaranthaceae (39)) resulted in an error within ALA 250 

in which species belonging to the former Chenopodiaceae had been transferred out of that 251 

family, but not yet transferred into Amaranthaceae. As a result, no records for this clade 252 

were returned from ALA searches based on locations. We therefore modelled climate 253 

parameters for the former Chenopodiaceae based on modern pollen-vegetation relationships, 254 

requiring a different analytical approach (see below). 255 

Mean annual precipitation was reconstructed based on probability distribution 256 

functions inferred using generalized additive modeling (GAM), implemented using the gam 257 

function in the mgcv package (40) in R (41). The approach for all clades except 258 

Chenopodiaceae was as follows: for each survey location we used an SRTM-derived 1 259 

second digital elevation model to infer site altitude, and then used this data combined with 260 
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latitude and longitude to estimate mean annual precipitation at each survey location with 261 

ANUCLIM (42). For each clade we created a GAM with mean annual precipitation as the 262 

independent variable and presence/absence of the clade as the dependent variable, assuming 263 

a binomial distribution and a cubic regression spline. We then predicted the score for 264 

approximately 19,000 points along the range of the mean annual precipitation, and inferred 265 

that this score represented the probability of occurrence of that clade at that mean annual 266 

precipitation.  267 

The probability function for the former Chenopodiaceae was assembled in a different 268 

way. The family is well represented in surface and pre-European wetland pollen samples, 269 

which can be used as modern analogues of fossil assemblages. We made the uniformitarian 270 

assumption that the relationship between the abundance of Chenopodiaceae pollen in surface 271 

and pre-European wetland samples and climate can be used to predict past climates from the 272 

abundance of fossil Chenopodiaceae pollen. We used surface and pre-European pollen 273 

sample data documented in the southeast Australian pollen database (43) supplemented by 274 

modern pollen trap and late Holocene samples from southwestern Australia (44, 45). A 275 

Gaussian GAM based on a cubic regression spline was created with the abundance of 276 

Chenopodiaceae pollen in 159 samples as the independent variable and the log of mean 277 

annual precipitation for the collection site of each sample as the dependent variable. The log 278 

transformation ensured that the residuals were approximately normally distributed, which 279 

allowed us to infer the probability distribution of the predicted mean annual precipitation for 280 

a given abundance of Chenopodiaceae as the inverse Z distribution (approximated as the t-281 

distribution with high degrees of freedom). 282 

To calculate the joint probability function for each of the 13 Nullarbor fossil pollen 283 

samples relative to mean annual precipitation we multiplied the individual relative 284 

probability functions of each clade present within that pollen sample, then scaled the 285 

resulting function so that the cumulative total was 1. The data were truncated at ≤2500mm 286 
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mean annual precipitation because survey data from ALA are very sparse for climates wetter 287 

than this (representing less than 0.2% of all surveys) and the maximum values for most 288 

clades within each pollen sample were well below this number. 289 

Geochronology. The analytical methods employed in this study follow closely those 290 

published previously by Woodhead et al. (46, 47). Multiple aliquots, typically weighing ~50 291 

mg, were removed from each speleothem sample using a dental drill. The pieces of calcite 292 

removed in this way were then placed into pre-cleaned disposable polyethylene cups and 293 

moved to a multiple-HEPA filtered clean room environment. Samples were briefly leached 294 

two times in very dilute (~0.01 M) three-times teflon distilled HCl, with each cycle lasting 295 

around one minute, and then repeatedly washed in ultra-pure water before being dried in a 296 

HEPA filtered laminar flow hood. This step is critical to the elimination of Pb contaminants 297 

resulting from sample handling which can easily dominate the Pb budget of the entire sample 298 

unless removed. 299 

Individual samples were weighed into pre-cleaned teflon beakers and treated with 300 

sufficient 6N HCl to ensure complete dissolution. A mixed 233U-205Pb tracer, calibrated 301 

against EarthTime (http://www.earth-time.org) reference solutions, was then weighed into 302 

the vials and each one sealed and refluxed on the hotplate for several hours to ensure 303 

complete sample-spike equilibration. Samples were then dried down and taken up in 0.6N 304 

HBr for Pb separation using a single pass over AG 1X-8 anion exchange resin. The eluate 305 

from the first column  (U + matrix) was subsequently processed through the same column 306 

now emptied of AG 1X-8 and refilled with Eichrom TRU ion-specific resin, to separate U. 307 

Pb blanks were typically 10±5pg and were corrected for. U blanks were insignificant relative 308 

to the amounts of U being processed. 309 

Isotope ratios were determined on a Nu Plasma MC-ICPMS using a DSN-100 310 

desolvation unit and MicroMist glass nebulizer, operating in the range 50-100 µl/min uptake. 311 

Instrumental mass bias effects were monitored and corrected using NIST SRM 981 reference 312 
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material in the case of Pb, and the sample’s internal 238U/235U ratio (=137.88) in the case of 313 

U. Instrument data files were processed initially using an in-house designed importer, 314 

operating within the Iolite environment (48) which considers all data and reference material 315 

analyses obtained throughout a particular analytical session and permits a variety of 316 

corrections for instrumental mass bias and drift. The resulting data, now corrected for 317 

instrumental effects, were then blank corrected and isotope-dilution calculations performed 318 

using the Schmitz and Schoene software (49). 319 

238U/206Pb-207Pb/206Pb isochron regressions were calculated using ‘Isoplot Ex’(50) and 320 

are labeled either ‘Model 1’ or ‘Model 2’, distinguished by MSWD less than or greater than 321 

2.5 respectively (Table S3). In the former it is assumed that the assigned analytical errors are 322 

the only source of data scatter and points are therefore weighted according to the inverse 323 

square of these uncertainties. In situations where the software detects a low probability of fit 324 

based upon assigned errors alone (i.e. there is likely additional geological scatter) a so-called 325 

‘Model 2’ fit is employed which instead assigns equal weights and zero error-correlations to 326 

each point. From a philosophical standpoint there are many reasons to move away from such 327 

‘stepwise’ changes in uncertainty handling and some attempts have been made by the 328 

geochronology community to move in this direction [e.g. ref (51)]. As yet, however, these 329 

robust statistical methods are yet to be implemented for the U-Pb system and so the 330 

traditional approach (and that invoked by Isoplot Ex) is employed in this study. Isochron 331 

ages were calculated using in-house software using the intersection of isochrons with an 332 

appropriate disequilibrium concordia, with decay constants from refs [(52, 53)], and 333 

assuming negligible initial 230Th (230Th/232Th activity ratios are typically in excess of 5,000 334 

but range up to ~50,000 (46). Any inaccuracies in final U-Pb age determinations caused by 335 

the assumption of zero 230Th only amount to ~10ka maximum and thus have minimal impact 336 

on the final uncertainty budget. There is no independent means of assessing the likely 337 

234U/238U initial activity ratios of Nullarbor cave drip waters and thus it is impossible to 338 
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make a robust correction for initial U-isotope disequilibrium effects. We therefore impose a 339 

realistic (hence necessarily broad) range in initial activity ratio of 1±0.3 during calculation of 340 

disequilibrium-corrected ages. This is based upon measurement of 17 Pleistocene Nullarbor 341 

speleothems for which measurable disequilibrium values can be detected. These provide a 342 

total range in 234U/238Uinitial from 0.7 to 1.2 (46, 54). For all samples this results in an 343 

increase in age of only ~100 ka, within uncertainty of the uncorrected age. 344 

Iterative age modeling. Each of our 13 pollen samples is derived from a separate 345 

speleothem. We therefore could not use stratigraphic superposition to evaluate their relative 346 

ages, but relied purely on the U-Pb age determination for each speleothem to build an age 347 

model for the pollen record. However, several speleothems have U-Pb ages with overlapping 348 

2σ errors (Fig. 2; Table 1, Table S3). For any two speleothems with overlapping age errors, 349 

there is a finite probability that their true chronological sequence differs from that indicated 350 

by their median age estimates, and the closer together that they are with respect to their age 351 

uncertainties the more likely this is.  We modeled these probabilities using a Monte Carlo 352 

procedure in which we iteratively sampled the Gaussian age distributions of each 353 

speleothem, repeating the process 100,000 times to develop a composite probability 354 

distribution which we summarize in terms of its median, lower and upper 1- and 2σ values.  355 

