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a b s t r a c t

We use macroscopic charcoal and sediment geochemistry analysis of two proximal upper montane lakes
located at 42�S in southwest Tasmania, Australia, to test the role of the southern hemisphere westerly
winds (SWW) and the El Ni~no-Southern Oscillation (ENSO) in governing the climate of this sector of the
southern mid-to high-latitudes. Inter-annual climate anomalies in the study area are driven by changes
in both ENSO and the Southern Annular Mode (SAM - an index that describes seasonal to decadal shifts
in the SWW), making it an ideal location to test assumptions about the varying influence of the SWWand
ENSO, two important components of the global climate system, through time. We find multi-millennial
scale trends in fire activity that are remarkably consistent with trends in hydroclimate reconstructed at
the same latitude in southern South America, providing empirical support for the notion of zonally
symmetric changes in the SWW governing the climate at this latitude in the Southern Hemisphere
between 12 and 5 cal ka BP. A transition from multi-millennial scale to sub-millennial scale trends in fire
activity occurs after ca 5 cal ka BP in concert with the onset of high frequency and amplitude ENSO
variability in the tropical Pacific Ocean region. We conclude that the onset of sub-millennial scale trends
in ENSO drove changes in fire activity in our study region over the last ca 5 cal ka. Geochemical data
reveals divergent local impacts at the two study sites in response to these major climate transitions that
are related to local topography and geography.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

El Ni~no activity, the warm phase of the El Ni~no-Southern
Oscillation (ENSO), is projected to amplify as global temperatures
rise, heralding a serious threat to water security and fire risk in
areas located within the ENSO climate domain (Cook et al., 2004;
Murphy and Timbal, 2008; Power et al., 2013). For example, El
Ni~no events starve southeast Australia of rainfall, potentially
resulting in drought and wildfire (Verdon et al., 2004; Nicholls and
Lucas, 2007; Hill et al., 2009). The strength and frequency of El Ni~no
events have varied considerably over the last 12,000 years (Moy
rsity of Melbourne, Parkville,

(M.-S. Fletcher).
et al., 2002; Riedinger et al., 2002; Conroy et al., 2008). The last
few millennia, in particular, are characterised by a range of ENSO
variability, significantly exceeding that of the historical period (Moy
et al., 2002). Consideringmodern climate relationships, this implies
the droughts, floods and wildfires associated with ENSO in the
Pacific realm during recorded history might have been exceeded
over the last few millennia. While some have speculated (albeit
convincingly) that the marked increase in the frequency and
amplitude of El Ni~no events after ca 6000 calendar years before
present (6 cal ka BP: BP ¼ 1950 CE) in the tropical Pacific Ocean
drove widespread hydroclimatic change across the ENSO domain
(McGlone et al., 1992; Shulmeister and Lees, 1995; Rodbell et al.,
1999; Shulmeister, 1999; Fletcher and Moreno, 2011, 2012a), few
studies present data of sufficient resolution to directly test the
relationship between an amplified ENSO system and hydroclimate,
particularly in the Australian sector of the southwest Pacific Ocean.
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Indeed, we are aware of only one other study that is critically
located and sufficiently resolved and to test this relationship (Rees
et al., submitted for publication). Here, we use sediment charcoal,
sediment geochemistry and radiometric analyses to reconstruct,
and constrain temporally, long-term fire activity and catchment
dynamics in extra-tropical Tasmania, Australia, over the last 12,000
years. We principally focus on the role of changing ENSO activity in
the tropical Pacific Ocean region in driving changes in fire regimes
and, by extension, climate in this cool temperate region.

An increase in the frequency of El Ni~no events in the tropical
Pacific Ocean region is reported after ca 6e5 cal ka BP (Moy et al.,
2002), with the effects of this amplification subsequently propa-
gating into parts of the mid-to high-latitudes (the extra-tropics) of
the South Pacific Ocean region (McGlone et al., 1992; Shulmeister
and Lees, 1995; Rodbell et al., 1999; Shulmeister, 1999; Fletcher
and Moreno, 2012a). Prior to this, the effects of ENSO in this area
are thought to have been muted or absent, particularly in areas
where changes in the strength and position of the southern west-
erly winds (SWW) govern the contemporary climate (Fletcher and
Moreno, 2012a). A transition from climate regime dominated by
multi-millennial scale trends in the SWW to a climate regime in
which ENSO variability drives sub-millennial scale hydroclimatic
variability occurs in parts of the mid-to high-latitudes of the South
Pacific Ocean region after ca 6e5 cal ka BP and is observable in
trends in trans-Pacific Ocean reconstructions of terrestrial hydro-
climate and fire-regimes (Fletcher and Moreno, 2011, 2012a; Rees
et al., submitted for publication). This transition is marked by a
shift from a multi-millennial scale and zonally symmetric pattern
of hydroclimate variation during the SWW-dominant phase prior
to ca 6e5 cal ka BP to a sub-millennial scale zonally asymmetric
pattern of hydroclimate variation during the succeeding ENSO-
dominant period in areas under the influence of ENSO (Fletcher
and Moreno, 2011, 2012a; Rees et al., submitted for publication).

