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1 | INTRODUCTION

The ability to accurately model and predict Earth system behaviour

is crucial for developing effective management strategies for our

Abstract

Aim: To test competing hypotheses about the timing and extent of Holocene land-
scape opening using pollen-based quantitative land-cover estimates.

Location: Dove Lake, Tasmanian Wilderness World Heritage Area, Australia.
Methods: Fossil pollen data were incorporated into pollen dispersal models and cor-
rected for differences in pollen productivity among key plant taxa. Mechanistic models
(REVEALS—Regional Estimates of VEgetation Abundance from Large Sites) employing
different models for pollen dispersal (Gaussian plume and Lagrangian stochastic
models) were evaluated and applied in the Southern Hemisphere for the first time.
Results: Validation of the REVEALS model with vegetation cover data suggests an
overall better performance of the Lagrangian stochastic model. Regional land-cover
estimates for forest and non-forest plant taxa show persistent landscape openness
throughout the Holocene (average landscape openness ~50%). Gymnoschoenus
sphaerocephalus, an indicator of moorland vegetation, shows higher values during
the early Holocene (11.7-9 ka) and declines slightly through the mid-Holocene (9—
4.5 ka) during a phase of partial landscape afforestation. Rain forest cover reduced
(from ~40% to ~20%) during the period between 4.2-3.5 ka.

Main conclusions: Pollen percentages severely under-represent landscape openness
in western Tasmania and this bias has fostered an over-estimation of Holocene forest
cover from pollen data. Treeless vegetation dominated Holocene landscapes of the
Dove Lake area, allowing us to reject models of landscape evolution that invoke late-
Holocene replacement of a rain forest-dominated landscape by moorland. Instead, we
confirm a model of Late Pleistocene inheritance of open vegetation. Rapid forest

decline occurred after c. 4 ka, likely in response to regional moisture decline.

KEYWORDS
Australia, cultural landscape, dispersal models, fire, Holocene, moorland, rain forest, REVEALS,
Tasmania, vegetation reconstruction

future environment (e.g. Anderson, Bugmann, Dearing, & Gaillard,
2006; Dearing, Braimoh, Reenberg, Turner, & van der Leeuw, 2010;
Gaillard et al., 2010). Recognition of the reciprocal relationship

between vegetation cover and climate via biogeochemical and
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biogeophysical processes/feedbacks (e.g. Foley, Costa, Delire,
Ramankutty, & Snyder, 2003) has fostered development of coupled
dynamic vegetation and climate models (e.g. Smith, Samuelsson,
Wramneby, & Rummukainen, 2011). A critical point is the scarce
information on past land cover currently incorporated into such
models (e.g. Kaplan, Prentice, Knorr, & Valdes, 2002; Sitch et al.,
2003; Smith et al., 2011). Quantitative estimates of past plant cover
are rare (e.g. Trondman et al., 2015), with the Southern Hemisphere
particularly under-represented. Here we apply, for the first time in
the Southern Hemisphere, mechanistic models for regional vegeta-
tion reconstruction to quantify landscape changes in western Tasma-
These

biogeographical and methodological debates over (1) the efficiency

nia, Australia. reconstructions allow us to address
of mechanistic models in landscapes dominated by both wind- and
animal-pollinated plants; and (2) the timing and extent of long-term
vegetation changes in western Tasmania.

Fire is considered the most critical non-climatic factor
controlling land-cover changes on Earth (Bond, Woodward, & Midg-