Simulated ages which did not fall within 2σ of any of the input age determinations were 356 

deleted, giving the effect of gaps in the simulated record where age determinations are 357 

separated by >2σ.  358 

We undertook two Monte Carlo simulations. First, in order to model the temporal 359 

evolution of Nullarbor vegetation, a Monte Carlo procedure sampled the Gaussian 360 

probability distributions of each age determination as described above while simultaneously 361 

sampling the probability distribution of the observed pollen percentages, which follow a 362 

binomial distribution (4).  Following Mosimann (4), we estimated a 95% confidence interval 363 
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for p, the true proportion of pollen type X, from = x/n, the number of grains of pollen type 364 

X observed within a pollen sum of n grains (eqn 1). 365 

 366 

   (1) 367 

By explicitly modeling how confidence in observed pollen percentages varies between 368 

samples with different pollen counts, this approach permitted us to include samples with 369 

highly variable pollen recovery, rather than simply discarding samples with relatively low 370 

yield on the basis that they fail to satisfy a minimum pollen count threshold. However, 371 

Mosimann’s interval estimator assumes that confidence in any observation where = 0 is 372 

simply a function of n, that is, all zeroes are simply ‘sampling’ zeroes (55). Given the ~5 373 

Myr span of the Nullarbor pollen record, encompassing three phylogenetically and 374 

climatically distinct biomes (late Miocene-earliest Pliocene, Early Pliocene, Mid 375 

Pleistocene), we preferred to risk making type II errors (treat source plants of unobserved 376 

pollen types as absent though they may in fact have been present) than type I errors (treat 377 

source plants of unobserved pollen types as present though they may in fact have been truly 378 

absent).  We therefore treated zero percentage values as ‘structural’ or ‘true’ zeroes (55, 56), 379 

unless the 2σ age of their host speleothem fell within the 2σ age of another speleothem in the 380 

record that did show a non-zero count for that taxon.  381 

Second, in order to model the temporal evolution of estimated Nullarbor mean annual 382 

precipitation, a Monte Carlo procedure sampled the Gaussian probability distributions of 383 

each age determination while simultaneously sampling from the empirical GAM-derived 384 

probability distributions (Fig. S4) of MAP for each of the 13 pollen assemblages. 385 

For both Monte Carlo simulations, the resulting probability cloud was binned into a two-386 

dimensional histogram of 500 by 500 bins.  A cumulative probability curve was compiled for 387 

p̂

p0.95 =
p̂ + 1.96( )2 / 2n( )⎡⎣ ⎤⎦ ± 1.96( ) + p̂ 1− p̂( ) / n⎡⎣ ⎤⎦ + 1.96( )2 / 4n2( )⎡⎣ ⎤⎦

1+ 1.96( )2 / n⎡⎣ ⎤⎦

p̂
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each time slice of the histogram that lies within 2σ of an age determination, from which y-388 

values were determined for the median, and for corresponding upper- and lower-95% 389 

confidence intervals. 390 

 391 

Time series analysis. We located significant change points (57) in the mean of time series 392 

using the cpt.mean function in the changepoint package (58) in R (41). We used the exact 393 

method ‘Pruned exact linear time’ (59), with a manual penalty of 2×log(n), but change point 394 

positions were identical using other methods. Prior to change point analysis, we resampled 395 

the 2.6-7 Ma interval of the benthic δ18O record of Zachos et al. (60) at a resolution of 396 

0.00126 Ma (the mean sampling interval of the original data over this interval).  We 397 

recalculated the age models of the ODP 1095 and ODP 1165 records to align their control 398 

points with the 2012 geomagnetic polarity time scale (61). 399 

Evaluation of the ages of published Southern Hemisphere vegetation records. We 400 

critically reviewed the quality of the age control of all Southern Hemisphere records 401 

interpreted by Salzmann et al. (21, 62) as evidence for Late Pliocene (the Piacenzian epoch) 402 

vegetation. We assigned conservative age estimates to each record (Table S1), defined in 403 

relation to the strength of age control. Thus we separated the purported Late Pliocene records 404 

into three broad categories based on decreasing geochronological accuracy and precision: (i) 405 

records in which purported ages are based on dated pyroclastics and/or magnetostratigraphy 406 

of long continuous sedimentary sections; (ii) records derived from marine sediments in 407 

which purported ages are based on biostratigraphic comparison of globally distributed 408 

marine faunas; (iii) records derived from terrestrial sediments in which purported ages are 409 

based on regional biostratigraphic comparison of terrestrial fossil faunas or floras. We refer 410 

to biostratigraphic comparisons as ‘formal’ when the basis for comparison is a published 411 

biostratigraphic scheme provided with age control through approaches (i) and/or (ii); and 412 

‘informal’ when the basis for the comparison appears to be unpublished, unorganized, and/or 413 
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removed by several steps from radiometric dates and/or from sedimentary sections supplied 414 

with long, continuous magnetic polarity records. Where applicable, we estimated the 415 

offshore distance of marine sediment records, as an approximate guide to the size of land 416 

area that their pollen assemblages likely integrate.  417 

We assigned very broad age ranges to most of the Australian vegetation records (Fig. 418 

1, Table S1) because their published age determinations generally rely on relatively far-field 419 

comparisons with the offshore Gippsland (18, 63, 64) or marginal marine Murray Basin (65, 420 

66) palynostratigraphies. While these are formal biostratigraphic schemes, their age control 421 

is in turn based largely on global comparisons of the first- and last appearance datums (FADs 422 

and LADs) of marine faunas. The timing of some of these events exhibit interbasin- and 423 

interhemispheric lags of epoch or sub-epoch scale (67). For example, the FADs of the 424 

biostratigraphically-important foraminifera Globorotalia truncatulinoides in the South 425 

Pacific (2.58 Ma) (68) and the South Atlantic (1.93 Ma) (68, 69) differ by 650 kyr, a lag 426 

which essentially straddles the entire Piacenzian epoch. Even where planktic foraminifera 427 

FADs are globally closely synchronous (68), dates recovered from the paleoceanographic 428 

literature may be based on geomagnetic polarity timescales that are now obsolete.  429 

The resulting uncertainties can be illustrated by Hapuku-1, the only long, late Neogene 430 

pollen record derived directly within Gippsland Basin marine sediments. The two published 431 

versions of the Hapuku-1 chronology (18, 70) differ in their placement of the Early/Late 432 

Pliocene boundary by c. 300-400 m of sediment depth. Moreover, four Pliocene and Early 433 

Pleistocene FADs (of Globorotalia puncticulata, G. inflata, G. tosaensis and G. 434 

truncatulinoides) that form the basis for the most recently erected chronology (70) are out of 435 

sequence, according to the most recent iteration of the Geological Time Scale (68). These 436 

observations are consistent with Macphail’s (18) conclusion with regard to southern 437 

Australian Pliocene pollen records, that “it is by no means certain that all terrestrial 438 

assemblages claimed to be Pliocene are correctly dated. This includes the widely cited 439 
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palynofloras from the Lachlan Valley (New South Wales)…(and)…Butchers Creek (NE 440 

Queensland)” … Palynostratigraphic criteria developed for the Gippsland and Murray 441 

Basins…confirm that the first two sites are unlikely to be older than Late Miocene or 442 

younger than earliest Late Pliocene” (p. 429). An additional problem with dating terrestrial 443 

vegetation records by comparison with marine sediment stratigraphies is the possibility of 444 

diachronous timing of changes in vegetation between coastal lowlands and upland montane 445 

regions. For example, an independently dated ~300 kyr long pollen record from upland 446 

southeastern Australia (71) demonstrated the persistence until c. 1.5 Ma, during the Early 447 

Pleistocene, of several mesic taxa which in offshore marine sediments disappeared much 448 

earlier, during the Late Miocene or Pliocene (e.g. the angiosperm Ilex [Ilexpollenites 449 

anguloclavatus], and the fern Lophosoria [Cyatheacidites annulatus]). Therefore, we cannot 450 

exclude the possibility that published palynofloras considered “Pliocene”, primarily on the 451 

grounds that they include regionally to continentally extinct taxa, may be as young as Early 452 