Here we employ analyses of sedimentary charcoal, geochem-
istry and radiometric dating of two lakes located at 42�S in
southwest Tasmania, Australia. Tasmania is a cool temperate island
that falls under the influence of both ENSO and the Southern
Annular Mode (SAM e an index that describes seasonal to decadal
shifts in the position and intensity of the SWW). Shifts in the po-
sition and intensity of the SWW drive supra-annual precipitation
and moisture anomalies in Tasmania: positive (negative) phases of
the SAM result in negative (positive) precipitation and temperature
anomalies, principally in the west of Tasmania where the SWWare
intercepted by the northesouth trending ranges that bisect the
island (Hill et al., 2009). Indeed, this pattern occurs across the
extra-tropics of the entire Southern Hemisphere (Garreaud, 2007),
with 42�S representing the latitude of strongest correlation be-
tween SAM and rainfall anomalies on all southern landmasses
(Gillett et al., 2006). In terms of ENSO, the El Ni~no (La Ni~na) phase of
ENSO is associated with negative (positive) moisture anomalies
across Tasmania, particularly in the north (Hill et al., 2009), while
the opposite is true across most of the southeast Pacific Basin
(Garreaud et al., 2009).

Fire in vegetation landscapes like Tasmania, which are uni-
formly wet and have a high vegetation biomass, are climate-limited
e i.e., fuel is always abundant, but it must be sufficiently dry to burn
(McWethy et al., 2013). Thus, temporal changes in charcoal depo-
sition (read: biomass burning) in these regions is confined to
anomalously dry periods (i.e., charcoal records are a good proxy for
changes in hydroclimate) (Moreno, 2000; Whitlock et al., 2007;
Fletcher and Moreno, 2012a). Further, fires destabilise landscapes,
often resulting in post-fire erosion and nutrient loss (which we
term here: catchment dynamics), with changes in fire regimes
driving changes in catchment dynamics through time (Fletcher
et al., 2014a). In this paper, we specifically ask: What drives
changes in long-term fire activity in southwest Tasmania? Is there a
relationship between the hypothesized millennial-scale trends in
the SWW and fire activity in southwest Tasmania? Is there a rela-
tionship between the onset of amplified sub-millennial ENSO
variability in the tropical Pacific Ocean region and fire regimes in
southwest Tasmania? How do long-term changes in biomass
burning influence the delivery and character of sediment delivery
in to lakes from their surrounding catchment?

2. Southwest Tasmania

Tasmania (41e44� S) is a cool temperate continental island that
is bisected by northwestesoutheast trending mountain ranges that
intercept mid-latitude cool andmoisture laden SWW, resulting in a
steep westeeast orographic precipitation gradient. Temperatures
are cool (5e7 �C in winter and 14e16 �C in summer) and precipi-
tation (between 1200 and 3500 mm yr�1 annually) exceeds evap-
oration for most of the year (Gentilli, 1972; Sturman and Tapper,
2006). While the climate of the southwest, windward side of Tas-
mania is largely uniform throughout the year, seasonal migration of
the SWW and associated storm tracks results in mild seasonal
variation in rainfall. Longer-term shifts in the position and intensity
of the SWWhave a significant impact on Tasmanian climate (Gillett
et al., 2006; Garreaud, 2007; Hill et al., 2009; Fletcher and Moreno,
2012a), with inter-annual precipitation and moisture anomalies
significantly correlated with the SAM over the historic period:
positive (negative) SAM results in negative (positive) rainfall
anomalies in southwest Tasmania, particularly in spring and sum-
mer (SepteFeb) (Hill et al., 2009). Supra-annual precipitation
anomalies in Tasmania are also associated with tropical ENSO
variability (Hill et al., 2009; Fletcher and Moreno, 2012a), with El
Ni~no (La Ni~na) associated with negative (positive) precipitation
anomalies in southwest Tasmania.

The topography of southwest Tasmania is rugged and complex,
with a geological basement overwhelmingly composed of low-
nutrient-yielding quartz-dominated metasediments (Jackson,
1999). The cool, wet climate and low bedrock nutrient status re-
sults in extreme oligotrophy that reduces primary productivity and
results in remarkably slow rates of change in the vegetation of the
region (Bowman and Jackson, 1981). Fire is an important ecological
agent in southwest Tasmania (Jackson, 1968; Wood and Bowman,
2012) and human occupation for the past 40,000 years has had a
major impact on the vegetation landscape (Bowman, 1998;
Cosgrove, 1999; Bowman and Wood, 2009; Thomas et al., 2010;
Fletcher and Thomas, 2010a; Fletcher et al., 2014a, 2014b). Tree-
less pyrophytic vegetation types dominate the landscape (including
species of Melaleuca, Leptospermum and Restionaceae and Gymno-
schoenus sphaerocephalus) and pyrophobic arboreal communities
(rainforest) are restricted by topography and aspect and the pro-
tection those afford from fire (Wood et al., 2011). Montane and
alpine communities are likewise characterised by fire-adapted and
fire-sensitive types (Harris and Kitchener, 2005).