ley, 2005). Fire and vegetation are strongly linked in Australia
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(Bradstock, Williams, & Gill, 2002), with, for example, the distribu-
tion of fire-sensitive rain forest among flammable sclerophyll vege-
tation considered to be a result of the past fire history (Bowman,
1998, 2000). Tasmania (Figure 1) is an exemplar of the role of fire
in decoupling vegetation from climate, with large areas in which
rain forest is the potential vegetation currently occupied by fire-
promoted vegetation (Brown & Podger, 1982a; Jackson, 1968;
Wood & Bowman, 2011). Indeed, the juxtaposition of fire-sensitive
rain forest against pyrogenic species (e.g. Eucalyptus) in Tasmania
has puzzled ecologists for decades (Bowman & Jackson, 1981;
Brown & Podger, 1982b; Yospin et al., 2015) and the origin and
evolution of the present-day dominance of pyrogenic moorland is
the subject of long-standing debate (see Colhoun, 1996; Fletcher &
Thomas, 2010a; Macphail, 2010 and references therein). This
debate is split between those that argue for late-Holocene replace-
ment of a forested landscape by open vegetation (Colhoun, 1996;
Macphail, 1979), while others argue an open landscape persisted
throughout the Holocene (Fletcher & Thomas, 2010a; Thomas,
1995a).
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FIGURE 1 Location map of the study site (Dove Lake, Tasmania—TAS15075C2, red star). The green star indicates the validation site (Lake
St Clair). Black box represents the vegetation extent reconstructed by the REVEALS model (100 x 100 km). Red (green) circle is the 50 km
buffer around Dove Lake (Lake St Clair) used to extract modern plant cover from the TasVeg 3.0 vegetation maps (Government of Tasmania,
2013) for the REVEALS validation process (see Materials and Methods). Polygons in the right panel represent vegetation formations. Lake area
is shown as shades of blue representing bathymetry in metres [Colour figure can be viewed at wileyonlinelibrary.com]
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Proponents of the former model interpret the region-wide domi-
nance of rain forest pollen types as indicating a climate-driven
expansion of rain forest from the Late Pleistocene to the mid-Holo-
cene (e.g. Colhoun, 1996; Macphail, 1979). In contrast, Fletcher and
Thomas (2007a,b, 2010a,b) highlight the bias in the pollen record
towards plants that produce large amounts of well-dispersed pollen
(i.e. rain forest species in Tasmania), and use modern pollen spectra
to infer the persistence of open vegetation across western Tasmania
for the last c. 12,000 years (12 kyr). They note a departure between
Holocene and previous interglacial floras and charcoal sequences,
citing human arrival during the last glacial cycle (~35 kyr) as the
probable cause for this, thus concluding that western Tasmania rep-
resents an ancient cultural landscape. Macphail (2010) has critiqued
their model, arguing that the nature of pollen deposition at many of
the mires studied by Fletcher and Thomas (2010a) biases pollen
records towards local bog vegetation, which is palynologically similar
to pyrogenic moorland. Thus, the debate over the origin and devel-
opment of the modern treeless and pyrogenic vegetation landscape
of western Tasmania centres on how pollen production and deposi-
tion biases are resolved.

Here, we produce quantitative land-cover estimates to under-
stand vegetation change and test competing models of landscape
evolution in western Tasmania. We employ recently reported pollen
productivity estimates (PPEs) for this region (Mariani et al., 2016) to
develop quantitative land-cover estimates using the REVEALS
(Sugita, 2007b) approach.

1.1 | Quantitative reconstruction of land cover
from pollen data

Quantitative reconstruction of past vegetation cover has long been a
major objective of palynology (e.g. Brostrom et al., 2004; Gaillard,
Birks, lhse, & Runborg, 1998; Sugita, 1993). Numerous factors influ-
ence the over- or under-representation of vegetation in pollen spectra
(e.g. taphonomy, pollen productivity, dispersal capabilities) (Fletcher &
Thomas, 2007b; de Nascimento et al., 2015). Recent advances enable
effective modelling of pollen productivity and dispersal (Gaillard et al.,
2010; Sugita, 2007a,b), improving understanding of past vegetation
dynamics and providing quantitative land-cover data to landscape
management and palaeoclimate modelling. Emerging from these
efforts is the landscape reconstruction algorithm (LRA: Sugita, 2007a,
b) for estimating vegetation abundance on regional (10*-10° km?—
REVEALS model) and local (<1 km? up to 5 km?>—LOVE model) scales.
These mechanistic models employ PPEs to correct productivity bias,
and models of dispersal and deposition of small particles in the air, to
correct differences in pollen dispersion.

The main assumption behind REVEALS, supported by simulations
and empirical studies, is that pollen deposited in large sites (>50-
100 ha) originate from a larger source-area (Jacobson & Bradshaw,
1981), and can be used to estimate regional vegetation cover (Hell-
man, Gaillard, Brostrom, & Sugita, 2008; Sugita, 2007b). A critical
choice is the pollen dispersal model. The most commonly employed
dispersal model in the REVEALS approach is the Gaussian plume

model (REVEALS-GPM) (Prentice, 1985; Sugita, 1993, 1994, 2007a),
while the emerging Lagrangian stochastic model (REVEALS-LSM) has
only been employed in Germany thus far (Kuparinen, Markkanen,
Riikonen, & Vesala, 2007; Theuerkauf, Kuparinen, & Joosten, 2013).
The GPM uses Sutton’s air pollutant plume dispersion equation (Sut-
ton, 1953) and describes the concentration of particles downwind
from a point source as spreading outward from the centreline of the
plume following a normal distribution. This model may be less reli-
able for particle dispersal over longer distances, due to the influence
of vertical airflows and turbulence (Kuparinen et al., 2007). The LSM
is fully mechanistic dispersal model that more realistically describes
pollen dispersal and deposition in lakes (Theuerkauf et al., 2013).
Both models were previously employed in Tasmania to derive PPEs;
LSM was found to perform more realistically (Mariani et al., 2016).