Pleistocene. 453 

For other landmasses, we re-assessed the age ranges of purported Late Pliocene records 454 

primarily by consulting the source publications.  We assigned broad age ranges to records for 455 

which published ages were determined by (typically more or less informal) biostratigraphic 456 

comparisons. We took a skeptical view of the value of vegetation records based solely on 457 

vertebrate fossil assemblages or on geomorphic and sedimentological evidence, regardless of 458 

the quality of their age control. We consider that such records are unlikely to make 459 

unambiguous contributions to knowledge of Pliocene vegetation. 460 

 461 

Identification of fossils. 462 

Banksia (Proteaceae) 463 

Pollen of extant species 464 
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The Pliocene Nullarbor pollen assemblages included a range of diporate Proteaceae 465 

morphotypes comparable to Banksia+Dryandra (5, 72). In order to assess the taxonomic 466 

affinities of these fossils, we examined the pollen morphology of representatives of 467 

monophyletic species groups identified by chloroplast phylogenies of Banksia s.l. 468 

(incorporating Dryandra (5, 6)). We examined nine species within Banksia/Cryptostomata 469 

(using the clademark convention of Baum et al. (73); herein, clade C), and 18 species within 470 

Banksia/Phanerostomata (herein, clade P; Fig. S5). We looked for both categorical and 471 

continuously varying pollen morphological characters that correspond to monophyletic 472 

groups, to provide a basis for objectively assigning fossil grains to infrageneric clades within 473 

Banksia. Pollen measurements were made on digital photomicrograph images in Adobe 474 

Illustrator, using the Astute Graphics Vector Scribe Dynamic Measure tool. Where pollen 475 

grains were crescent-shaped, as in some species of clade C, equatorial axes were measured 476 

along arcs parallel to the grain outline and extending between the pores. The length of the 477 

pollen equatorial axes were significantly different between clades C and P (clade C, n = 41, x̅ 478 

= 59.8 µm; clade P, n = 134, x̅ = 34.1 µm, p = 0.000, Table S2, Fig. S5A, B). Within our data 479 

set, overlap in the length of the equatorial axis between the two clades is minimal: the length 480 

of the equatorial axis of the smallest observed pollen grain in clade C, 44.3µm, represents the 481 

98.3 percentile of equatorial axis lengths observed in clade P grains.  482 

Within clade P, a subclade confined to southwestern Australia which we refer to as P1 483 

(Table S2, Figs S2H, S5C, D) is characterized by two pollen morphological features that 484 

distinguish it from the remainder of clade P, which we refer to as clade P2. These features of 485 

clade P1 include a distinctly rugulate exine sculpture (Fig. S6X); and a narrow internal pore 486 

diameter, relative to grain size (Fig. S5C, D). Within clade P1 we observed one anomalous 487 

species, B. grandis, which has psilate, rather than rugulate pollen, and much larger pores 488 

relative to the length of its polar axis. Possible explanations for this anomaly include (i) 489 

incorrect phylogenetic placement of B. grandis in clade P1; (ii) the pollen morphological 490 
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features of B. grandis may reflect a history of reticulate evolution involving species outside 491 

of clade P1; or (iii) pollen morphological features of B. grandis may represent an 492 

autapomorphy for the species or for a small group of species within clade P1. However, B. 493 

grandis, with a polar axis length of 33-38 µm, could not be mistaken for a member of clade 494 

P2, because the largest observed specimen in clade P2 had a polar axis of 30.2 µm. Within 495 

clade P2, 30 µm represents the 99.4 percentile of our polar axis length observations (Fig. 496 

S5D). Therefore, pollen of P1 is unlikely to be mistaken for pollen of P2, because the former 497 

is typically distinctly rugulate; or if not rugulate, has pollen which is larger than pollen of P1. 498 

Clade P2 separates into two clades, which we refer to as clades P2SW and P2E, that 499 

are geographically confined, respectively, to southwestern Australian and to eastern and 500 

northern Australia (Fig. S2G). Pollen grains of clade P2SW are typically barrel-shaped in 501 

equatorial view, with a conspicuously biconvex amb, (Fig. S6V, W). By comparison, the 502 

outline of pollen grains of clade P2E are typically linear or plano-convex (Fig. S6M-O). We 503 

measured the mean radius of curvature (average of both sides of the grain) of the amb of 504 

seven species (48 spms) in clade P2E, and of six species (49 spms) in clade P2SW, and 505 

normalized the radius of curvature to the length of the polar axis. The resulting ratio of the 506 

radius of curvature to the length of the polar axis was significantly different between clades 507 

P2SW and P2E (clade P2SW, n=49, =1.02; clade P2E, n=48,  = 2.64, p = 0.000, Table 508 

S2, Fig. S5E, F). However, there is some overlap between the two clades: the minimum 509 

value of the ratio in the clade P2E dataset, 1.317, represents the 86 percentile of the clade 510 

P2SW dataset (Fig. S5F). That is, our data suggest that there is nominally a 14% chance of 511 

mistaking a dispersed pollen grain of clade P2SW for a pollen grain of clade P2E.  512 

We used these categorical (rugulate vs. non-rugulate exine sculpture) and continuous 513 

(equatorial axis length; ratio of polar axis length to internal pore diameter; ratio of the radius 514 

of curvature to the polar axis length) variables to develop a hierarchical classification of the 515 

modern acetolysed pollen of Banksia. We emphasize the separation of lineages within 516 

x x
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/Phanerostomata because grains consistent with the latter numerically dominate our fossil 517 

assemblages: 518 

 519 

Banksia: 520 

1a. Equatorial axis length mostly ≥45 µm:  /Cryptostomata 521 

1b. Equatorial axis length mostly <45 µm:  /Phanerostomata 522 

/Phanerostomata: 523 

2a. Exine surface distinctly rugulate, polar axis/pore diameter ratio >3.10:    524 

/P1 525 

2b. Exine surface psilate, apparently faintly reticulate, or otherwise not distinctly rugulate:  526 

3. 527 

3a. Polar axis > 33 µm  B. grandis (/P1) 528 

3b. Polar axis ≤30 µm, polar axis/pore diameter <3.72: 529 

       /P2 530 

Phanerostomata clade P2: 531 

Pollen grains strongly biconvex   /P2SW 532 

Pollen grain linear to plano-convex   /P2E 533 

2.1.2. Fossil pollen 534 

 535 

Banksia /Cryptostomata cf. B. serrata (Proteales: Proteaceae) 536 

(Fig. S6P, Q) 537 

 538 

Description: Monad, anisopolar, outline in equatorial view, crescent shaped, pores 2, 4-9 µm 539 

wide with wide collar, exine 1.3-2.7 µm thick with several distinct layers, sculpture punctate 540 

to faintly reticulate. Dimensions (unacetolysed): equatorial axis 33-42 µm, polar axis 16-26 541 

µm. 542 

 543 
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Botanical affinity: Banksia /Cryptostomata sensu Mast and Givnish 2002. (Figs. S5G, and 544 

S6R, S) 545 

 546 

Discussion: Acetolysed pollen of extant B. serrata is monad, anisopolar, outline in equatorial 547 

view crescent-shaped; pores 2, 6-9 µm wide with wide collar, exine 1.5-3 µm thick with 548 

several distinct layers, sculpture punctate to faintly reticulate. Dimensions: equatorial axis 549 

47-57 µm, polar axis 20-29 µm.  550 

 551 

This thick-walled, crescent-shaped Banksia type with several distinct exine layers is 552 

consistent with the “Banksia serrata type” identified in some southeastern Australian late 553 

Quaternary palynological studies (74, 75) and with Paleogene and Neogene Banksieaeidites 554 

sp. cf. Banksia serrata of Macphail (66). However, while they share the general morphology 555 

of extant B. serrata, the fossil grains are consistently smaller (Figs. S5A, B and 8P-S). We 556 

attribute this difference to the use of acetolysis during the processing of the modern pollen, 557 

and its avoidance during the processing of fossil pollen, because acetolysis is known to 558 

increase the size of pollen grains (76). Similar size differences were noted (see below) for 559 

fossil Banksia pollen we attribute to /Phanerostomata. Preliminary examination of pollen of 560 

several extant species of /Cryptostomata indicated that pollen more or less indistinguishable 561 

from B. serrata can be found in some distantly related species (Fig. S6R, S), while that 562 

pollen of other /Cryptostomata species have pollen which could not be mistaken for that of 563 