3. Materials and methods

3.1. Study sites

The two study sites are underlain by quartzite bedrock and are
located on the north- and west-facing flanks of the imposing
Frenchman's Cap massif (Mabarlek in the local indigenous lan-
guage), in southwest Tasmania, Australia (Fig. 1). Frenchman's Cap
(1445 masl) is a quartzite (Precambrian) peak that tops a broad and
complex massif that rises sharply from the surrounding lowlands.
Numerous glacial valleys and rock ledges host lakes on the massif.
Areas on the exposed windward (north, west and south) flanks of



Fig. 1. A map of the study area showing the location of Tasmania in relation to other Southern Hemisphere landmasses, the location of Frenchman's Cap in Tasmania and the local
setting and catchments of the study lakes. FC e Frenchman's Cap, Tasmania, Australia (this study). LC e Lago Condorito, Chile (Moreno, 2004). Laguna Potrok Aike, Argentina (Lis�e-
Pronovost et al., 2015).
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the massif characterised by fire affected vegetation, whereas those
on the lee side of the massif and in protected locations are vege-
tated by pyrophobic rainforest. Average annual rainfall at Butlers
Gorge climate station (42.28�S, 146.28�E; 667 masl; 36 km east of
our study lakes) is 1674.5 mm yr�1 and the temperature regime is
cool (5e7 �C June to August; 14e16 �C December to February).
Snow and ice are frequent on the summit of Frenchman's Cap in
winter and at elevations above 900 masl.
3.1.1. Lake Gwendolyn (TAS1106)
Lake Gwendolyn (42�15045.1000S; 145�49023.5500E; 929 masl) is a

moraine-bound lake that lies within a steep-sided northwest ori-
ented glacial valley below the summit of Frenchman's Cap (Fig. 1).
The lake has a surface area of 3.8 ha and a catchment of 108.7 ha.
Maximumwater depth is 30 m. The catchment soils at the western
end of the lake are skeletal with considerable exposed rock in the
catchment; while deeper soils at the headwall of the valley support
a species poor scrub rainforest vegetation (Athrotaxis selaginoides,
Eucryphia milliganii, Nothofagus cunninghamii and Richea pan-
danifolia). Elsewhere in the catchment, the vegetation displays the
clear effects of repeated burning and is characterised by a range of
species, including: Richea sprengelioides, Leptospermum spp., Euca-
lyptus vernicosa Bauera rubioides, Astelia alpina, Agastachys odorata
and Tasmannia lanceolata.
3.1.2. Lake Nancy (TAS1107)
Lake Nancy (42�15031.1700S; 145�49038.4700E; 1041 masl) is a

small steep-sided bedrock controlled lake basin located on the
northeast face of a ridge that runs northwest from the summit of
Frenchman's Cap (Fig. 1). Lake Nancy has a surface area of 2.7 ha
and a catchment of 11.9 ha. Maximum water depth is 24.10 m. The
vegetation of the Lake Nancy catchment also displays the effects of
repeated burning. Presently, deep and steep gullies that drain into
the southern end of Lake Nancy are protected from fires fanned by
the dominant westerly flow and host areas of A. selaginoides and
Nothofagus gunnii rainforest thickets. More exposed areas within
the catchment to the north of the lake are comprised of fire affected
vegetation and regenerating rainforest species (including: Richea
scoparia, A. alpina, T. lanceolata, R. sprengelioides, N. cunninghamii, E.
vernicosa and B. rubioides). The dwarf conifer Diselma archeri is
common along the lake's shore.
3.2. Core collection and sampling

Sediment cores containing the undisturbed wateresediment
interface were extracted from the lakes using a 6.8-cm diameter
polycarbonate chamber attached to a Universal Gravity Corer
(http://www.aquaticresearch.com) operated from a floating plat-
form rigged from two pack rafts. The sediments were measured
and stored in their original sampling tubes for transport to the
laboratory, where they were split using a Geotek core splitter
(Geotek, Daventry, UK). Half of the core was selected for destruc-
tive analyses, while the other half was reserved for scanning and
archiving.

