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Abstract 29 

Aim To test competing hypotheses about the timing and extent of Holocene landscape opening 30 

using pollen-based quantitative land-cover estimates. 31 

Location Dove Lake, Tasmanian Wilderness World Heritage Area, Australia.  32 

 33 

Methods Fossil pollen data were incorporated into pollen dispersal models and corrected for 34 

differences in pollen productivity among key plant taxa. Mechanistic models (REVEALS - Regional 35 

Estimates of VEgetation Abundance from Large Sites) employing different models for pollen 36 

dispersal (Gaussian plume and Lagrangian stochastic models) were evaluated and applied in the 37 

Southern Hemisphere for the first time.   38 

 39 

Results Validation of the REVEALS model with vegetation cover data suggests an overall better 40 

performance of the Lagrangian stochastic model. Regional land-cover estimates for forest and non-41 

forest plant taxa show persistent landscape openness throughout the Holocene (average landscape 42 

openness ~50%). Gymnoschoenus sphaerocephalus, an indicator of moorland vegetation, shows 43 

higher values during the early Holocene (11.7-9 ka) and declines slightly through the mid-Holocene 44 

(9-4.5 ka) during a phase of partial landscape afforestation. Rain forest cover reduced (from ~40% to 45 

~20%) during the period between 4.2 – 3.5 ka.  46 

Main conclusions Pollen percentages severely under-represent landscape openness in western 47 

Tasmania and this bias has fostered an over-estimation of Holocene forest cover from pollen data. 48 

Treeless vegetation dominated Holocene landscapes of the Dove Lake area, allowing us to reject 49 

models of landscape evolution that invoke late-Holocene replacement of a rain forest-dominated 50 

landscape by moorland.  Instead, we confirm a model of Late Pleistocene inheritance of open 51 

vegetation. Rapid forest decline occurred after ca. 4 ka, likely in response to regional moisture 52 

decline.  53 
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Australia, cultural landscape, dispersal models, fire, Holocene, moorland, rain forest, REVEALS, 55 

Tasmania, vegetation reconstruction 56 

1. Introduction 57 

 58 

The ability to accurately model and predict Earth system behaviour is crucial for developing effective 59 

management strategies for our future environment (e.g. Anderson et al., 2006; Dearing et al., 2010; 60 

Gaillard et al., 2010). Recognition of the reciprocal relationship between vegetation cover and 61 

climate via biogeochemical and biogeophysical processes/feedbacks (e.g. Foley et al., 2003) has 62 

fostered development of coupled dynamic vegetation and climate models (e.g. Smith et al., 2011). A 63 

critical point is the scarce information on past land cover currently incorporated into such models 64 

(e.g. Kaplan et al., 2002; Sitch et al., 2003; Smith et al., 2011). Quantitative estimates of past plant 65 

cover are rare (e.g. Trondman et al., 2015), with the Southern Hemisphere particularly under-66 

represented. Here we apply, for the first time in the Southern Hemisphere, mechanistic models for 67 

regional vegetation reconstruction to quantify landscape changes in western Tasmania, Australia. 68 

These reconstructions allow us to address biogeographical and methodological debates over a) the 69 

efficiency of mechanistic models in landscapes dominated by both wind- and animal- pollinated 70 

plants; and b) the timing and extent of long-term vegetation changes in western Tasmania. 71 

 72 

Fire is considered the most critical non-climatic factor controlling land cover changes on Earth (Bond 73 

et al., 2005). Fire and vegetation are strongly linked in Australia (Bradstock et al., 2002), with, for 74 

example, the distribution of fire-sensitive rain forest among flammable sclerophyll vegetation 75 

considered to be a result of the past fire history (Bowman, 1998; Bowman, 2000). Tasmania (Fig. 1) is 76 

an exemplar of the role of fire in decoupling vegetation from climate, with large areas in which rain 77 

forest is the potential vegetation currently occupied by fire-promoted vegetation (Jackson, 1968; 78 

Brown & Podger, 1982a; Wood & Bowman, 2011). Indeed, the juxtaposition of fire-sensitive rain 79 

forest against pyrogenic species (e.g. Eucalyptus) in Tasmania has puzzled ecologists for decades 80 

(Bowman & Jackson, 1981; Brown & Podger, 1982b; Yospin et al., 2015) and the origin and evolution 81 

of the present-day dominance of pyrogenic moorland is the subject of long-standing debate (see 82 

Colhoun, 1996a; Fletcher & Thomas, 2010a; Macphail, 2010 and references therein).  This debate is 83 

split between those that argue for late Holocene replacement of a forested landscape by open 84 

vegetation (Macphail, 1979; Colhoun, 1996b), while others argue an open landscape persisted 85 

throughout the Holocene (Thomas, 1995a; Fletcher & Thomas, 2010a).   86 
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Proponents of the former model interpret the region-wide dominance of rain forest pollen types as 87 

indicating a climate-driven expansion of rain forest from the Late Pleistocene to the mid-Holocene 88 