Quantifying landscape openness from palynological data is a long-
awaited goal (Faegri & Iversen, 1989). In Europe, the ratio between
Arboreal Pollen (AP) and Non-Arboreal Pollen (NAP) has traditionally
been used to qualitatively describe human impact on landscapes.
However, pollen percentages and AP:NAP relationships are not lin-
early related to vegetation composition and landscape patterns (e.g.
Hellman et al., 2008; Sugita, Gaillard, & Brostrom, 1999) and the pro-
portion of unforested land is strongly underestimated by NAP data
(Hellman et al., 2008; Kunes, Odgaard, & Gaillard, 2011; Kunes et al.,
2015). An attempt to correct for this bias in southern Sweden revised
NAP-based estimates of 30%-40% open vegetation to 60%-80%
using REVEALS (Gaillard et al., 2010; Hellman et al., 2008).

REVEALS development and validation have mainly occurred in
the Northern Hemisphere (e.g. Abraham & Kozakova, 2012; Hellman
et al., 2008; Hultberg, Gaillard, Grundmann, & Lindbladh, 2015;
Mazier et al., 2012; Sugita, Parshall, Calcote, & Walker, 2010; Trond-
man et al., 2015), where most plant species are wind-pollinated and
the goal has been quantifying human impact on vegetation. To date,
no attempt has been made to quantitatively reconstruct land-cover
changes in the Southern Hemisphere using pollen dispersal models,
nor in vegetation with numerous animal-pollinated plants (e.g. Euca-
lyptus), such as in Tasmania. In this paper, we apply and validate
REVEALS-LSM and REVEALS-GPM to reconstruct Holocene vegeta-

tion/land cover in the Southern Hemisphere for the first time.

2 | MATERIALS AND METHODS

2.1 | Study area

Tasmania is a cool temperate island located around 300 km south of
mainland Australia. The island is bisected by a north-west/south-east
trending mountain range, which produces a steep orographic precipi-
tation gradient with a wet west and dry east (Gentilli, 1972; Sturman
& Tapper, 2006). Mean annual temperature in the west varies from
5-7°C (winter) to 14-16°C (summer) and precipitation values exceed
3000 mm (Australian Bureau of Meteorology, http://www.bom.gov.a
u/). Presently, western Tasmania is dominated by treeless pyrogenic
rain forest communities are

vegetation (moorland), whereas

restricted by topography and fire protection (Wood, Hua, &
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Bowman, 2011). The main component of current moorland vegeta-
tion in western Tasmania is buttongrass (Gymnoschoenus sphaero-
cephalus Brown/Hooker [Cyperaceae]).

Dove Lake (41°39'34.27"S, 145°57'35.14"E; Wee bone ne tinker
in the local indigenous language) lies beneath the iconic Cradle
Mountain (War loun dig er ler) within the World Heritage-listed Cra-
dle Mountain-Lake St. Clair National Park. Humans settled here
>35 ka (Cosgrove, 1999) and Cradle Mountain was the last place in
Tasmania's west occupied by Tasmanian Aborigines prior to their
exile in the 19th century (Plomley, 1966). Dove Lake is medium-
sized (90 ha), subalpine lake (940 m a.s.l.) of glacial origin (Figure 1,
Figure S1) and surrounded by steep topography (Figure S1). Dove is
one of the largest natural lakes in western Tasmania; its size makes
it suitable for regional vegetation reconstruction using REVEALS (e.g.
Hellman et al,, 2008; Sugita, 2007b). Mean annual rainfall at the
nearest meteorological (Cradle Valley; 41°38'24.23"S,
145°56/'24.28"E; 903 m a.s.l.) is 2698 mm (Figure 1).