3.3. Chronology

Ten samples were selected from the uppermost 9 cm of each
core to develop a recent chronology. Approximately 1.0 g dry
weight samples were analysed from 0.5 cm thick samples for 210Pb
activity using a-spectroscopy at MyCore Scientific Incorporated
(Dunrobin, Ontario, Canada) (Appleby and Oldfield, 1978; Binford,
1990). Sediment rates and ages were determined using the Con-
stant Rate of Supply model (Appleby and Oldfield, 1978; Appleby,
2001). Three radiocarbon samples were analysed from Lake
Gwendolyn and 4 from Lake Nancy at the DirectAMS Radiocarbon
Dating Service laboratory (Bothell, Washington, United States).
Sample thickness of all radiocarbon samples was 0.5 cm. The
radiocarbon dates were calibrated to cal ka BP (BP¼ 1950 CE) using
the Southern Hemisphere calibration curve (Hogg et al., 2013). An
ageedepth model was constructed for each site using the clam
package for the software R (Blaauw and Christen, 2011; R Core
Development Team, 2013).

3.4. Macroscopic charcoal

Continuous sediment subsamples of 1.25 cc from 0.5 cm in-
tervals were processed for ‘macroscopic’ charcoal content
(>125 mm) using standard procedures (Whitlock and Larsen,
2001). Carbonised particles were sieved with a 125 mm sieve
and subsequently counted under a stereomicroscope. This data
provides basic changes in charcoal delivery to a lake fromwithin a
source area of 3 km (Whitlock and Larsen, 2001). Time-series
analysis of the charcoal data was performed using CharAnalysis
(Higuera et al., 2009), which interpolates the charcoal data into
evenly spaced time steps to allow time-series analyses.

http://www.aquaticresearch.com
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CharAnalysis calculates a background charcoal (CHARback)
component that is used to identify significant charcoal peaks that
are assumed to reflect local fire events. CHARback was calculated
using a lowess smoother (1000 year) robust to outliers, and
charcoal peaks were identified using a 2000 year window
(Fig. 2h). Importantly, CHARback, is driven by fuel type changes,
taphonomic processes of charcoal deposition and changes in the
amount of biomass burning in a landscape (Clark and Royall, 1996;
Whitlock and Larsen, 2001). In high altitude lakes with small
catchments, such as our study lakes (particularly Lake Nancy),
where the small catchment size minimises the influence of
catchment storage and re-deposition of charcoal, CHARback likely
reflects biomass burning outside of the local catchment: i.e. extra-
local biomass burning (Clark and Royall, 1996; Whitlock and
Larsen, 2001). A combined CHAR curve was created for both
lakes by interpolating each CHAR record to 80-year time steps
(the lowest median accumulation rate of the sites) and summing
CHAR z-scores from each site that were calculated from a pre-
European CHAR average (12e0.2 cal ka) for each site.
Fig. 2. A plot of geochemical, radiometric and charcoal data from Lake Gwendolyn (TAS11
Titanium; (e) Silica; (f) smooth-spline ageedepth model produced by clam (Blaauw, 2010)
Analysis (Higuera et al., 2009); (h) Background macroscopic CHAR (CHARback) produced by
(CHAR).
3.5. Geochemistry

Geochemical data was obtained at the Australian Nuclear Sci-
ence and Technology Organisation (ANSTO) laboratory (Lucas
Heights, NSW, Australia) using a multi-function X-ray fluorescence
(ITRAX) core scanner. The ITRAX core scanner produced 1-mm in-
terval (for Lake Gwendolyn) and 0.5-mm interval (for Lake Nancy),
non-destructive elemental analyses of the surface of the split cores.
The ITRAX scans were performed using a molybdenum (Mo) tube
set at 55 kV and 30 mA with a dwell time of 10 s. Following the
primary analysis, principal component analysis (PCA) was per-
formed with the geochemical dataset to ascertain the principal
trend through the geochemical dataset. No data modification was
performed prior to the PCA. The PCA was performed using PC-Ord
for Windows version 4.27 (McCune and Mefford, 1999). Ratios of
incoherent and coherent scattering measurements (Mo Inc/Coh)
produced by the core scanner were used to determine the average
atomic number of material in the sediment, which is a proxy for
organic matter content (e.g.Burnett et al., 2011). Organic carbon has
06) showing: (a) Geochemistry PCA axis 1; (b) Mo Inc/Coh scatter; (c) Bromine; (d)
with 2-sigma errors on dates shown; (g) the signal-to-noise ratio produced by Char-
CharAnalysis (Higuera et al., 2009); and (i) macroscopic charcoal accumulation rates



Table 1
Table showing the results of the210Pb-total analysis of sediment cores from Lake
Gwendolyn (TAS1106) and Lake Nancy (TAS1107), southwest Tasmania. The calcu-
lated ages are based on the constant rate of supply model.