(e.g. Macphail, 1979; Colhoun, 1996). In contrast, Fletcher & Thomas (2007a, b; 2010a, b) highlight 89 

the bias in the pollen record toward plants that produce large amounts of well-dispersed pollen (i.e. 90 

rain forest species in Tasmania), and use modern pollen spectra to infer the persistence of open 91 

vegetation across western Tasmania for the last ca. 12,000 years (12 kyrs). They note a departure 92 

between Holocene and previous interglacial floras and charcoal sequences, citing human arrival 93 

during the last glacial cycle (~35 kyrs) as the probable cause for this, thus concluding that western 94 

Tasmania represents an ancient cultural landscape. Macphail (2010) has critiqued their model, 95 

arguing that the nature of pollen deposition at many of the mires studied by Fletcher and Thomas 96 

(2010) biases pollen records toward local bog vegetation, which is palynologically similar to 97 

pyrogenic moorland. Thus, the debate over the origin and development of the modern treeless and 98 

pyrogenic vegetation landscape of western Tasmania centres on how pollen production and 99 

deposition biases are resolved.  100 

 101 

Here, we produce quantitative land cover estimates to understand vegetation change and test 102 

competing models of landscape evolution in western Tasmania.  We employ recently reported 103 

pollen productivity estimates (PPEs) for this region (Mariani et al., 2016) to develop quantitative land 104 

cover estimates using the REVEALS (Sugita, 2007b) approach.  105 

 106 

1.1 Quantitative reconstruction of land cover from pollen data 107 

Quantitative reconstruction of past vegetation cover has long been a major objective of palynology 108 

(e.g.  Sugita, 1993; Gaillard et al., 1998; Broström et al., 2004). Numerous factors influence the over- 109 

or under-representation of vegetation in pollen spectra (e.g. taphonomy, pollen productivity, 110 

dispersal capabilities) (Fletcher & Thomas, 2007b; de Nascimento et al., 2015).  Recent advances 111 

enable effective modelling of pollen productivity and dispersal (Sugita, 2007a, b; Gaillard et al., 112 

2010), improving understanding of past vegetation dynamics and providing quantitative land-cover 113 

data to landscape management and palaeoclimate modelling. Emerging from these efforts is the 114 

landscape reconstruction algorithm (LRA: Sugita 2007a,b) for estimating vegetation abundance on 115 

regional (10
4
-10

5
 km

2
 –REVEALS model)  and local (<1 km

2
 up to 5 km

2

 120 

 –LOVE model) scales. These 116 

mechanistic models employ pollen productivity estimates (PPEs) to correct productivity bias, and 117 

models of dispersal and deposition of small particles in the air, to correct differences in pollen 118 

dispersion.  119 
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The main assumption behind REVEALS, supported by simulations and empirical studies, is that pollen 121 

deposited in large sites (>50-100 ha) originate from a larger source-area (Jacobson & Bradshaw, 122 

1981), and can be used to estimate regional vegetation cover (Sugita, 2007b; Hellman et al., 2008). A 123 

critical choice is the pollen dispersal model. The most commonly employed dispersal model in the 124 

REVEALS approach is the Gaussian plume model (REVEALS-GPM) (Prentice, 1985; Sugita, 1993; 125 

Sugita, 1994; Sugita, 2007a), while the emerging Lagrangian stochastic model (REVEALS-LSM) has 126 

only been employed in Germany thus far (Kuparinen et al., 2007; Theuerkauf et al., 2013). The GPM 127 

uses Sutton's air pollutant plume dispersion equation (Sutton, 1953) and describes the concentration 128 

of particles downwind from a point source as spreading outward from the centreline of the plume 129 

following a normal distribution. This model may be less reliable for particle dispersal over longer 130 

distances, due to the influence of vertical airflows and turbulence (Kuparinen et al., 2007). The LSM 131 

is fully mechanistic dispersal model that more realistically describes pollen dispersal and deposition 132 

in lakes (Theuerkauf et al., 2013). Both models were previously employed in Tasmania to derive 133 

pollen productivity estimates; LSM was found to perform more realistically (Mariani et al., 2016). 134 

 135 

Quantifying landscape openness from palynological data is a long-awaited goal (Faegri & Iversen, 136 

1989). In Europe, the ratio between Arboreal Pollen (AP) and Non-Arboreal Pollen (NAP) has 137 

traditionally been used to qualitatively describe human impact on landscapes. However, pollen 138 

percentages and AP:NAP relationships are not linearly related to vegetation composition and 139 

landscape patterns (e.g. Sugita et al., 1999; Hellman et al., 2008) and the proportion of unforested 140 

land is strongly underestimated by NAP data (Hellman et al., 2008; Kuneš et al., 2011; Kuneš et al., 141 

2015). An attempt to correct for this bias in southern Sweden revised NAP-based estimates of 30-142 

40% open vegetation  to 60-80% using REVEALS (Hellman et al., 2008; Gaillard et al., 2010). 143 

 144 

REVEALS development and validation have mainly occurred in the Northern Hemisphere (e.g. 145 