The vegetation around Dove Lake is dominated by sclerophyllous

station

heath and Eucalyptus woodlands on the eastern and western flanks;
moorland is found at the northern edge and rain forest only occupies
the south-west corner (Figure 1b). Dominant species in the modern
landscape are Eucalyptus coccifera Hook., Lophozonia cunninghamii
Hook. (syn. Nothofagus cunninghamii), Gymnoschenous sphaero-
cephalus and various ericaceous shrubs. Typical montane rain forest
trees are also found, such as Fuscospora gunnii Hook. (syn. Nothofa-
gus gunnii), Athrotaxis selaginoies D.Don and A. cupressoides D.Don
(Cupressaceae). In this paper, the genus name Nothofagus will be
used when referring to Lophozonia and Fuscospora in order to main-

tain consistency with fossil records (Hill et al., 2015).

2.2 | Pollen and charcoal analysis

Pollen, spore and microscopic charcoal sample preparation followed
standard protocols (Faegri & Iversen, 1989) at 1-cm intervals. Rela-
tive pollen data were calculated from a pollen sum of at least 300
terrestrial pollen grains per sample (excluding wetland taxa and
ferns). Microscopic charcoal was counted on the microscope slides
during pollen counting. Macroscopic charcoal was analysed at 5 mm-
resolution to reconstruct local fire history. A set amount of sediment
(1.25 cm®) per sample was digested in 5% sodium hypoclorite
(bleach) for at least 2 weeks and sieved using 125 and 250-um
diameter meshes (Whitlock & Larsen, 2001). To account for varia-
tions in sediment deposition, charcoal counts were converted into
Charcoal Accumulation Rates (CHAR, particles cm?/yr).

2.3 | Quantitative vegetation reconstruction and
model validation

The choice of dispersal model in REVEALS is crucial (Theuerkauf et al.,
2013). The Gaussian plume model (Prentice, 1985; Sugita, 1993, 1994)
and the Lagrangian stochastic model (Kuparinen et al., 2007) are the
two models currently implemented in PPE calculations and REVEALS
runs (REVEALS-GPM and REVEALS-LSM). Compared to the GPM, the
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LSM gives greater importance to pollen arriving from longer distances
(Kuparinen et al., 2007; Theuerkauf et al., 2013). Pollen fall speed (ter-
minal velocity) also has a large effect on predicted dispersal in the
GPM, yet a small effect in the LSM (Theuerkauf et al., 2013).

We validated the models’' vegetation estimates from two surface
sediment samples from large lakes (Dove Lake and Lake St Clair—
Hopf, Colhoun, & Barton, 2000) against the actual vegetation cover
around the same lakes and pollen data (see Hellman et al., 2008)
using principal component analysis (PCA; Jolliffe, 2014). Lake St Clair
(Figure 1) is the largest natural lake (4,500 ha) in western Tasmania
and expected to register regional vegetation information. REVEALS
modelling employed recently published PPEs and fall speeds for 13
key pollen taxa in western Tasmania (Mariani et al., 2016). In addi-
tion to the regional average wind speed of 6.5 m/s, we calculated
additional GPM-based PPEs for a wind speed of 3 m/s to compare
with published estimates. For the LSM, we calculated PPEs with
parameters for windy conditions (see Kuparinen et al., 2007) to com-
pare with the published LSM-based PPEs calculated with parameters
for unstable conditions (see Mariani et al., 2016). Thus we assess
four modelled atmospheric scenarios: GPM 3 m/s, GPM 6.5 m/s,
LSM unstable and LSM windy unstable.

All model runs were performed in the “disqover” package
(Theuerkauf, Couwenberg, Kuparinen, & Liebscher, 2016) for R
v.3.3.1 (The R foundation for Statistical Computing, 2016). Plant
cover percentages around the target lakes were calculated for a
50 km-radius (approximately the area covered by the REVEALS
reconstruction) using the vegetation map, TasVeg 3.0 (http://maps.
thelist.tas.gov.au/listmap/app/list/map?bmlayer=3&layers=959%2c420)
in ARcMap 10.2 (ESRI—Environmental Systems Resource Institute,
2009, Redlands, CA) and plant survey data (Mariani et al., 2016).
Validation employed PCA in pc-orp ForR WiNDows 4.27 (McCune &
Mefford, 1999). Detrended correspondence analysis was performed
in the R package “vegan” (Oksanen et al., 2015) to confirm that
PCA was appropriate (Birks, Lotter, Juggins, & Smol, 2012). Pollen
percentages from the two surface samples were also added to the
analysis to gauge model improvement. Mean deviation from actual
plant cover (%) was also calculated for each taxon.