B. serrata (e.g. B. baueri, with a thin, psilate exine, and pores lacking a pronounced collar, 564 

positioned offset from the narrow ends of the grain).  Based on these observations, we 565 

tentatively infer that the “B. serrata type” represents either a recurrent, homoplastic 566 

syndrome, or a generalized plesiomorphic type (77) within /Cryptostomata. We thus do not 567 

interpret fossil “B. serrata type” as representing extant B. serrata or its direct ancestor, but 568 

simply as a member of Banksia  /Cryptostomata. 569 
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 570 

Banksia cf. /Phanerostomata 571 

Banksia cf. /Phanerostoma P2E (Proteales: Proteaceae) 572 

(Fig. S6I-L) 573 

 574 

Description: Monad, anisopolar, outline in equatorial view rectangular to plano-convex, but 575 

weakly ellipsoidal to rectangular when (often) oriented in polar view. Pores 2, 4-12 µm 576 

wide, sculpture faintly reticulate. Dimensions (unacetolysed, n = 29): equatorial axis 19-36 577 

µm, polar axis 13-22 µm. 578 

 579 

Botanical affinity: Banksia /Phanerostomata [sensu Mast and Givnish 2002], clade P2E 580 

(Figs S5G, and S6M-O) 581 

 582 

Banksia cf. /Phanerostomata P2SW (Proteales: Proteaceae) 583 

(Fig. S6T, U) 584 

 585 

Description: Monad, anisopolar, outline in equatorial view usually strongly biconvex or 586 

barrel shaped. Pores 2, 3-7 µm wide, sculpture apparently psilate to faintly reticulate. 587 

Dimensions (unacetolysed, n = 6): equatorial axis 18-29 µm, polar axis 14-22 µm. 588 

 589 

Botanical affinity: Banksia /Phanerostomata [sensu Mast and Givnish (5)], clade P2SW 590 

(Figs S5G, and S6V, W) 591 

 592 

Discussion: As noted above, equatorial axis length largely distinguishes modern pollen of 593 

Banksia clade C from clade P. The fossil pollen grains are systematically smaller in size than 594 

modern grains because the former were not acetolysed, but the distinction between larger 595 
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grains, attributable to cf. B. serrata, and smaller grains, consistent with /Phanerostomata, 596 

persists among the fossil grains (Fig. S5A, Table S2). We therefore conclude that the small, 597 

unacetolysed fossil Banksia pollen grains with equatorial axes generally <35 µm long and 598 

mostly <30µm long, represent fossils of /Phanerostomata (herein abbreviated Pf). For these 599 

fossil grains, the ratio of polar axis length to internal pore diameter is significantly different 600 

from this ratio in modern pollen of clade P1, but is indistinguishable from modern pollen of 601 

clade P2 (Table S2, Fig. S5C, D). In addition, none of the fossil grains has the conspicuously 602 

rugulate exine sculpture (Fig. S6X) which characterizes most extant species of clade P1.  We 603 

therefore interpret these fossil grains as belonging to clade P2. For these grains, the ratio of 604 

the radius of curvature to the polar axis (plotted for convenience in Fig. S5E as the 605 

equivalent ratio, equatorial axis/polar axis vs. equatorial axis/radius of curvature) is 606 

significantly different from this ratio in modern pollen of clade P2SW (p = 0.000), but it is 607 

indistinguishable from modern pollen of clade P2E (p = 0.409, Table S2). The fossil pollen 608 

attributed to clade P2 thus plots predominantly within the Cartesian space occupied by clade 609 

P2E (Fig. S5E), and we interpret these fossils as representing the extant clade P2E, currently 610 

confined to eastern and northern Australia.  However, a small number of grains plot within 611 

Cartesian space occupied solely by clade P2SW (Fig.S5E, F). These fossil grains have a 612 

strongly biconvex amb which was not observed in any extant species of clade P2E. The 613 

simplest interpretation of this pattern is that the fossil grains which we attribute to clade P2 614 

mostly have affinity with eastern and northern Australian clade P2E, but that a small number 615 

of grains have affinity to the endemic southwestern Australian clade P2SW.  616 

 617 

Geniostoma (Gentianales: Loganiaceae) 618 

(Fig. S6E-H) 619 

 620 
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Description: Monad, isopolar, pores prominent, costate, 3 to 5 in number, 7.2-(8.3)-9.3 µm 621 

in diameter, pores not lying in one plane in some 4- and 5-porate grains.  Exine psilate or 622 

faintly rugulate, 1.3 µm at equator, widening to 1.5-2.2 µm near pores,  nexine thickening 623 

near endoapertures. Shape: polar view, angulaperturate; equatorial view, oblate to oblate-624 

spheroidal. Dimensions: equatorial axis 29 µm; polar axis 23 µm.   625 

 626 

Botanical affinity: Geniostoma (Loganiaceae) 627 

 628 

Discussion:  629 

This fossil pollen type with 3-5 pores, grains with ≥4 pores typically not lying in one plane, 630 

with psilate or faintly rugulate exine, and prominent nexine thickening near endoapertures, 631 

corresponds closely to the pollen of Geniostoma (Loganiaceae). Pollen of modern species 632 

was illustrated previously (78-80). Pollen of some endemic Hawaiian Labordia [viz. Type 1 633 

of Selling (78)], and Geniostoma-type of Punt and Leenhouts (79)) are indistinguishable 634 

from that of Geniostoma, consistent with Gibbons et al’s (81) reduction of Labordia to 635 

synonymy with Geniostoma based on their finding that Geniostoma was paraphyletic with 636 

respect to Labordia. The sister clade to Geniostoma is ambiguous. Using chloroplast petD 637 

and nuclear ribosomal ETS, Gibbons et al. (81) found that Geniostoma+Labordia were sister 638 

to Mitrasacme+(Phyllangium+Schizacme), though the latter clade included one species of 639 

polyphyletic Mitreola. Using chloroplast regions petD and rps16, Foster et al. (82) recovered 640 

a phylogeny in which Logania sect. Logania is sister to Geniostoma+(Mitreola+Logania 641 

sect. Stomandra), and Foster et al. (83) erected Orianthera to accommodate Logania sect. 642 

Stomandra. However, the polyporate pollen of Geniostoma cannot be mistaken for 643 

tricolporate Logania, and all other genera within Loganiaceae appear to produce tricolporate 644 

or tricolpate pollen (79). Polyporate pollen with pores variably numbering 2-5 occur in 645 

Apocynaceae (in Australasia, viz. Parsonsia) but the exine in Parsonsia is very thin, with 646 
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protruding pores that have jagged margins (80, 84). We therefore conclude that the fossil 647 

represents Geniostoma. 648 

 649 

Geniostoma species are small trees to small shrubs, sometimes scandent. The genus 650 

(including Labordia) is distributed from the Mascarene Islands, Malesia, Micronesia, 651 

Solomon and New Hebrides Islands, northeastern Australia, Lord Howe Island, northern 652 

New Zealand, Polynesia to Hawaii and Marquesas (85) (Fig. S2).  In Australia, Geniostoma 653 

rupestre var australianum (F.Muell) B.J. Conn is an understory shrub or small tree in north 654 

Queensland rainforest (Australian Tropical Rainforest Plants, available at: 655 

http://www.anbg.gov.au/cpbr/cd-keys/rfk/). Two species occur on Lord Howe Island: 656 

Geniostoma huttoni is a scrambling shrub of dwarf closed forest on ridge tops, while G. 657 

petiolosum is a small tree to 5 m, occurring in forest at lower altitudes (Flora of Australia, 658 

Volume 49, 1994).  One species, G. ligustrifolium, a ruderal, early successional shrub (86), 659 

occurs in New Zealand southwards to c. 41.5°S [ref (87)]( Fig. S2K, L).  660 

 661 

Doryanthes (Asparagales: Doryanthaceae) 662 

(Fig. S6A-C) 663 

 664 

Description: Monad, anisopolar, monosulcate, sulcus extending the full length of the grain, 665 

margins ragged. Pollen ellipsoidal to obovate in equatorial view. Exine tectate, reticulate, 666 

simplicolumellate, with discrete columellae supporting the muri. Muri arranged in irregular 667 

polygonal shapes or rings, approaching a croton pattern on the side opposite the sulcus. 668 