Depth (cm) 210Pb (total) Age (cal. yr BP) Error (years) 1s error

(Bq g�1)

Lake Gwendolyn (TAS1106)
0.0e0.5 0.182 2014 0 3.6
0.5e1.0 0.092 1989 4 3.7
1.0e1.5 0.084 1974 7 3.7
1.5e2.0 0.063 1955 26 4.1
2.0e2.5 0.065 1945 26 4
2.5e3.0 0.06 1926 66 5.2
3.0e3.5 0.059 1907 74 4
4.0e4.5 0.054 n/a n/a 4.4
6.0e6.5 0.054 n/a n/a 5
8.0e8.5 0.051 n/a n/a 5.4
Lake Nancy (TAS1107)
0.0e0.5 0.161 2014 0 3.3
0.5e1.0 0.113 1998 2 4.9
1.0e1.5 0.09 1981 4 4.8
1.5e2.0 0.054 1959 10 5
2.0e2.5 0.055 1945 12 5.1
2.5e3.0 0.041 1914 37 5.9
3.0e3.5 0.037 1880 99 7
4.0e4.5 0.031 n/a n/a 7.5
6.0e6.5 0.031 n/a n/a 8.9
8.0e8.5 0.033 n/a n/a 7.4
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a lower average atomic mass than other sedimentary material (eg.
carbonate, aluminosilicates and silica): i.e. Mo Inc/Coh increases
with greater concentrations of organic carbon. Indeed, comparisons
between sediment organic carbon content and Mo Inc/Coh scat-
tering reveal a strong positive relationship in a range of sedimen-
tary environments (Saez et al., 2009; Burnett et al., 2011; Liu et al.,
2013; Gadd et al., in press), validating the use of this proxy for
sediment organic matter content. Further, bromine (Br) has been
found to be a reliable proxy for organic matter content in both
lacustrine and oceanic sediments (Phedorin et al., 2000; Croudace
et al., 2006; Ziegler et al., 2008; Hahn et al., 2014) and Br content
is significantly higher in organosols (the dominant soil type in
southwest Tasmania) than in other soil types (Maw and Kempton,
1982), thus, providing an additional proxy for sediment organic
matter content.

4. Results

4.1. Core collection and sampling

A continuous 71 cm core was collected from Lake Gwendolyn
(TAS1106) from a lake depth of depth of 28.2 m, while a continuous
72 cm core was collected from Lake Nancy (TAS1107) from a lake
depth of 24.1 m.
Table 2
Radiocarbon dating results for TAS1106 and TAS1107. Calibrations (ca cal yr BP) are base

Depth (cm) Adjusted midpoint depth (cm) Lab number Material dated R

Lake Gwendolyn (TAS1106)
13.0e13.5 13.25 D-AMS 006301 Bulk sediment 1
31.0e31.5 31.25 D-AMS 006302 Bulk sediment 4
67.5e68.0 67.75 D-AMS 006303 Bulk sediment 9
Lake Nancy (TAS1107)
12.5e13.0 12.75 D-AMS 006297 Bulk sediment 2
24.5e25.0 24.75 D-AMS 006298 Bulk sediment 4
50.0e50.5 50.25 D-AMS 006299 Bulk sediment 8
70.5e71.0 70.75 D-AMS 006300 Bulk sediment 9
4.2. Chronology

4.2.1. Lake Gwendolyn (TAS1106)
Radiometric analyses were performed on the core, with 210Pb

dates displayed in Table 1. The lowest three samples (4.0, 6.0 and
8.0 cm) contained insufficient amounts of 210Pb for dating. The
lowest three samples contain supported 210Pb only, as demon-
strated by constant low values for total 210Pb and therefore cannot
(were not used) be used in the age calculation. The sequence of
radiocarbon dates for Lake Gwendolyn were in stratigraphic order
throughout the core and a maximum radiocarbon age of 9570 14C
yrs BP was obtained at a depth of 67.5 cm (Table 2). The ageedepth
model (Fig. 2e) is based on a locally smoothed spline regression and
is remarkably linear. The sediment accumulation rates remain
consistent throughout the entirety of the core, with exception to
the uppermost 200 years, where sedimentation rates increase.

4.2.2. Lake Nancy (TAS1107)
210Pb dates obtained from Lake Nancy are displayed in Table 1.

Again, the lowest three samples (4.0, 6.0 and 8.0 cm) did not
contain sufficient 210Pb for dating and therefore cannot be (and
were not) used in the age calculation. The sequence of radiocarbon
dates for Lake Nancy were in stratigraphic order throughout the
core and a maximum radiocarbon age of 9840 14C yrs was obtained
at a depth of 70.5 cm (Table 2). The ageedepth model (Fig. 3e) is
based on a locally smoothed spline regression and displays a trend
of increasing sedimentation with depth. The sediment accumula-
tion rates display a steady decrease in sedimentation rates from
ca 11 cal ka BP to present until the uppermost section of the core,
where sedimentation rates increase in the last 200 years.

4.3. Macroscopic charcoal

The combined CHAR record (Fig. 4d) shows multi-millennial
changes in combined CHAR between ca 12 and 5 cal ka BP (char-
acterised by increasing values to ca 11 cal ka BP, decreasing CHAR
values toward a minima between 7 and 6 cal ka BP) and overall
increasing CHAR values characterised by sub-millennial variation
from ca 5 cal ka BP to the present.