For REVEALS application to the Dove Lake fossil record, all taxa
from Mariani et al. (2016) were used (excluding infrequent <1% taxa:
Monotoca, Sprengelia and Eucryphia), accounting for at least 80% of
the terrestrial pollen counts per sample. To assess the performance
of REVEALS under different atmospheric scenarios, REVEALS was
applied to the Holocene pollen data from Dove Lake using the four
model settings mentioned above. Plant taxa were grouped into for-

est and non-forest categories based on structure (Table 1).

3 | RESULTS

3.1 | Pollen and charcoal analysis

Pollen, spores and microscopic charcoal were analysed in 109 samples.
A reduced pollen diagram showing only key taxa for vegetation recon-

struction appears in Figure 2. For comparison with REVEALS results,
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TABLE 1 Table showing fall speeds and PPEs for the 10 key
pollen taxa used for the vegetation reconstruction from Dove Lake
(data from Mariani et al., 2016). GPM = Gaussian plume model;
LSM = Lagrangian stochastic model. Superscripts f and nf are used
to differentiate forest and non-forest plant taxa

Fall GPM LSM

speed GPM 10 km LSM 10 km

(m/s) 10 km SD 10 km SD
Bauera rubioides™ 0.004 0.165 0.025 0.067 0.011
Cupressaceae’ 0.031 1.003 0.124 1.337 0.198
Ericaceaea” 0.043 0.043 0.004 0.067 0.007
Eucalyptus spp.f 0.008 1.000 0.000 1.000 0.000
Gymnoschoenus 0.072 0.027 0.003 0.050 0.006

sphaerocephalus™

Leptospermum spp."”  0.005 0.284 0.027 0.145 0.016

Nothofagus 0.037 0.830 0.055 1.281 0.084
cunninghamiif

Nothofagus gunnii® 0.020 0.251 0.029 0.385 0.033

Phyllocladus 0.026 0.631 0.099 0.842 0.163
aspleniifoliusf

Poaceae™ 0.030 0.242 0.019 0414 0.031

key taxa were re-scaled to 100%. The full, non-rescaled pollen diagram
with pollen zone descriptions appears in Figure S3 and S4.

Pollen abundances of montane rain forest indicators (Cupres-
saceae and Nothofagus gunnii) show a persistent decline from early
to late Holocene. Pollen of the main rain forest component today,
Nothofagus cunninghamii, shows high values (~50%), until c. 4 ka, and
then declines to 25%. Pollen of Phyllocladus aspleniifolius Hooker
increases from the early to mid-Holocene, with an evident decline
since c¢. 5 ka. Eucalyptus pollen is relatively abundant throughout the
sequence, with a stepwise increase at around c. 5 ka. Pollen percent-
ages of non-forest taxa are consistently low (<20%): Poaceae and

Bauera rubioides increase after c. 5 ka, together with pollen of

Depth (cm)

/— FOREST
o\\
& & :

o

o dag

Gymnoschoenus sphaerocephalus. G. sphaerocephalus pollen is most
abundant during the early Holocene (~8%), somewhat rarer through-
out the mid-Holocene, and again more abundant after c. 5 ka. Total
forest pollen increases from early to mid-Holocene, reaching 85% of
the total terrestrial pollen spectrum. During the late Holocene, rain
forest pollen declines substantially to 40%-60%.

Macroscopic CHAR values are generally low throughout the core,
with substantial peaks at 3.7, 4.5 ka and relatively high macroscopic
charcoal influx between 6.5 and 7.5 ka (Figure 2). Micro-CHAR
peaks are mainly synchronous with macro-CHAR peaks, both show-
ing a sharp increase during the last 160 years preceded by periods
of high microscopic charcoal influx between 3.4-4, 5.8-6.3 ka and
peaks at 7.2 and 10.8 ka (Figure 2).

3.2 | REVEALS validation

PPEs calculations under atmospheric settings different from the pub-
lished material (Table 1) appear in Table S3. Differences between
REVEALS estimates and predicted vegetation cover (%) are pre-
sented in Figures S4 and S5. PPEs calculated with GPM 3 m/s and
GPM 6.5 m/s show large differences, whereas PPEs from LSM under
unstable and windy conditions are quite similar. Vegetation cover
errors (%) are generally smaller for the REVEALS-LSM runs, com-
pared to REVEALS-GPM (Figures S4 and S5).