Lumina diameter 1.6 µm, becoming smaller, and breaking down into a rugulate pattern, 669 

towards the sulcus. Exine thickness 2.2 µm along the longest grain axis, thinning to 1.7 µm 670 

along the short grain axis, sexine and nexine of similar thickness. Dimensions: equatorial 671 

axis 57 µm; polar axis 40µm.  672 
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 673 

Botanical affinity: Doryanthes (Doryanthaceae) 674 

 675 

Discussion: Several features of the fossil – its size, exine thickness, simplicolumellate 676 

pattern (Fig. S6C), and its polygonal to croton-like lumina decreasing in size and breaking 677 

down into a rugulate pattern towards the sulcus (Fig. S6B) – correspond closely with the 678 

pollen of Doryanthes. These features distinguish this type from similarly large, robust 679 

(relatively thick exine with nexine and sexine of similar thickness), monosulcate pollen types 680 

of the Asparagales and Liliales.  681 

 682 

However, monosulcate, ellipsoidal, reticulate pollen is apparently the plesiomorphic 683 

condition within the Asparagales and Liliales, and identification of fossil pollen with these 684 

characteristics has typically been at coarse taxonomic level, in both the Quaternary 685 

paleoecological and pre-Quaternary palynostratigraphic literatures. For example, for the past 686 

half century, monosulcate, reticulate, more or less ellipsoidal grains have routinely been 687 

referred to in the Quaternary literature imprecisely as “Liliaceae” (e.g. refs [(88, 89)]), while 688 

in the palynostratigraphic literature they are typically assigned to species of Liliacidites 689 

Couper (e.g. ref [(66)]). Attribution of these pollen type to extant taxa or clades has been 690 

inhibited by their lack of conspicuous pollen morphological variability, pervasive 691 

homoplasies (90), and, historically, by poor understanding of the evolutionary relationships 692 

of monocots (91).  693 

 694 

Guided by current molecular phylogenetic frameworks for monocots, below we note 695 

palynological characteristics which distinguish Nullarbor fossil Doryanthes from several 696 

clades within Asparagales/Liliales, with an emphasis on families currently present in 697 

Australasia, based on a combination of published descriptions and our own observations 698 
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(where relevant, numbers following species names refer to MEL accession numbers). 699 

Circumscription of taxa follows the Angiosperm Phylogeny Website wherever possible 700 

(available at  http://www.mobot.org/MOBOT/Research/APweb/welcome.html).  701 

 702 

Relationships between Doryanthaceae and other Asparagales remain poorly resolved, but 703 

until recently Doryanthaceae was hypothesized to be sister to Iridaceae+Ixioliriaceae (92). 704 

The large, sulcate, reticulate pollen of some Iridaceae genera is broadly similar to that of the 705 

fossil, and several of this family’s plesiomorphic clades are endemic to Australia (93). 706 

Following the chloroplast phylogeny of Goldblatt et al. (93), the most plesiomorphic clade, 707 

monotypic Isophysidoideae, represented by Isophysis tasmanica [MEL 1523724] produces 708 

pollen smaller than the fossil (equatorial axis 35-40 µm), and its exine is reticulate to 709 

retipilate, heterobrochate with lumina up to ~4 µm diameter. In Goldblatt et al’s second-710 

branching clade, Patersonioideae, Patersonia occidentalis has inaperturate, coarsely 711 

reticulate pollen that tends to disintegrate under acetolysis. The pollen of Aristeoideae, 712 

confined to Africa and Madagascar, and of Nivenioideae, confined to the Cape region of 713 

South Africa, mostly have tectate reticulate exines that are not simplicolumellate under light 714 

microscopic LO examination (94-96), and in which the lumina do not generally become 715 

smaller as they approach the sulcus (94). The remainder of the family is represented by the 716 

species-rich Crocoideae and Iridoideae. The most plesiomorphic Iridoideae clade, 717 

Diplarreneae, represented by Australian Diplarrena, produces inaperturate pollen (97) or has 718 

a poorly defined, smooth area on one face (96). D. moraea pollen is ellipsoidal to spheroidal, 719 

with exine sculpture obscurely reticulate under bright-field light microscopy, perhaps 720 

fossulate judging from scanning electron micrographs (96). Iridoideae pollen are typically 721 

monosulcuate, tectate columellate with a reticulate exine (96). Australian Iridoideae genera 722 

include Orthrosanthus (O. polystachyus MEL 1523154], with a very dense reticulum 723 

forming minute (≤1 µm) lumina. The exine of African Dietes (e.g. D. grandiflora) is 724 
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simplicolumellate to retipilate, with anastomosing muri which do not break down into a 725 

rugulate pattern close to the sulcus. Crocoideae mostly have scabrate, rather than reticulate 726 

sculpturing (98). The pollen of Watsonia [W. ?borbonica MEL 2291132] and of Romulea [R. 727 

rosea, MEL 693772] is elongated, some grains having apiculate apices. Both genera have a 728 

verrucate, rather than reticulate exine sculpture. 729 

 730 

Within Asphodelaceae, pollen of Xanthorrhoea (Xanthorrhoeoideae) is smaller (c. 40 x 35 731 

µm) than the fossil, with angular, irregular-shaped lumina circumscribed by thick muri that 732 

are not simplicolumellate. Hemerocallidoideae are characterized by trichotomosulcate pollen 733 

(99). The pollen of Bulbine (Asphodeloideae) is microreticulate to fossulate under SEM 734 

(100), or finely rugulate under bright field light microscopy. 735 

 736 

In Amaryllidaceae, pollen of Callostemma [C. luteum MEL 285197] is large (60-70 µm) and 737 

reticulate but with very small (<1µm) lumina and muri which are not simplicolumellate; 738 

pollen of Crinum [C. flaccidum MEL 2352573] is large (to 80µm) with sparsely echinate 739 

exine sculpture.  740 

 741 

In Boryaceae, pollen of Borya sphaerocephala [MEL 227391] is small (c. 30-40µm long), 742 

shortly ellipsoid, with a polygonal/vermiform reticulum. In Blandfordiaceae, pollen of 743 

Blandfordia has a granular exine (101). In Asteliaceae, pollen of Astelia is monosulcate and 744 

prominently echinate (84). In Hypoxidaceae, Hypoxis is finely reticulate, not 745 

simplicolumellate, and smaller than the fossil.  746 

 747 

Pollen of Asparagaceae is generally smaller, with thinner exine, than the fossil. Pollen in the 748 

Lomandroideae, (e.g. Arthropodium milleflorum) is reticulate, with lumina becoming smaller 749 

towards the gaping sulcus but not breaking down into a rugulate pattern. Pollen of 750 
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Thysanotus tuberosus is typically much smaller than the fossil and has a reticulum with large 751 

lumina.  Pollen of Lomandra and of Acanthocarpus canaliculatus [MEL 2211734] is 752 

zonosulcate.  753 

 754 

Within the Liliales, Campynemataceae comprises two Australasian genera. The sulcate 755 

pollen of Campynema is small, with foveolate/reticulate exine and multicolumellate muri 756 

(102), while Campynemanthe is inaperturate (97).  Ripogonum (Ripogonaceae) is smaller 757 

than the fossil, with finer reticulum, and is not simplicolumellate (103). In Colchicaceae, 758 

pollen of the Australian taxa Burchardia and Wurmbea are much smaller than the fossil, with 759 

finely reticulate exine sculpture. 760 

 761 

Within the Commelinales, pollen in the Haemodoraceae is either bi-, tri- or polyporate 762 

(Conostylidoideae), or, under light microscopy, obscurely monosulcate (Haemodoroideae) 763 

(104, 105). Pollen of Philydraceae occurs in tetrads (Philydrum), or is monosulcate but small 764 