4.3.1. Lake Gwendolyn (TAS1106)
Fourteen statistically significant peaks were identified through

CharAnalysis (Fig. 2) (Higuera et al., 2010). An increase in charcoal
peak magnitude is noted from ca 6 cal ka BP to present (Fig. 2g),
while smaller magnitude peaks occur between ca12 and 6 cal ka BP.
Macroscopic charcoal accumulations (CHAR) exhibit low frequency
variability between ca 12 and 6 cal ka BP (Fig. 2i). Lowest CHAR
values are recorded at ca 6 cal ka BP, increasing toward the present
and displaying a higher frequency variability, with four notable
large CHAR increases (0.25, 0.55, 0.75 and 0.71 particles cm�2 yr�1,
respectively). The average CHAR accumulation rate throughout the
d on the Southern Hemisphere calibration curve, SHCal13 (Hogg et al., 2013).

adiocarbon age (14C yr BP) Error (14C yr BP) d13C Median age (cal ka BP)

880 23 �20.8 1.787
249 30 �21.6 4.727
531 39 �40.8 10.775

029 27 �23 1.985
619 34 �32.9 5.219
306 38 �26.6 9.311
801 38 �30.6 11.159



Fig. 3. A plot of geochemical, radiometric and charcoal data from Lake Nancy (TAS1107) showing: (a) Geochemistry PCA axis 1; (b) Mo Inc/Coh scatter; (c) Bromine; (d) Titanium; (e)
Silica; (f) smooth-spline ageedepth model produced by clam (Blaauw, 2010) with 2-sigma errors on dates shown; (g) the signal-to-noise ratio produced by CharAnalysis (Higuera
et al., 2009); (h) Background macroscopic CHAR (CHARback) produced by CharAnalysis (Higuera et al., 2009); and (i) macroscopic charcoal accumulation rates (CHAR).
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sequence is 0.15 particles cm�2 yr�1. The signal-to-noise ratio is
close to 3 throughout (Fig. 2f), indicating some statistical confi-
dence in CHAR peak detection (Higuera et al., 2010).

4.3.2. Lake Nancy (TAS1107)
Twelve significant charcoal peaks were identified through

CharAnalysis (Fig. 3g) (Higuera et al., 2010), the largest of which (80
particles cm�2 yr�1) occurring at ca 2.7 cal ka BP. CHAR values are
high and display low frequency variability between ca 12e7.5 cal ka
BP (Fig. 3i). The average CHAR value is 0.3 particles cm�2 yr�1. The
signal-to-noise ratio is close to 3 throughout (Fig. 2f), indicating
some statistical confidence in CHAR peak detection (Higuera et al.,
2010).

4.4. Geochemistry

4.4.1. Lake Gwendolyn (TAS1106)
Detrital elements (Fe, K, Rb, Si, Sr, Ti, Zr), display strong, negative

correlation with PCA axis 1, while Bromine (Br) displays a strong
positive correlation with this axis (see Table 3). PCA axis 1 displays
an overall increase in values from ca 12 cal ka BP to the present,
with a marked increase occurring after ca 6.3 cal ka BP (Fig. 2).

4.4.2. Lake Nancy (TAS1107)
Detrital elements (K, Rb, Si, Ti, Zr) display a strong, negative

correlation to the PCA data (see Table 3), whereas Br is positively
correlated to this axis. PCA Axis 1 (Fig. 3) displays relatively steady
(albeit variable) values between ca 12 and 7 cal ka BP, with a
marked decrease from ca 7 cal ka to the present. A notable and
short lived trend in the geochemical data occurs at ca 8.2 cal ka BP,
with a marked increase in detrital elements and a dip in Br (Fig. 3).

5. Discussion

5.1. Millennial-scale climate

Our results reveal clearly synchronous changes in fire activity
between our two study lakes at 42�S in Tasmania, Australia,
throughout the last 12,000 years (Figs. 2e4). Because fire activity in
this cool temperate region is limited by climate and its impact on



Fig. 4. A summary plot showing (a) Laguna Potrok Aike wind intensity proxy; (b) the Lago Condorito, Chile, North Patagonian Index (NPI e a semi-quantitative hydroclimate index
based on selected pollen types) (Moreno, 2004); (c) Laguna Pallcacocha, Ecuador, red intensity data smoothed with a 59-point weighted averaging regression (a proxy for El Ni~no-
driven erosion events (Moy et al., 2002); (d) trends in background CHAR (CHARback e 1000-year smoothing window) at both Lake Gwendolyn (LG: red) and Lake Nancy (LN: black);
and (e) combined CHAR records from both lakes (each CHAR record was interpolated to equal 80-year time-steps using CharAnalysis (Higuera et al., 2009) and z-scores were
calculated from an average of pre-European (12e0.2 cal ka BP) CHAR values (smoothed with a 9-point weighted averaging regression). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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the condition of the abundant fuel in this landscape (McWethy
et al., 2013), it is possible to infer changes in hydroclimate from
regional trends in fire activity (Fletcher and Moreno, 2012a). High
and relatively uniform fire activity (inferred from CHARback) at both
study sites between ca 11 and 8 cal ka BP implies a prolonged
(multi-millennial) period of low relative moisture in the study re-
gion. Precipitation in this region is derived from themoisture-laden
SWW as they rise over the Tasmanian landmass and expunge their
moisture content (Gentilli, 1972). Indeed, the SWW are the domi-
nant control over the climate of the mid-to high-latitudes of the



Table 3
Significant (>0.5 R2) correlations and direction of correlation between geochemical
data and the geochemical PCA axis 1.