REVEALS validation appears in Figure 3. PCA axis 1 clearly isolates
pollen percentages, modern plant cover and REVEALS results for
GPMs and LSMs. Gymnoscheonus sphaerocephalus and Eucalyptus
show the strongest correlations with Axis 1, r = .98 and r = —.89
respectively, whereas Ericaceae and Nothofagus cunninghamii are cor-
related with Axis 2, r = .85 and r = —.71 respectively. The majority of
pollen taxa align along Axis 2, clearly separating anemophilous (skewed
towards N. cunninghamii) and zoophilous taxa (skewed towards Eri-
caceae). Zoophilous taxa are positioned close to results for REVEALS-
LSM and REVEALS-GPM 6.5 m/s and modern plant cover, whereas
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FIGURE 2 Diagram showing pollen % of key taxa used for the vegetation reconstruction. Macro- and micro-charcoal accumulation rates
(particles/cm?/year) are also shown. Colours represent the grouping of the taxa according to vegetation structure: green is used for taxa
generally occurring within forests; red is used for plant taxa commonly found in non-forested environments. Dashed lines indicate statistically
determined pollen zones (see Appendix S4 for zones' description) [Colour figure can be viewed at wileyonlinelibrary.com]
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wind-pollinated taxa are skewed towards pollen percentages.
REVEALS-LSM (both unstable and windy conditions) and REVEALS-
GPM (6.5 m/s) estimates for Lake St. Clair are close to the actual plant
cover extracted from a 50-km buffer from this site. The PCA biplot
shows REVEALS-GPM performs better using 6.5 m/s wind speed than
3 m/s. Current plant cover around Dove Lake and Lake St Clair is more
closely related with REVEALS-LSM results than REVEALS-GPM results
on Axis 1, suggesting an overall better performance of LSM. Interest-
ingly, the two runs for REVEALS-LSM are virtually identical, whereas
the REVEALS-GPM runs are separated on the PCA biplot.

3.3 | REVEALS application

Figure 4 summarizes pollen percentages and REVEALS estimates
obtained using GPM and LSM for forest and non-forest taxa.
REVEALS estimates for single taxa are presented in Figures S6 and
S7, alongside effects of different atmospheric parameters (Figure S8).
REVEALS-LSM provides more coherent cover estimates than
REVEALS-GPM (Figure S8). Given the validation results, we focus on
the results of REVEALS-GPM (6.5 m/s) and REVEALS-LSM (unstable)
to address long-term landscape dynamics at Dove Lake.

Gaussian plume model estimates show high land-cover for G. sphae-
rocephalus (solid red, Figure 4), a moorland indicator, reaching more than
60%. Rain forest cover (light green, Figure 4) is relatively low, accounting
for <40% throughout the Holocene. Eucalyptus (dark green, Figure 4), an
indicator of sclerophyll forests, covers <5% throughout the reconstruc-
tion period. LSM dispersal simulations produce markedly different
results: G. sphaerocephalus covers up to 45% of total reconstructed land
cover, forest cover varies between ~20% and ~40% and Eucalyptus cover

Axis 1 (68.5 %)

is fairly constant between 5% and 10% throughout the reconstruction
period. Both model runs show maximum forest cover between 10 and
4 ka. After ~4 ka, a sharp decrease in forest cover (from ~40% to ~20%)

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

4 | DISCUSSION
4.1 | REVEALS model performance in western
Tasmania

REVEALS corrects for dispersal and productivity biases in pollen
data, hence the choice of the dispersal model alters the reconstruc-
tions. Application of REVEALS-GPM and REVEALS-LSM produced
considerably better results than the raw percentages of key pollen
taxa (Figures 3 and 4). The PCA biplot (Figure 3) shows the LSM
outperformed the more commonly used GPM. Improvement is more
evident for Dove Lake, likely due to its small size (~90 ha) relative to
Lake St. Clair (4,500 ha). REVEALS-LSM results for unstable and
windy unstable conditions are very consistent, whereas REVEALS-
GPM results are more sensitive to wind parameters (Figure 3).
REVEALS-LSM estimates for Dove Lake are close to actual plant
cover, and, thus, appear realisticc. REVEALS-GPM performs similarly
with high wind speed, however, PPEs calculated with the GPM are
unrealistic (Mariani et al., 2016). Our results suggest that LSM is a
better model for pollen dispersal and deposition in western Tasma-
nia.

Pollen dispersal over long distances—the most important for pol-
len deposition in larger lakes—is mainly carried by turbulent flows
and updrafts (Jackson & Lyford, 1999). GPMs do not describe such
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asymmetric airflows and therefore appear only suited to predict
short-distance dispersal (Theuerkauf et al., 2016). The Lagrangian
stochastic model simulates updrafts and may be more suitable to
model pollen deposition in lakes (Theuerkauf et al., 2013). Updraft
velocities are typically much higher than the fall speed of pollen,
which explains the greater difference between estimates produced
by REVEALS-GPM and REVEALS-LSM for taxa characterized by very
large pollen grains, such as N. cunninghamii and G. sphaerocephalus
(Figures S7 and S8).