(25-40 µm) with exine sculpture that is obscure under light microscopy (106). In the 765 

currently unplaced commelinid family Dasypogonaceae (107), the pollen of Calectasia has 766 

clearly differentiated sexine and nexine similar to the fossil, and has a very fine, 767 

simplicolumellate reticulum in which, in contrast to the fossil, the lumina are approximately 768 

the same size as the individual columellae, and there is no change in the reticulum as it 769 

approaches the sulcus margin. Baxteria australis [MEL 2216188] has a retipilate exine in 770 

which the apertures are arranged in a pantocolpate or clypeate (108, 109) pattern. Dasypogon 771 

hookeri [MEL 2025855] is small and microreticulate, with lumina <1µm diameter.  In 772 

Kingia, the sulcus extends around more than half of the grain (108). 773 

   774 

Comments: 775 
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Monotypic, Australian endemic Doryanthaceae comprises two giant-rosette species. 776 

Doryanthes excelsa occupies near-coastal sclerophyll forests and woodlands on well drained, 777 

usually sandstone-derived soils in New South Wales. D. palmeri occupies rocky outcrops in 778 

of wet sclerophyll forest within a small, near-coastal range straddling the New South 779 

Wales/Queensland border (110). 780 

  781 
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SUPPLEMENTARY FIGURE LEGENDS 782 

Figure S1. Information about locations mentioned in the text. (A) Australian mean 783 

annual precipitation, 1901-2010, derived from Global Precipitation Climatology Centre 784 

(GPCC) V6 at 0.5° resolution (111), plotted with Climate Explorer (112) (climexp.knmi.nl/).  785 

Green circles, locations of the five caves from which fossil pollen was recovered.  (B) 786 

Digital Elevation Model (3 second SRTM) of the Nullarbor Plain in southern central 787 

Australia with locations of the five caves shown, identified by their respective cave numbers. 788 

(C) Climate parameters for the five Nullarbor caves. Climatology derived from ANUCLIM 789 

(42). 790 

 791 

Figure S2. Distribution of individual taxa/clades mentioned in the text and used for 792 

reconstruction of mean annual precipitation, within the survey datasets. (A) 793 

Distribution of all Australian surveys; (B-J, M) distribution of individual taxa/clades within 794 

the Australian survey dataset; (K) distribution of all New Zealand surveys; (L) distribution of 795 

Geniostoma within the New Zealand survey dataset.  (N) Indo-Pacific presence-only 796 

occurrence records, derived from the Global Biodiversity Information Facility 797 

(www.gbif.org).  (O) Distribution of Geniostoma (=Labordia) within ‘pseudo’-surveys in 798 

Hawaii. 799 

 800 

Figure S3. Modeled relationships between mean annual precipitation and probability of 801 

occurrence for 13 taxa/clades interpreted as the sources of pollen types observed in the 802 

Nullarbor pollen assemblages. Lines of best fit and standard errors shown. (A-L) GAM 803 

probability density for each taxon/clade as a function of mean annual precipitation. Density 804 

functions were created from binomial GAMs based on the presence/absence of each taxon 805 

within the (A-K) Australian survey dataset, and (L) the New Zealand and Hawaiian survey 806 

dataset. (M) Relationship between mean annual precipitation and Chenopodiaceae pollen 807 
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percent, derived from southern Australian pre-European wetland and modern pollen trap data 808 

(43, 44, 113), estimated using a Gaussian GAM. 809 

 810 

Figure S4. Probability density for each of 13 pollen assemblages as a function of mean 811 

annual precipitation. Probability density functions represent joint probabilities derived 812 

multiplicatively from the component pollen types contributing to each assemblage (indicated 813 

by capital letters referring to panels within Fig. S3). 814 

 815 

Figure S5. Pollen morphological measurements of clades within modern and fossil 816 

Banksia. Species examined, for /Cryptostomata, include B. ashbyi, B. baxteri, B. 817 

candolleana, B. coccinea, B. cuneata, B. hookeriana, B. serrata, B. serratuloides, B. 818 

speciosa. For /Phanerostomata P1, B. grandis, B. grossa, B. lanata, B. sphaerocarpa, B. 819 

violacea. For /Phanerostomata P2E, B. aquilonia, B. canei, B. ericifolia, B. integrifollia, B. 820 

marginata, B. spinulosa, B. dentata. For /Phanerostomata P2SW, B. brownii, B. nutans, B. 821 

occidentalis, B. quercifolia, B. seminuda, B. verticillata. 822 

 823 

Figure S6. Photomicrographs of selected fossil pollen from Nullarbor speleothems. 824 

Scale bar for (A-D) shown in (A); scale bar for (E-W) shown in (E). (A-C) fossil 825 

Doryanthes, sample 370-11; (D) modern Doryanthes excelsa, acetolysed; (E-H) fossil 826 

Geniostoma, sample 2200-2; (I-L) fossil Banksia interpreted as /Phanerostomata P2E 827 

(eastern clade), from sample 645-15; (M-O) modern pollen of /Phanerostomata eastern 828 

clade: (M) B. integrifolia; (N) B. aquilonia; (O) B. marginata; (P-Q) fossil Banksia 829 

interpreted as /Cryptostomata, sample 645-15; (R-S) modern pollen of /Cryptostomata: (R) 830 

B. candolleana, (S) B. serrata; (T-U) fossil Banksia interpreted as /Phanerostomata P2SW 831 

(southwestern clade), sample 645-15; (V-W) modern pollen of /Phanerostomata P2SW: (V) 832 
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B. verticillata; (W) B. quercifolia. (X) Modern pollen of Banksia /Phanerostomata 1, B. 833 

grossa, showing rugulate sculpture (not observed in fossil material). 834 

  835 
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SUPPLEMENTARY TABLES 836 

Table S1. Conservative age estimates of Southern Hemisphere data interpreted by 837 

Salzmann et al. (21, 62) as evidence for Late Pliocene vegetation.  Site numbers 838 

correspond to ref [(21)]. We excluded Antarctic sites based on uncertainties about their late 839 

Neogene age, following Salzmann et al. (62). 840 

Abbreviations: Aus, Australia; PNG, Papua New Guinea; NZ, New Zealand; SA, South Africa.  841 

Notes: 842 

* Chronostratigraphy is derived from McMinn (114), who commented, “Foram zone N19 and 843 

nannoplankton zone CN10 were not recognized in Hole 765B, indicating that much of the Early 844 

Pliocene is either absent or…unsampled”… “The absence of foram Zone N18 indicates that the 845 

uppermost late Miocene is either absent…or unsampled”. (p. 430). 846 

† Key planktic foraminifera have epoch-scale inter-ocean basin diachronous ranges (see Methods).  847 

‡ The visual match of the Yallalie magnetic polarity record with the geomagnetic polarity timescale 848 

(61) is reasonable, but it is unconstrained by radiometric or internal (e.g. sedimentation rate 849 

estimates) evidence. 850 

§ Khan commented, “Faunally and lithologically it is not easy to separate Pliocene from Pleistocene 851 

sediments in the well section (115)(p 268). 852 

|| Described in 1988 as “Late Pliocene”, thus probably mostly, if not entirely now Early Pleistocene 853 

(116). 854 

¶ Reanalyses by Rossouw and Scott (117) cast doubt on the reality of the fossil pollen data. 855 

# Described by the authors as “>4 to 1 Ma”. 856 

★  Described by the authors as “2.6-2.8 Ma”. 857 

** The record includes only a small portion attributed to the uppermost Pliocene, as defined in a 1987 858 

palynostratigraphic scheme. Thus the record is probably entirely Early Pleistocene (116) 859 

  860 
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Table S1. 861 
 862 

Site (site number) Proxy 
 

Source Age control Conservative age 
estimate 

Notes 

ODP 765, NW Aust (179) pollen (118) marine biostratigraphic comparison  (c. 
400 km offshore), magnetostratigraphy 

Late Pliocene * 

Tempe Downs Borehole, 
Aust (180) 

pollen  (18) terrestrial biostratigraphic comparison 
(informal) 

Late Miocene to Early 
Pleistocene 

 

Namba Fm, Aust (180) pollen  (18, 119) palynostratigraphic comparison 
(±formal) 

Late Miocene to Early 
Pleistocene 

 

Wipajiri and Tirari Fms, 
Aust (180-181) 

pollen (18, 120) palynostratigraphic comparison 
(±informal) 

Late Miocene to Early 
Pleistocene 

 