Hellman et al., 2008; Sugita et al., 2010; Abraham & Kozáková, 2012; Mazier et al., 2012; Hultberg et 146 

al., 2015; Trondman et al., 2015), where most plant species are wind-pollinated and the goal has 147 

been quantifying human impact on vegetation. To date, no attempt has been made to quantitatively 148 

reconstruct land cover changes in the Southern Hemisphere using pollen dispersal models, nor in 149 

vegetation with numerous animal-pollinated plants (e.g. Eucalyptus), such as in Tasmania. In this 150 

paper, we apply and validate REVEALS-LSM and REVEALS-GPM to reconstruct Holocene 151 

vegetation/land cover in the Southern Hemisphere for the first time.  152 

 153 

2. Methods 154 
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 155 

2.1 Study area 156 

Tasmania is a cool temperate island located around 300 km south of mainland Australia. The island is 157 

bisected by a north-west/south-east trending mountain range, which produces a steep orographic 158 

precipitation gradient with a wet west and dry east (Gentilli, 1972; Sturman & Tapper, 2006). Mean 159 

annual temperature in the west varies from 5-7°C (winter) to 14-16°C (summer) and precipitation 160 

values exceed 3000 mm (Australian Bureau of Meteorology, http://www.bom.gov.au/). Presently, 161 

western Tasmania is dominated by treeless pyrogenic vegetation (moorland), whereas rain forest 162 

communities are restricted by topography and fire protection (Wood et al., 2011a). The main 163 

component of current moorland vegetation in western Tasmania is buttongrass (Gymnoschoenus 164 

sphaerocephalus Brown/Hooker (Cyperaceae)).  165 

 166 

Dove Lake (41°39'34.27"S, 145°57'35.14"E; Wee bone ne tinker in the local indigenous language) lies 167 

beneath the iconic Cradle Mountain (War loun dig er ler) within the World Heritage-listed Cradle 168 

Mountain-Lake St. Clair National Park. Humans settled here >35 kyrs ago (Cosgrove, 1999) and 169 

Cradle Mountain was the last place in Tasmania’s west occupied by Tasmanian Aborigines prior to 170 

their exile in the 19
th

 177 

 century (Plomley, 1966). Dove Lake is medium-sized (90 ha), subalpine lake 171 

(940 m a.s.l.) of glacial origin (Fig. 1, S1) and surrounded by steep topography (Fig. S1). Dove is one 172 

of the largest natural lakes in western Tasmania; its size makes it suitable for regional vegetation 173 

reconstruction using REVEALS (e.g. Sugita, 2007b; Hellman et al., 2008). Mean annual rainfall at the 174 

nearest meteorological station (Cradle Valley; 41°38'24.23"S, 145°56'24.28"E; 903 m a.s.l.) is 2698 175 

mm (Fig. 1).  176 

The vegetation around Dove Lake is dominated by sclerophyllous heath and Eucalyptus woodlands 178 

on the eastern and western flanks; moorland is found at the northern edge and rain forest only 179 

occupies the south-west corner (Fig. 1b). Dominant species in the modern landscape are Eucalyptus 180 

coccifera Hook., Lophozonia cunninghamii Hook. (syn. Nothofagus cunninghamii), Gymnoschenous 181 

sphaerocephalus and various ericaceous shrubs. Typical montane rain forest trees are also found, 182 

such as Fuscospora gunnii Hook. (syn. Nothofagus gunnii), Athrotaxis selaginoies D.Don and A. 183 

cupressoides D.Don (Cupressaceae). In this paper the genus name Nothofagus will be used when 184 

referring to Lophozonia and Fuscospora in order to maintain consistency with fossil records (Hill et 185 

al., 2015).  186 

 187 
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 188 

2.2 Pollen and charcoal analysis 189 

 190 

Pollen, spore and microscopic charcoal sample preparation followed standard protocols (Faegri & 191 

Iversen, 1989) at 1-cm intervals. Relative pollen data were calculated from a pollen sum of at least 192 

300 terrestrial pollen grains per sample (excluding wetland taxa and ferns). Microscopic charcoal 193 

was counted on the microscope slides during pollen counting. Macroscopic charcoal was analysed at 194 

5 mm-resolution to reconstruct local fire history.  A set amount of sediment (1.25 cm
3
) per sample 195 

was digested in 5% Sodium Hypoclorite (bleach) for at least two weeks and sieved using 125-μm and 196 

250-μm diameter meshes (Whitlock & Larsen, 2001). To account for variations in sediment 197 

deposition, charcoal counts were converted into Charcoal Accumulation Rates (CHAR, particles cm
-2

 198 

yr
-1

 200 

).  199 

2.3 Quantitative vegetation reconstruction and model validation  201 

 202 

The choice of dispersal model in REVEALS is crucial (Theuerkauf et al., 2013). The Gaussian plume 203 

model (Prentice, 1985; Sugita, 1993; Sugita, 1994) and the Lagrangian stochastic model (Kuparinen 204 

et al., 2007) are the two models currently implemented in PPE calculations and REVEALS runs 205 

(REVEALS-GPM and REVEALS-LSM). Compared to the GPM, the LSM gives greater importance to 206 

pollen arriving from longer distances (Kuparinen et al., 2007; Theuerkauf et al., 2013). Pollen fall 207 

speed (terminal velocity) also has a large effect on predicted dispersal in the GPM, yet a small effect 208 

in the LSM (Theuerkauf et al., 2013). 209 

 210 

We validated the models’ vegetation estimates from two surface sediment samples from large lakes 211 

(Dove Lake and Lake St Clair – Hopf et al., 2001) against the actual vegetation cover around the same 212 

lakes and pollen data (see Hellman et al. 2008) using principal component analysis (PCA; Jolliffe, 213 