Element R2 Direction

Lake Gwendolyn (TAS1106)
K 0.936 �
Ti 0.78 �
Rb 0.743 �
Si 0.74 �
Zr 0.662 �
Fe 0.645 �
Br 0.599 þ
Sr 0.599 �
Lake Nancy (TAS1107)
Si 0.877 �
K 0.877 �
Ti 0.876 �
Zr 0.86 �
Rb 0.813 �
Br 0.619 þ
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entire Southern Hemisphere (SH) at scales ranging from daily to
multi-millennial (Garreaud, 2007; Hill et al., 2009; Fletcher and
Moreno, 2012a). Reductions in the intensity of SWW flow over
42�S in southwest Tasmania (i.e. SAM) are correlated with signifi-
cant moisture deficits at this latitude over the historic period
(Gillett et al., 2006). Moreover, 41e42�Smarks the zone of strongest
correlation between changes in the strength of the SWW and
precipitation anomalies across the entire SH over the historic
period (Gillett et al., 2006), implying that sites located in this crit-
ical latitude are highly sensitive to changes in the SWW.

Our identified period of increased fire activity between 11 and
8 cal ka BP is entirely consistent with a prolonged period of
decreased SWW flow over the study region. Importantly, the in-
crease in fire activity at our sites is synchronous with multi-
millennial scale hydroclimatic trends identified at Lago Condorito
at 41�S in Chile (Fig. 4b) (Moreno, 2004). The tight coupling be-
tween multi-millennial hydroclimatic change at sites located at
41e42�S almost 10,000 km apart mirrors the contemporary rela-
tionship between positive SAM and hydroclimate across the SH,
implying a hemisphere-wide reduction in SWW flow over sites
located at 41e42�S between ca 11 and 8 cal ka BP. Moreover, this
phase of hemisphere-wide attenuated SWW flow over 41e42�S is
synchronous with a reduction in wind intensity (derived from rock
magnetic properties) at 52�S in Argentina (Lis�e-Pronovost et al.,
2015) (Fig. 4a), a location close to the modern SWW core
(ca 50�S). Fletcher and Moreno (2011, 2012a) argue that the period
between ca 11 and 8 cal ka BP in themid-to high-latitudes of the SH
was characterised by a phase of attenuated SWW flow over sites
located above 50�S (the modern core of the SWW). This reduction
in SWW flow is manifest as a reduction in SWW derived moisture
on west-facing slopes and increased effective moisture on the lee
side of the orographic barriers that bisect southern South America,
New Zealand, Tasmania and, to a lesser extent, Southern Africa
(Whitlock et al., 2007; Lamy et al., 2010; Fletcher andMoreno, 2011,
2012a; Kilian and Lamy, 2012), and this trend is entirely consistent
with the results presented here. Similarly, the reduction in biomass
burning recorded at our sites between ca 7 and 5 cal ka BP is syn-
chronous with a prolonged period of increased moisture at Lago
Condorito in Chile, and a hemisphere-wide trend toward
strengthened SWW flowat sites located above 50�S (Moreno, 2004;
Lamy et al., 2010; Fletcher andMoreno, 2011, 2012a; Lis�e-Pronovost
et al., 2015), adding significant weight to the notion of zonally
symmetric changes in the SWW governing the climate at this
latitude between 12 and 5 cal ka BP (sensu Fletcher and Moreno,
2012a).
5.2. The 8.2 cal ka event?

Of note is a thin band of inorganic sediment that was deposited
in Lake Nancy at ca 8.2 cal ka BP (8.3e7.9 cal ka BP; 95% confidence
interval) in concert with a charcoal peak of moderate magnitude
(Fig. 3). A concomitant charcoal peak occurs at Lake Gwendolyn
(ca 8.2 cal ka BP; 8.4e8 cal ka BP) and it is possible that this time
was characterised by a short-lived moisture deficit embedded
within the multi-millennial phase of attenuated SWW flow at this
time. This event is coincident in timing with a hydroclimatic
anomaly tentatively ascribed to the ‘global 8.2 cal ka event’ in
nearby New Zealand (Augustinus et al., 2008): a short-lived drying
trend was observed at Lake Pupuke in the North Island of New
Zealand at ca 8.2 cal ka BP. While suggestive, attributing this local
fire event and catchment response in southwest Tasmania to the
global 8.2 cal ka event requires substantial corroborating evidence
from both the local and broader region.