Northern Eyre Peninsula, 
Aust (180) 

pollen  (18, 121) palynostratigraphic comparison 
(±informal) 

Late Miocene to Early 
Pleistocene 

 

Hapuku-1 well, SE Aust 
(180) 

pollen  (18) marine biostratigraphic comparison (c. 
100 km offshore) 

Pliocene † 

ODP 815 and 823, NE 
Aust (182-183) 

pollen  (122) marine biostratigraphic comparison (c. 
250 km offshore) 

Late Pliocene  

Butchers Creek, Aust 
(184) 

pollen (123) palynostratigraphic comparison 
(±informal)  

Late Miocene to Early 
Pleistocene 

 

Yallalie, Aust (185) pollen (124, 125) palynostratigraphic comparison (formal); 
magnetostratigraphy 

Late Pliocene ‡ 

Lake Tay, Aust (186) pollen  (18, 126) palynostratigraphic comparison (formal) Late Miocene to Early 
Pleistocene 

 

Lachlan Fm, Aust (189) pollen  (18, 127) palynostratigraphic comparison (formal) Late Miocene to Early 
Pleistocene 

 

Lake George, Aust (188) pollen (128) magnetostratigraphy (discontinuous 
sections) 

Late Miocene to Early 
Pleistocene 

 

Linda Valley, Aust (193) pollen (129) palynostratigraphic comparison (formal) Late Pliocene/Early 
Pleistocene 

 

Eastern Highlands, NSW, 
Aust (189) 

pollen  (18, 130-
132) 

palynostratigraphic comparison (formal) Late Miocene to Early 
Pleistocene 

 

Kowai Fm, NZ (196) pollen (133) palynostratigraphic comparison 
(±informal) 

Pliocene/Early 
Pleistocene 

 

Five Fingers Peninsula, 
NZ (197) 

pollen  (134) marine biostratigraphic comparison and 
palynostratigraphic comparison 
(±informal) 

Pliocene/Early 
Pleistocene 

 

Tadmor Group, NZ (198) pollen  (135) palynostratigraphic comparison 
(±informal) 

Late Miocene to Early 
Pleistocene 

 

ODP 1123, Chatham Rise 
(199) 

pollen  (136, 137) (c. 1100 km offshore), 
magnetostratigraphy (long continuous 
section)  

Late Pliocene  

DSDP 262, Timor (177) pollen  (138) marine biostratigraphic comparison (c. 
75 km offshore) 

Early Pleistocene  

Ivirin No. 1 Well, PNG 
(178) 

pollen  (115, 139, 
140) 

marine biostratigraphic comparison 
(informal) 

Late Miocene to Early 
Pleistocene  

§ 

Mahakam Delta, 
Kalimantan (175) 

pollen  (141) palynostratigraphic comparison 
(±informal) 

Early Pleistocene || 

Laetoli, Tanzania (124, 
126) 

Pollen/ 
vertebrates 

(117, 142, 
143) 

terrestrial biostratigraphic comparison 
(informal), dated pyroclastics 

Late Pliocene: but see 
note  

¶ 

Malawi Rift (125) vertebrates (144) terrestrial biostratigraphic comparison 
(informal) 

Early Pliocene to Early 
Pleistocene 

# 

DSDP 532, SW Africa 
(127) 

pollen  (145) marine biostratigraphic comparison (c. 
200 km offshore); magnetostratigraphy 
(long continuous section) 

Late Pliocene  

ODP 1082, SW Africa 
(128) 

pollen  (146) “wiggle matching” with benthic δ18O (c. 
160 km offshore) 

Late Pliocene  

Langebaanweg, SA (129) pollen  (147, 148) terrestrial biostratigraphic comparison 
(informal) 

Miocene to Pliocene  

Makapan Valley, SA (130) vertebrates (142) terrestrial biostratigraphic comparison 
(informal) 

Pliocene, perhaps Late 
Pliocene 

 

Sterkfontein, SA (131) wood (149) terrestrial biostratigraphic comparison 
(informal), magnetostratigraphy (short 
sections) 

Early Pleistocene ★ 

Lauca Basin, Chile (45) Sediments (150) dated pyroclastics Late Pliocene  
Southern South America 
(46-47) 

vertebrates (151) terrestrial biostratigraphic comparison 
(far field, informal) 

Late Miocene to Early 
Pleistocene 

 

Buenos Aires Province, 
Argentina (48) 

vertebrates (152) magnetostratigraphy 
(discontinuous/short section) 

Pliocene?  

Foz de Amazonas Basin, 
Brazil (44) 

pollen  (153) palynostratigraphic comparison (200 km 
offshore) 

Early Pleistocene ** 
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Table S2. Continuous pollen morphological criteria for separation of clades within 863 
Banksia, and comparisons between modern and fossil Banksia pollen.  864 
Abbreviations: Cf, fossil /Cryptostomata; Pf, fossil /Phanerostomta; P1, P2, P2SW, P2E, 865 
extant /Phanerostomata clades (see Fig. S5G) 866 
 867 

Clade 
comparison 

Criterion Descriptives Tests 

C vs. P Length of equatorial 
axis (µm)  

C: n = 41, =59.8  
σ2 = 10.15 
P: n = 134, = 34.1  
σ2 = 6.57 

Levene test of homogeneity of variances:  
F = 20.9, p = 0.000 (variances are unequal).  
Two sample t = 15.3, (df = 51) p = 0.000, mean 
difference = 25.7µm 

P1 vs. P2 Polar axis/pore 
diameter  

P1: n = 30, = 3.8  
σ2 = 0.78 
P2: n = 62, = 2.6  
σ2 = 0.36 
 

Levene test of homogeneity of variances:  
F = 21.6, p = 0.000 (variances are unequal). 
Two sample t = 8.4 (df = 35) p = 0.000, mean 
difference = 1.26 

P2 SW vs. P2 E Radius of 
curvature/polar axis 

P2SW: n = 49, = 1.0 σ2 = 
0.28 
P2E: n = 48, = 2.6  
σ2 = 2.14 

Levene test of homogeneity of variances:  
F = 9.25, p = 0.003 (variances are unequal). 
Two sample t = 5.2 (df = 49) p = 0.000, mean 
difference = 1.62 

Cf (cf. B. serrata) 
vs. Pf 

Length of equatorial 
axis 

Cf: n = 14, = 36.6  
σ2 = 3.71 
Pf: n = 35, = 24.8,  
σ2 = 3.95 

Levene test of homogeneity of variances:  
F = 0.14, p = 0.709 (variances are equal). 
Two sample t = 9.7 (df = 47) p = 0.000, mean 
difference = 11.9 

P1 vs Pf Polar axis/pore 
diameter 

P1: n = 30, = 3.8  
σ2 = 0.78 
Pf: n = 33, = 2.6  
σ2 = 0.67 

Levene test of homogeneity of variances:  
F = 1.79, p = 0.186 (variances are equal). 
Two sample t = 6.9 (df =61) p = 0.000, mean 
difference = 1.3 
 

P2 vs Pf Polar axis/pore 
diameter 

P2: n = 48, = 2.6  
σ2 = 0.36 
Pf: n = 33, =2.6 σ2=0.67 

Levene test of homogeneity of variances:  
F = 5.96, p = 0.016 (variances are unequal). 
Two sample t = 0.005 (df =42) p = 0.996 mean 
difference = 0.0006 
 

P2E vs Pf Radius of 
curvature/polar axis 

P2E: n = 48, = 2.6  
σ2 = 2.14 
Pf: n = 33, = 3.1 σ2 = 
2.89 

Levene test of homogeneity of variances:  
F = 4.51, p = 0.037 (variances are unequal). 
Two sample t = 0.83 (df =55) p = 0.409 mean 
difference = 0.49 
 

P2SW vs Pf Radius of 
curvature/polar axis 

P2SW: n = 49, = 1.0 σ2 = 
0.28 

Pf: n = 33, = 3.1 σ2 = 
2.89 

Levene test of homogeneity of variances:  
F = 34.76, p = 0.000 (variances are unequal). 
Two sample t = 4.2 (df =32) p = 0.000 mean difference 
= 2.11 

 868 
Abbreviations: Cf, fossil /Cryptostomata; Pf, fossil /Phanerostomta; P1, P2, P2SW, P2E, 869 
extant /Phanerostomata clades (see Fig. S5G) 870 
  871 
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Table S3. U, Pb concentration and isotope ratio data for Nullarbor speleothems found 872 
to contain pollen. Sample codes take the form of ‘cave number-sample number’. Isotope 873 
ratio uncertainties are quoted at the 2σ level. See Methods section for details of age 874 
calculations. 875 
 876 

Sample 

ID 

Aliquot  

# 

U 

ppm 

Pb 

ppm 

206Pb/204Pb 238U/206Pb % 

error 

207Pb/206Pb % 

error 

Correlation 

coefficient 

Isochron  

type 

MSWD Corrected  

Age (Ma) 

Uncertainty 

95% conf. 