2002). Lake St Clair (Fig.1) is the largest natural lake (4500 ha) in western Tasmania and expected to 214 

register regional vegetation information. REVEALS modelling employed recently published PPEs and 215 

fall speeds for thirteen key pollen taxa in western Tasmania (Mariani et al. 2016).  In addition to the 216 

regional average wind speed of 6.5 m/s, we calculated additional GPM-based PPEs for a wind speed 217 

of 3 m/s to compare with published estimates. For the LSM, we calculated PPEs with parameters for 218 

windy conditions (see Kuparinen et al., 2007) to compare with the published LSM-based PPEs 219 
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calculated with parameters for unstable conditions (see Mariani et al., 2016).  Thus we assess four 220 

modelled atmospheric scenarios: GPM 3 m/s, GPM 6.5 m/s, LSM unstable and LSM windy unstable.  221 

 222 

All model runs were performed in the ‘disqover’ package (Theuerkauf et al., 2016) for R v.3.3.1 (The 223 

R foundation for Statistical Computing, 2016). Plant cover percentages around the target lakes were 224 

calculated for a 50 km-radius (approximately the area covered by the REVEALS reconstruction) using 225 

the vegetation map, TasVeg 3.0 (Government of Tasmania, 2013) in ARCMAP 10.2 (ESRI - 226 

Environmental Systems Resource Institute, 2009, Redlands, California) and plant survey data 227 

(Mariani et al. 2016). Validation employed principal component analysis (PCA) in PC-ORD FOR 228 

WINDOWS 4.27 (McCune & Mefford, 1999). Detrended Correspondence Analysis (DCA) was 229 

performed  in the R package ‘vegan’ (Oksanen et al., 2015)  to confirm that PCA was appropriate 230 

(Birks et al., 2012). Pollen percentages from the two surface samples were also added to the analysis 231 

to gauge model improvement. Mean deviation from actual plant cover (%) was also calculated for 232 

each taxon. 233 

 234 

For REVEALS application to the Dove Lake fossil record, all taxa from Mariani et al. (2016) were used 235 

(excluding infrequent <1% taxa: Monotoca, Sprengelia and Eucryphia), accounting for at least 80% of 236 

the terrestrial pollen counts per sample.  To assess the performance of REVEALS under different 237 

atmospheric scenarios, REVEALS was applied to the Holocene pollen data from Dove Lake using the 238 

four model settings mentioned above.  Plant taxa were grouped into forest and non-forest 239 

categories based on structure (Table 1). 240 

 241 

3. Results 242 

 243 

3.1 Pollen and charcoal analysis 244 

Pollen, spores and microscopic charcoal were analysed in 109 samples. A reduced pollen diagram 245 

showing only key taxa for vegetation reconstruction appears in Fig. 2. For comparison with REVEALS 246 

results, key taxa were re-scaled to 100%. The full, non-rescaled pollen diagram with pollen zone 247 

descriptions appears in Fig. S3 and S4.  248 

Pollen abundances of montane rain forest indicators (Cupressaceae and Nothofagus gunnii) show a 249 

persistent decline from early to late Holocene. Pollen of the main rain forest component today, 250 

Nothofagus cunninghamii, shows high values (~50%), until ca. 4 ka, and then declines to 25%. Pollen 251 
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of Phyllocladus aspleniifolius Hooker increases from the early to mid-Holocene, with an evident 252 

decline since ca. 5 ka. Eucalyptus pollen is relatively abundant throughout the sequence, with a 253 

stepwise increase at around ca. 5 ka. Pollen percentages of non-forest taxa are consistently low 254 

(<20%): Poaceae and Bauera rubioides increase after ca. 5 ka, together with pollen of 255 

Gymnoschoenus sphaerocephalus. G. sphaerocephalus pollen is most abundant during the early 256 

Holocene (~8%), somewhat rarer throughout the mid-Holocene, and again more abundant after ca. 257 

5 ka. Total forest pollen increases from early to mid-Holocene, reaching 85% of the total terrestrial 258 

pollen spectrum. During the late Holocene, rain forest pollen declines substantially to 40-60%. 259 

Macroscopic CHAR values are generally low throughout the core, with substantial peaks at 3.7, 4.5 260 

ka and relatively high macroscopic charcoal influx between 6.5 and 7.5 ka (Fig. 2). Micro-CHAR peaks 261 

are mainly synchronous with macro-CHAR peaks, both showing a sharp increase during the last 160 262 

years preceded by periods of high microscopic charcoal influx between 3.4-4 ka, 5.8-6.3 ka and 263 

peaks at 7.2 ka and 10.8 ka (Fig. 2). 264 

 265 

3.3 REVEALS validation 266 

PPEs calculations under atmospheric settings different from the published material (Table 1) appear 267 

in Table S3. Differences between REVEALS estimates and predicted vegetation cover (%) are 268 

presented in Fig. S4 and S5. PPEs calculated with GPM 3 m/s and GPM 6.5 m/s show large 269 

differences, whereas PPEs from LSM under unstable and windy conditions are quite similar. 270 

Vegetation cover errors (%) are generally smaller for the REVEALS-LSM runs, compared to REVEALS-271 