We conclude that the REVEALS model can be successfully
applied to Holocene fossil pollen records in western Tasmania. This
represents an important advance in Southern Hemisphere palaeoe-
cology and for systems in which animal pollination is common. A
critical limitation of model application in our study region is the scar-
city of large (>1 km?) natural lakes. However, model applicability can
be tested by substituting single large lakes with multiple small sites,
as proposed in southern Sweden (Trondman et al., 2015) or using
other simulation-based reconstruction approaches (Bunting & Mid-
dleton, 2009; Mrotzek et al., 2017).

4.2 | Holocene land-cover changes in western
Tasmania

Our land-cover estimates reveal a landscape dominated by open
vegetation through the entire Holocene (Figure 5). Early Holocene
forest cover was approximately 40%, increasing towards a rain forest
maximum in the mid-Holocene, a period when forest and non-forest
equally shared 50% of the landscape. This vegetation mix corre-
sponds with peak rain forest pollen content in pollen records from
western Tasmania (e.g. Colhoun, 1996; Fletcher & Moreno, 2012;
Macphail, 1979; Markgraf, Bradbury, & Busby, 1986) and a minimum
in regional fire activity (Figure 5; Fletcher & Moreno, 2012; Fletcher

statistically determined pollen zones (same
as Figure 2) [Colour figure can be viewed
at wileyonlinelibrary.com]

et al., 2015). This period is synchronous with a phase (9.2-5 ka) of
surplus moisture promoting speleothem growth in Lynds Cave (Xia,
Zhao, & Collerson, 2001), approximately 25 km NNW of Dove Lake.
Wetter conditions in Tasmania during this phase are linked to an
enhancement and/or northward-displacement of the prevailing mid-
latitude Southern Westerly Winds (SWW) (Fletcher & Moreno,
2011, 2012), which drove lake level fluctuations in southern Aus-
tralia and hydroclimatic change across the Southern Hemisphere
mid-latitudes (Fletcher & Moreno, 2012; Wilkins, Gouramanis, De
Deckker, Fifield, & Olley, 2013).

A late-Holocene rain forest decline around Dove Lake occurred in
response to decreased moisture availability and a concomitant increase in
fire activity across western Tasmania (Beck, Fletcher, Gadd, Heijnis, &
Jacobsen, 2017; Fletcher & Moreno, 2012; Fletcher, Wood, & Haberle,
2014; Fletcher, Wolfe, et al., 2014; Fletcher et al., 2015; Rees et al.,
2015). These changes are linked to increasingly frequent El Nino events
in the tropical Pacific (Donders, Wagner-Cremer, & Visscher, 2008;
McGlone, Kershaw, & Markgraf, 1992; Moy, Seltzer, Rodbell, & Ander-
son, 2002), which are associated with drier conditions and increased fire
activity in south-east Australia today (Mariani & Fletcher, 2016; Nicholls
& Lucas, 2007). The sharp decline in forest cover at 4.1 &+ 0.1 ka is, con-
sidering age uncertainties, virtually synchronous with an increase in fire
activity observed across western Tasmania at 4.0 ka (Fletcher et al.,
2015; Figure 5e). While it is impossible to distinguish between anthro-
pogenic and climatic drivers of this fire activity, historical ignitions in Tas-
mania are almost entirely of human origin (Bowman & Brown, 1986). The
long occupation (>35 kyr) and people’s historically documented use of
fire to manage landscapes (Plomley, 1966; Thomas, 1995b) argues
strongly for a climatically modulated fire regime in which humans were
the primary ignition source.

Comparison with another record from a small site (0.51 ha) near
Dove Lake, Wombat Pool (~1.5 km north-west of Dove Lake)
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Reconstructed Eucalyptus plant cover; (d) Macroscopic CHAR record,;
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and low forest cover. Green shading identifies the period with
maximum forest cover and low fire activity, suggesting wetter
conditions [Colour figure can be viewed at wileyonlinelibrary.com]

(Stahle, Whitlock, & Haberle, 2016) offers insights into local fire and
vegetation dynamics. A peak in macroscopic charcoal is recorded at
Wombat Pool and Dove Lake at 3.7 ka, indicating enhanced local
fire activity. Paradoxically, this peak in local fire activity occurs after
the main vegetation change around Dove Lake (Figure 5). Regional
vegetation change therefore occurred prior the local increase in fire
activity surrounding Dove Lake, likely in response to regional hydro-
climatic and fire regime change. The close match between regional
vegetation shifts at Dove Lake and regional charcoal influx from
western Tasmania (Figure 5e) suggests the Dove Lake land-cover
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record reflects climate-vegetation dynamics that were mediated by

humans and fire activity.