 
2121-1 1 0.497 0.0002 27.274 9832.94 28.76 0.46762 27.10 -0.9999 Model 2 4.1 0.41 0.07 

 
2 0.487 0.0034 14.996 486.29 1.56 0.80937 0.33 -0.4949 

    

 
3 0.511 0.0022 18.667 785.78 1.82 0.79647 0.28 -0.8455 

    

 
4 0.499 0.0032 20.896 526.83 2.91 0.81326 0.63 -0.4708 

    
645-15 1 0.596 0.0006 97.041 1574.61 4.95 0.17870 20.23 -0.9993 Model 1 1.1 3.47 0.13 

 2 0.608 0.0006 90.056 1560.13 4.12 0.17918 16.76 -0.9993     

 3 0.644 0.0006 93.472 1624.96 5.48 0.14865 28.02 -0.9996     

 4 0.579 0.0007 57.497 1440.01 4.73 0.22722 14.19 -0.9994     
 5 0.361 0.0005 51.243 1329.49 6.17 0.26728 14.80 -0.9997     

370-3 1 0.499 0.0037 24.264 396.26 0.92 0.65844 0.36 -0.9711 Model 2 12 3.62 0.14 

 
2 0.640 0.0086 21.711 230.21 0.49 0.72893 0.15 -0.8175 

    

 
3 0.435 0.0036 23.605 360.79 1.07 0.67145 0.39 -0.9864 

    

 
4 0.627 0.0021 32.272 728.65 2.18 0.51657 1.66 -0.9983 

    

 
5 0.427 0.0049 21.053 265.99 0.89 0.71513 0.30 -0.8012 

    

 
6 0.681 0.0033 26.796 553.68 1.29 0.59403 0.57 -0.9900 

    
370-1 1 0.815 0.0047 25.285 487.63 1.05 0.62749 0.47 -0.9900 Model 1 9 3.63 0.17 

 
2 0.777 0.0087 20.416 273.01 0.59 0.71665 1.00 -0.9900 

    

 
3 0.890 0.0152 23.681 186.21 2.00 0.75883 1.18 -0.0256 

    
370-5 1 0.923 0.0026 33.492 830.04 3.90 0.46695 3.84 -0.9407 Model 1 0.87 3.76 0.12 

 
2 0.930 0.0013 27.874 1297.16 4.94 0.25525 12.66 -0.9932 

    

 
3 0.945 0.0027 14.500 834.68 5.15 0.46107 5.00 -0.9963 

    

 
4 0.943 0.0009 34.045 1548.26 7.94 0.14079 43.34 -0.9958 

    

 
5 0.910 0.0013 28.129 1319.67 8.75 0.24901 23.19 -0.9999 

    
645-13 1 1.378 0.0011 188.181 1455.77 1.55 0.11368 10.77 -0.9962 Model 1 1.8 4.14 0.11 

 
2 1.413 0.0009 326.580 1561.70 1.26 0.06547 16.03 -0.9905 

    

 
3 1.444 0.0013 149.191 1399.94 1.32 0.14249 7.05 -0.9889 

    

 
4 1.444 0.0011 216.937 1528.48 3.11 0.08050 31.95 -0.9963 

    370-11 1 2.232 0.0016 443.252 1474.23 1.15 0.08229 11.50 -0.9722 Model 1 0.65 4.15 0.12 

 2 2.213 0.0018 157.545 1401.42 0.79 0.10821 5.62 -0.9632     

 3 2.247 0.0015 58.606 1536.02 1.04 0.06605 13.13 -0.9872     

 4 2.233 0.0017 232.751 1446.45 1.13 0.10250 8.72 -0.9515     

 5 2.575 0.0016 487.537 1563.23 0.93 0.05727 13.78 -0.9934     

 6 2.651 0.0021 154.360 1435.06 1.78 0.09496 15.21 -0.9977     

2200-12-4 1 1.264 0.0040 33.669 732.52 1.49 0.46672 1.42 -0.9994 Model 2 12 4.16 0.12 

 
2 1.161 0.0039 33.516 699.77 1.49 0.47931 1.34 -0.9990 

    

 
3 1.107 0.0025 35.874 898.33 2.05 0.38734 2.75 -0.9996 

    

 
4 1.185 0.0041 31.877 692.44 2.21 0.48329 1.95 -0.9997 

    

 
5 1.236 0.0078 25.580 441.36 1.65 0.61137 0.81 -0.9977 

    

 
6 1.159 0.0428 20.193 88.57 0.23 0.78183 0.10 -0.6037 
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2200-2 1 1.251 0.0037 41.316 779.41 1.65 0.47306 1.73 -0.7433 Model 2 6 4.20 0.14 

 
2 1.189 0.0012 111.950 1372.26 4.02 0.15846 19.04 -0.9947 

    

 
3 1.180 0.0017 30.526 1183.42 3.17 0.25332 8.20 -0.9992 

    

 
4 1.294 0.0020 58.025 1130.91 2.22 0.28262 4.93 -0.9674 

    
483-9 1 0.208 0.0012 28.839 447.93 3.10 0.55287 2.00 -0.9966 Model 1 2.3 4.89 0.12 

 
2 0.184 0.0021 24.352 256.55 1.81 0.66543 0.67 -0.9738 

    

 
3 0.217 0.0004 49.213 990.42 5.83 0.25240 15.15 -0.9990 

    

 
4 0.217 0.0005 46.111 866.50 7.51 0.31584 14.11 -0.9996 

    

 
5 0.207 0.0003 94.751 1233.68 10.90 0.10903 80.00 -0.9960 

    
370-16 1 0.494 0.0006 129.862 1160.43 3.43 0.14086 18.69 -0.9995 Model 2 25 4.97 0.12 

 
2 0.446 0.0004 159.337 1248.65 6.13 0.08517 59.29 -0.9996 

    

 
3 0.468 0.0005 211.050 1234.01 5.03 0.09162 44.85 -0.9973 

    

 
4 0.477 0.0012 46.703 792.67 2.66 0.34461 4.35 -0.9950 

    

 
5 0.385 0.0012 42.631 680.70 1.93 0.41639 2.33 -0.9498 

    

 
6 0.404 0.0021 29.680 489.96 1.42 0.53473 1.00 -0.9979 

    

 
7 0.376 0.0016 34.344 567.01 1.50 0.48040 1.33 -0.9973 

    
370-17 1 1.832 0.0354 22.212 158.78 0.15 0.71576 0.11 -0.8208 Model 2 2.7 5.34 0.12 

 
2 1.657 0.0317 22.309 159.78 0.14 0.71395 0.10 -0.8377 

    

 
3 1.087 0.0200 22.454 165.88 0.22 0.71054 0.11 -0.8202 

    

 
4 0.423 0.0019 33.262 523.67 1.91 0.48798 1.65 -0.9994 

    

 
5 3.090 0.0509 22.800 183.14 0.18 0.70022 0.11 -0.8373 

    
370-19 1 2.063 0.0390 22.285 162.23 0.21 0.71538 0.11 -0.7858 Model 1 0.017 5.59 0.15 

 
2 2.050 0.0309 23.151 198.44 0.20 0.69156 0.11 -0.7885 

    

 
3 1.832 0.0333 22.422 167.97 0.22 0.71167 0.11 -0.5780 

    

 
4 1.591 0.0337 21.866 146.12 0.29 0.72609 0.12 -0.7900 

    

 
5 2.227 0.0363 22.844 185.14 0.19 0.70030 0.11 -0.8151 

     877 
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