GPM (Fig. S4 and S5).  272 

 273 

REVEALS validation appears in Fig. 3. PCA axis 1 clearly isolates pollen percentages, modern plant 274 

cover and REVEALS results for GPMs and LSMs. Gymnoscheonus sphaerocephalus and Eucalyptus 275 

show the strongest correlations with Axis 1, r=0.98 and r=-0.89 respectively, whereas Ericaceae and 276 

Nothofagus cunninghamii are correlated with Axis 2, r=0.85 and r=-0.71 respectively. The majority of 277 

pollen taxa align along Axis 2, clearly separating anemophilous (skewed towards N. cunninghamii) 278 

and zoophilous taxa (skewed towards Ericaceae). Zoophilous taxa are positioned close to results for 279 

REVEALS-LSM and REVEALS-GPM 6.5 m/s and modern plant cover, whereas wind-pollinated taxa are 280 

skewed towards pollen percentages. REVEALS-LSM (both unstable and windy conditions) and 281 

REVEALS-GPM (6.5 m/s) estimates for Lake St. Clair are close to the actual plant cover extracted 282 

from a 50-km buffer from this site. The PCA biplot shows REVEALS GPM performs better using 6.5 283 

m/s wind speed than 3 m/s. Current plant cover around Dove Lake and Lake St Clair is more closely 284 
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related with REVEALS-LSM results than REVEALS-GPM results on Axis 1, suggesting an overall better 285 

performance of LSM. Interestingly, the two runs for REVEALS-LSM are virtually identical, whereas the 286 

REVEALS-GPM runs are separated on the PCA biplot. 287 

 288 

3.4 REVEALS application 289 

 290 

Figure 4 summarises pollen percentages and REVEALS estimates obtained using GPM and LSM for 291 

forest and non-forest taxa. REVEALS estimates for single taxa are presented in Fig. S6 and S7, 292 

alongside effects of different atmospheric parameters (Fig. S8).  REVEALS-LSM provides more 293 

coherent cover estimates than REVEALS-GPM (Fig. S8). Given the validation results, we focus on the 294 

results of REVEALS-GPM (6.5 m/s) and REVEALS-LSM (unstable) to address long-term landscape 295 

dynamics at Dove Lake. 296 

 297 

GPM estimates show high land-cover for G. sphaerocephalus (solid red, Fig. 4), a moorland indicator, 298 

reaching more than 60%. Rain forest cover (light green, Fig. 4) is relatively low, accounting for less 299 

than 40% throughout the Holocene. Eucalyptus (dark green, Fig. 4), an indicator of sclerophyll 300 

forests, covers less than 5% throughout the reconstruction period. LSM dispersal simulations 301 

produce markedly different results: G. sphaerocephalus covers up to 45% of total reconstructed land 302 

cover, forest cover varies between ~20% and ~40% and Eucalyptus cover is fairly constant between 5 303 

and 10% throughout the reconstruction period. Both model runs show maximum forest cover 304 

between 10 ka and 4 ka. After ~4 ka, a sharp decrease in forest cover (from ~40% to ~20%) is 305 

observed, corresponding to a 50% decline of tree cover.  306 

 307 

4 Discussion  308 

 309 

4.1 REVEALS model performance in western Tasmania 310 

REVEALS corrects for dispersal and productivity biases in pollen data, hence the choice of the 311 

dispersal model alters the reconstructions. Application of REVEALS-GPM and REVEALS-LSM produced 312 

considerably better results than the raw percentages of key pollen taxa (Fig. 3, Fig.4). The PCA biplot 313 

(Fig. 3) shows the LSM outperformed the more commonly used GPM. Improvement is more evident 314 

for Dove Lake, likely due to its small size (~90 ha) relative to Lake St. Clair (4500 ha). REVEALS-LSM 315 

results for unstable and windy unstable conditions are very consistent, whereas REVEALS-GPM 316 

results are more sensitive to wind parameters (Fig. 3). REVEALS-LSM estimates for Dove Lake are 317 
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close to actual plant cover, and, thus, appear realistic. REVEALS-GPM performs similarly with high 318 

wind speed, however, PPEs calculated with the GPM are unrealistic (Mariani et al., 2016). Our results 319 

suggest that LSM is a better model for pollen dispersal and deposition in western Tasmania. 320 

 321 

Pollen dispersal over long distances - the most important for pollen deposition in larger lakes - is 322 

mainly carried by turbulent flows and updrafts (Jackson & Lyford, 1999). GPMs do not describe such 323 

asymmetric airflows and therefore appear only suited to predict short-distance dispersal 324 

(Theuerkauf et al., 2016). The Lagrangian stochastic model simulates updrafts and may be more 325 

suitable to model pollen deposition in lakes (Theuerkauf et al., 2013). Updraft velocities are typically 326 

much higher than the fall speed of pollen, which explains the greater difference between estimates 327 

produced by REVEALS-GPM and REVEALS-LSM for taxa characterized by very large pollen grains, 328 

such as N. cunninghamii and G. sphaerocephalus (Fig.S7 and S8).  329 

 330 

We conclude that the REVEALS model can be successfully applied to Holocene fossil pollen records in 331 

western Tasmania. This represents an important advance in Southern Hemisphere palaeoecology 332 

and for systems in which animal-pollination is common. A critical limitation of model application in 333 

our study region is the scarcity of large (>1 km
2

 338 

) natural lakes. However, model applicability can be 334 

tested by substituting single large lakes with multiple small sites, as proposed in southern Sweden 335 