4.3 | Did moorland dominate Holocene landscapes
of western Tasmania?

Our land-cover estimates prove the persistence of treeless vegetation
through the entire Holocene, with G. sphaerocephalus accounting for
15%-45% (REVEALS-LSM) of land cover throughout the reconstruction
period (Figure 5). Pollen percentages for this taxon vary between 2% and
8% (Figure 2), highlighting severe under-representation (Fletcher & Tho-
mas, 2007b). Tasmanian moorland vegetation, although dominated by G.
sphaerocephalus (Jarman, Kantivalis, & Brown, 1988), includes other taxa,
including Leptospermum, Poaceae, Restionaceae, Melaleuca, Sprengelia
and Gleichenia (Jarman et al., 1988). Most of these are also found within
other vegetation formations (e.g. heath, Eucalyptus woodlands, sclerophyll
forests), making them less reliable indicators of moorland. Hence, our
moorland abundance reconstructions based on G. sphaerocephalus must
be considered as absolute minimum values for western Tasmania moor-
lands. Other approaches, such as the Multiple Scenario Approach (Bunt-
ing & Middleton, 2009), should be implemented in future to test the
possible range of abundances of these communities.

The landscape-scale decoupling of vegetation and climate in western
Tasmania has intrigued ecologists and archaeologists for decades (Col-
houn, 1996; Colhoun & Shimeld, 2012; Cosgrove, 1995; Fletcher & Tho-
mas, 2007a,b; Fletcher and Thomas, 2010; Jackson, 1968; Macphail,
2010; Thomas, 1993, 1995a,b). We find no evidence for rain forest (the
climatic climax vegetation) dominance in the landscape at any time
through the Holocene around Dove Lake, enabling us to reject models
that invoke late-Holocene replacement of a rain forest-dominated land-
scape by moorland (Colhoun, 1996; Macphail, 1979). Instead, we support
the inheritance of Late Pleistocene landscape openness through the
Holocene to the present (Fletcher & Thomas, 2010a). This model con-
tends that the people’s arrival to a largely treeless landscape during the
Last Glacial Cycle (c. 35 ka) and their subsequent manipulation of fire
regimes restricted Holocene expansion of typical interglacial vegetation
(i.e. rain forest) (Colhoun & van der Geer, 1998) to areas protected from
fire. Instead, plants tolerant of frequent burning and an interglacial climate
(i.e. moorland and associated sclerophyllous species) expanded at the
Pleistocene—Holocene transition and remained dominant through the
Holocene. Indeed, G. sphaerocephalus is absent from pre-Holocene inter-
glacial pollen spectra (Colhoun, Pola, Barton, & Heijnis, 1999; Colhoun &
van der Geer, 1998), and Holocene sequences have significantly more
charcoal than pre-Holocene interglacials (Fletcher & Thomas, 2010a).
Thus, we provide empirical support for the Late Pleistocene inheritance
model and the notion that western Tasmania constitutes an ancient cul-
tural landscape (Fletcher & Thomas, 2010a).

5 | CONCLUSION

Statistical analysis of modern pollen and plant cover estimates in
western Tasmania shows a more realistic performance of REVEALS
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estimates based on the Lagrangian stochastic model (LSM) when
compared to widely used Gaussian plume model. REVEALS-LSM
effectively corrects for biases of productivity and dispersal, allowing
better quantification of palynologically underrepresented plant taxa.
Our reconstruction quantifies change in landscape openness in a
defined geographic area for the first time in the Southern Hemi-
sphere. Results indicate a landscape dominated by treeless vegeta-
tion throughout the last 12 kyr. We identify a regional shift in
regional vegetation at c. 4 ka, manifest as a rapid halving of rain for-
est cover from 40% to 20% landscape cover. This phase likely
reflects a modulation of the effects of regional-scale anthropogenic
burning in response to regional climatic change. Finally, evidence for
a persistently open landscape supports the notion that this region
represents an ancient cultural landscape resulting from the influence
of anthropogenic burning through the last glacial cycle and its influ-

ence over post-glacial vegetation development.
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