(Trondman et al., 2015) or using other simulation-based reconstruction approaches (Bunting & 336 

Middleton, 2009; Mrotzek et al., 2017). 337 

4.2 Holocene land cover changes in western Tasmania 339 

 340 

Our land cover estimates reveal a landscape dominated by open vegetation through the entire 341 

Holocene (Fig. 5). Early Holocene forest cover was approximately 40%, increasing towards a rain 342 

forest maximum in the mid-Holocene, a period when forest and non-forest equally shared 50% of 343 

the landscape. This vegetation mix corresponds with peak rain forest pollen content in pollen 344 

records from western Tasmania (e.g. Macphail, 1979; Markgraf et al., 1986; Colhoun, 1996a; 345 

Fletcher & Moreno, 2012) and a minimum in regional fire activity (Fig. 5; Fletcher and Moreno, 2012; 346 

Fletcher et al., 2015). This period is synchronous with a phase (9.2 - 5 ka) of surplus moisture 347 

promoting speleothem growth in Lynds Cave (Xia et al., 2001), approximately 25 km NNW of Dove 348 

Lake. Wetter conditions in Tasmania during this phase are linked to an enhancement and/or 349 

northward-displacement of the prevailing mid-latitude Southern Westerly Winds (SWW) (Fletcher & 350 

Moreno, 2011; 2012), which drove lake level fluctuations in southern Australia and hydroclimatic 351 
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change across the Southern Hemisphere mid-latitudes (Fletcher & Moreno, 2012; Wilkins et al., 352 

2013). 353 

 354 

A late-Holocene rain forest decline around Dove Lake occurred in response to decreased moisture 355 

availability and a concomitant increase in fire activity across western Tasmania (Fletcher and 356 

Moreno, 2012; Fletcher et al., 2014, 2015; Rees et al, 2015; Beck et al., 2017).  These changes are 357 

linked to increasingly frequent El Niño events in the tropical Pacific (McGlone et al., 1992; Moy et al., 358 

2002; Donders et al., 2008), which are associated with drier conditions and increased fire activity in 359 

south-east Australia today (Nicholls & Lucas, 2007; Mariani & Fletcher, 2016b). The sharp decline in 360 

forest cover at 4.1 ± 0.1 ka is, considering age uncertainties, virtually synchronous with an increase 361 

in fire activity observed across western Tasmania at 4.0 ka (Fletcher, et al., 2015; Fig. 5e). While it is 362 

impossible to distinguish between anthropogenic and climatic drivers of this fire activity, historical 363 

ignitions in Tasmania are almost entirely of human origin (Bowman and Brown, 1986). The long 364 

occupation (>35 kyrs) and people’s historically documented use of fire to manage landscapes 365 

(Plomley, 1966; Thomas, 1995b) argues strongly for a climatically-modulated fire regime in which 366 

humans were the primary ignition source. 367 

 368 

Comparison with another record from a small site (0.51 ha) near Dove Lake, Wombat Pool (~1.5 km 369 

north-west of Dove Lake) (Stahle et al., 2016) offers insights into local fire and vegetation dynamics.  370 

A peak in macroscopic charcoal is recorded at Wombat Pool and Dove Lake at 3.7 ka, indicating 371 

enhanced local fire activity. Paradoxically, this peak in local fire activity occurs after the main 372 

vegetation change around Dove Lake (Fig. 5). Regional vegetation change therefore occurred prior 373 

the local increase in fire activity surrounding Dove Lake, likely in response to regional hydroclimatic 374 

and fire regime change. The close match between regional vegetation shifts at Dove Lake and 375 

regional charcoal influx from western Tasmania (Fig. 5e) suggests the Dove Lake land cover record 376 

reflects climate-vegetation dynamics that were mediated by humans and fire activity. 377 

 378 

4.3. Did moorland dominate Holocene landscapes of western Tasmania? 379 

 380 

Our land-cover estimates prove the persistence of treeless vegetation through the entire Holocene, 381 

with G. sphaerocephalus accounting for 15-45% (REVEALS-LSM) of land cover throughout the 382 

reconstruction period (Fig. 5). Pollen percentages for this taxon vary between 2 and 8% (Fig. 2), 383 

highlighting severe under-representation (Fletcher & Thomas, 2007). Tasmanian moorland 384 

vegetation, although dominated by G. sphaerocephalus (Jarman et al., 1988), includes other taxa, 385 
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including Leptospermum, Poaceae, Restionaceae, Melaleuca, Sprengelia and Gleichenia (Jarman, 386 

1988). Most of these are also found within other vegetation formations (e.g. heath, Eucalyptus 387 

woodlands, sclerophyll forests), making them less reliable indicators of moorland. Hence, our 388 

moorland abundance reconstructions based on G. sphaerocephalus must be considered as absolute 389 

minimum values for western Tasmania moorlands. Other approaches, such as the Multiple Scenario 390 

Approach (Bunting & Middleton, 2009), should be implemented in future to test the possible range 391 

of abundances of these communities.   392 

 393 

The landscape-scale decoupling of vegetation and climate in western Tasmania has intrigued 394 

ecologists and archaeologists for decades (Jackson, 1968; Thomas, 1993, 1995a,b; Cosgrove, 1995; 395 

Colhoun, 1996; Fletcher and Thomas, 2007; 2010; Macphail, 2010; Colhoun and Shimeld, 2012). We 396 

find no evidence for rain forest (the climatic climax vegetation) dominance in the landscape at any 397 

time through the Holocene around Dove Lake, enabling us to reject models that invoke late 398 

Holocene replacement of a rain forest-dominated landscape by moorland (Macphail, 1979; Colhoun, 399 

1996).  Instead, we support the inheritance of Late Pleistocene landscape openness through the 400 

Holocene to the present (Fletcher & Thomas, 2010a).  This model contends that the people’s arrival 401 

to a largely treeless landscape during the Last Glacial Cycle (ca. 35 ka) and their subsequent 402 

manipulation of fire regimes restricted Holocene expansion of typical interglacial vegetation (i.e. rain 403 

forest) (Colhoun & van der Geer, 1998) to areas protected from fire. Instead, plants tolerant of 404 

frequent burning and an interglacial climate (i.e. moorland and associated sclerophyllous species) 405 

expanded at the Pleistocene—Holocene transition and remained dominant through the Holocene. 406 

Indeed, G. sphaerocephalus is absent from pre-Holocene interglacial pollen spectra (Colhoun and 407 

van der Geer, 1998; Colhoun et al., 1999), and Holocene sequences have significantly more charcoal 408 

than pre-Holocene interglacials (Fletcher and Thomas, 2010a). Thus, we provide empirical support 409 

for the Late Pleistocene inheritance model and the notion that western Tasmania constitutes an 410 

ancient cultural landscape (Fletcher and Thomas, 2010a). 411 

 412 

5 Conclusion 413 

Statistical analysis of modern pollen and plant cover estimates in western Tasmania shows a more 414 

realistic performance of REVEALS estimates based on the Lagrangian stochastic model (LSM) when 415 

compared to widely-used Gaussian plume model. REVEALS-LSM effectively corrects for biases of 416 

productivity and dispersal, allowing better quantification of palynologically-underrepresented plant 417 

taxa. Our reconstruction quantifies change in landscape openness in a defined geographic area for 418 

the first time in the Southern Hemisphere. Results indicate a landscape dominated by treeless 419 
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vegetation throughout the last 12 kyrs. We identify a regional shift in regional vegetation at ca. 4 ka, 420 

manifest as a rapid halving of rain forest cover from 40% to 20% landscape cover. This phase likely 421 

reflects a modulation of the effects of regional-scale anthropogenic burning in response to regional 422 

climatic change. Finally, evidence for a persistently open landscape supports the notion that this 423 

region represents an ancient cultural landscape resulting from the influence of anthropogenic 424 

burning through the last glacial cycle and its influence over post-glacial vegetation development. 425 
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Figures list: 691 

Fig. 1 Location map of the study site (Dove Lake, Tasmania – TAS1507SC2, red star). The green star 692 

indicates the validation site (Lake St Clair). Black box represents the vegetation extent reconstructed 693 

by the REVEALS model (100 x 100 km). Red (green) circle is the 50 km buffer around Dove Lake (Lake 694 

St Clair) used to extract modern plant cover from the TasVeg 3.0 vegetation maps (Government of 695 

Tasmania, 2013) for the REVEALS validation process (see Methods). Polygons in the right panel 696 

represent vegetation formations. Lake area is shown as shades of blue representing bathymetry in 697 

metres. 698 

 Table 1 - Table showing fall speeds and pollen productivity estimates for the ten key pollen taxa 699 

used for the vegetation reconstruction (data from Mariani et al., 2016). GPM= Gaussian plume 700 

model; LSM= Lagrangian stochastic model. 701 

Fig. 2 Diagram showing pollen % of key taxa used for the vegetation reconstruction. Macro- and 702 

micro- charcoal accumulation rates (particles/cm
2
 yr

-1

Fig. 3 Plot of the REVEALS validation PCA. REVEALS vegetation estimates from the surface samples of 707 

Dove Lake and Lake St. Clair (Tasmania) were compared to the actual modern plant cover around 50 708 

km from each lake. REVEALS results from four model runs (REVEALS-GPM3m/s, REVEALS-709 

) are also shown. Colours represent the 703 

grouping of the taxa according to vegetation structure: green is used for taxa generally occurring 704 

within forests; red is used for plant taxa commonly found in non-forested environments. Dashed 705 

lines indicate statistically determined pollen zones (see Appendix S4 for zones’ description). 706 A
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GPM6.5m/s, REVEALS-LSM and REVEALS-LSM windy) are shown. Axis 1 represents 68.5% of the 710 

variance, whereas Axis 2 represents the 16.5%. Grey arrows highlight taxa with a correlation with 711 

the PCA Axes larger than r=0.5. Filled symbols indicate data from Lake St. Clair, hollow symbols 712 

represent Dove Lake. Fig. 4 Comparison of pollen data and quantitative reconstruction results: 713 

summary diagram showing a) pollen percentages; b) REVEALS vegetation estimates using the 714 

Gaussian plume model (REVEALS-GPM); c) REVEALS vegetation estimates using the Lagrangian 715 

stochastic model (REVEALS-LSM). Dashed lines indicate statistically determined pollen zones (same 716 

as Fig. 2). 717 

Fig. 5 Summary figure showing major palaeoenvironmental trends, including a) reconstructed plant 718 

cover for Gymnoscheonus sphaerocephalus (%); b) reconstructed total rainforest cover (%); c) 719 

Reconstructed Eucalyptus plant cover; d) Macroscopic CHAR record; e) Fire activity based on 720 

charcoal influx from two alpine sites in western Tasmania (Fletcher et al., 2015). Orange-yellow 721 

shading highlights periods of relatively low moisture, enhanced fire activity and low forest cover. 722 

Green shading identifies the period with maximum forest cover and low fire activity, suggesting 723 

wetter conditions. 724 

 725 

 726 
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Fig. 1 Location map of the study site (Dove Lake, Tasmania – TAS1507SC2, red star). The green star 727 

indicates the validation site (Lake St Clair). Black box represents the vegetation extent reconstructed 728 

by the REVEALS model (100 x 100 km). Red (green) circle is the 50 km buffer around Dove Lake (Lake 729 

St Clair) used to extract modern plant cover from the TasVeg 3.0 vegetation maps (Government of 730 

Tasmania, 2013) for the REVEALS validation process (see Methods). Polygons in the right panel 731 

represent vegetation formations. Lake area is shown as shades of blue representing bathymetry in 732 

metres. 733 

 734 

 735 

Table 1 - Table showing fall speeds and PPEs for the ten key pollen taxa used for the vegetation 736 

reconstruction from Dove Lake (data from Mariani et al., 2016). GPM= Gaussian plume model; LSM= 737 

Lagrangian stochastic model. Superscripts f and nf are used to differentiate forest and non-forest 738 

plant taxa. 739 

 740 

 741 

 742 

Fall speed (m/s) GPM 10km GPM 10km SD LSM 10km LSM 10km SD

Bauera rubioides
nf

0.004 0.165 0.025 0.067 0.011

Cupressaceae
f

0.031 1.003 0.124 1.337 0.198

Ericaceaea
nf

0.043 0.043 0.004 0.067 0.007

Eucalyptus spp.
f

0.008 1.000 0.000 1.000 0.000

Gymnoschoenus sphaerocephalus
nf

0.072 0.027 0.003 0.050 0.006

Leptospermum spp. 
nf

0.005 0.284 0.027 0.145 0.016

Nothofagus cunninghamii
f

0.037 0.830 0.055 1.281 0.084

Nothofagus gunnii
f

0.020 0.251 0.029 0.385 0.033

Phyllocladus aspleniifolius
f

0.026 0.631 0.099 0.842 0.163

Poaceae 
nf

0.030 0.242 0.019 0.414 0.031
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 743 

Fig. 2 Diagram showing pollen % of key taxa used for the vegetation reconstruction. Macro- and 744 

micro- charcoal accumulation rates (particles/cm
2
 yr

-1

 749 

) are also shown. Colours represent the 745 

grouping of the taxa according to vegetation structure: green is used for taxa generally occurring 746 

within forests; red is used for plant taxa commonly found in non-forested environments. Dashed 747 

lines indicate statistically determined pollen zones (see Appendix S4 for zones’ description). 748 
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 750 

Fig. 3 Plot of the REVEALS validation PCA. REVEALS vegetation estimates from the surface samples of 751 

Dove Lake and Lake St. Clair (Tasmania) were compared to the actual modern plant cover around 50 752 

km from each lake. REVEALS results from four model runs (REVEALS-GPM3m/s, REVEALS-753 

GPM6.5m/s, REVEALS-LSM and REVEALS-LSM windy) are shown. Axis 1 represents 68.5% of the 754 

variance, whereas Axis 2 represents the 16.5%. Grey arrows highlight taxa with a correlation with 755 

the PCA Axes larger than r=0.5. Filled symbols indicate data from Lake St. Clair, hollow symbols 756 

represent Dove Lake. 757 

 758 
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 760 

Fig. 4 Comparison of pollen data and quantitative reconstruction results: summary diagram showing 761 

a) pollen percentages; b) REVEALS vegetation estimates using the Gaussian plume model under 762 

neutral conditions (REVEALS-GPM); c) REVEALS vegetation estimates using the Lagrangian stochastic 763 

model (REVEALS-LSM). Dashed lines indicate statistically determined pollen zones (same as Fig. 2). 764 

 765 

 766 
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 767 

Fig. 5 – Summary figure showing major palaeoenvironmental trends, including a) reconstructed plant 768 

cover for Gymnoscheonus sphaerocephalus (%); b) reconstructed total rainforest cover (%); c) 769 

Reconstructed Eucalyptus plant cover; d) Macroscopic CHAR record; e) Fire activity based on 770 

charcoal influx from two alpine sites in western Tasmania (Fletcher et al., 2015). Orange-yellow 771 

shading highlights periods of relatively low moisture, enhanced fire activity and low forest cover. 772 

Green shading identifies the period with maximum forest cover and low fire activity, suggesting 773 

wetter conditions. 774 
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