5.3. The onset of an ENSO-influenced climate regime

A marked increase in biomass burning occurs at Lakes Gwen-
dolyn and Nancy after ca 5 cal ka BP, with a clear shift from multi-
millennial scale trends in biomass burning during the SWW
dominant phase of the record to sub-millennial scale oscillations
between high and low phases of biomass burning (Fig. 4). Southeast
Australia (including Tasmania) falls under the influence of ENSO,
with El Ni~no events correlated with negativemoisture anomalies in
this region. The increase and shift toward sub-millennial scale os-
cillations in biomass burning at our sites occurs in concert with a
significant increase in the frequency and amplitude of El Ni~no
events in the tropical Pacific Ocean region, from aweak ENSO signal
prior to ca 5 cal ka BP to sub-millennial scale oscillations between
periods of high and low El Ni~no frequency after this time (Fig. 4)
(Moy et al., 2002; Conroy et al., 2008). While it is clear that El Ni~no
events occurred throughout the Holocene in the tropics (Moy et al.,
2002), the increase in frequency and amplitude of El Ni~no events
post ca 5 cal ka BP appears to have allowed hydroclimatic anoma-
lies associated with ENSO to penetrate into southwest Tasmania, an
area dominated by the extra-tropical SWW system. Indeed, the
increased influence of ENSO on the hydroclimate in our study area
after ca 5 cal ka BP is mirrored in trends of biomass burning in other
parts of ENSO climate domain, such as southern South America
(Whitlock et al., 2007; Power et al., 2008; Fletcher and Moreno,
2011, 2012a). What is unclear, and requires further research, is
how trends in the SWW over a range of timescales have interacted
(positively or negatively) with ENSO variability to influence mid-to
high latitude SH climate regimes (sensu Gomez et al., 2011).
Answering this question requires coupling records from areas
within (1) the ENSO domain (such as the tropical Pacific Ocean; e.g.
Moy et al., 2002; Conroy et al., 2008; Yan et al., 2011), (2) the ENSO/
SWW domain (such as the present study and Fletcher and Moreno,
2012b) and fromwithin areas located in the SWWzone of influence
(e.g. Moreno et al., 2014) at multiple temporal scales. It must be
noted, that we cannot exclude other modes of variability (such as
SAM) driving these sub-millennial scale hydroclimatic variations
through this phase, although there is currently no evidence for such
variations over this period.

5.4. Long-term fire regimes and catchment dynamics in southwest
Tasmania

Our results show clearly synchronous trends in local and extra-
local (<3 km) fire activity at two proximal study sites located on the
western flank of the Frenchman's Cap massif in southwest Tas-
mania. Despite similarities in trends of fire activity, there are key
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differences between the fire histories and catchment dynamics of
the two study sites that relate to local geography. Importantly,
charcoal influx at the smaller Lake Nancy is, on average, double that
of the larger Lake Gwendolyn. This is despite the latter being a
larger lake and having a catchment area that is an order of
magnitude larger than Lake Nancy, characteristics that are usually
associated with increased charcoal deposition (Whitlock and
Larsen, 2001). Biomass burning and subsequent charcoal produc-
tion is dependent on fuel type, condition and load (Whitlock and
Larsen, 2001). The multi-millennial scale period of high fire activ-
ity and local to extra-local biomass burning between ca 11 and
8 cal ka BP is characterised by a ratio between the charcoal input
into each of these lakes of 2.4:1 (Lake Nancy to Lake Gwendolyn
ratio). This difference is stark, given the smaller size of Lake Nancy
and its catchment relative to Lake Gwendolyn. One explanation for
this difference could be a higher vegetation biomass around Lake
Nancy through this prolonged dry phase (ca 11e8 cal ka BP). Higher
vegetation biomass around Lake Nancy at this time is consistent
with our geochemical proxies for sediment organic matter (Br and
Mo Inch/Coh) and with the high organic content of soils that
develop on the nutrient poor bedrock that underlies much of
southwest Tasmania (Bowman et al., 1986). Fires have kept much of
the lowlands of western Tasmania open for at least the last 12 cal ka
(Fletcher and Thomas, 2010b) and, today, the contemporary dis-
tribution of fire-sensitive vegetation is strongly correlated with
topographic protection from the prevailing SWW that fan fires
across the landscape (Wood et al., 2011). The northeast aspect of
Lake Nancy would have afforded its catchment some protection
from fire through the multi-millennial phase of low moisture and
high background burning under an attenuated SWW regime (be-
tween 11 and 8 cal ka BP), while the west-facing Lake Gwendolyn
valley would not have afforded the same protection to that
catchment.

The switch to lower organic content and higher detrital input
into Lake Nancy after 7.2 cal ka BP marks a period of major change
in the nature and type of sediment being delivered into Lake Nancy.
This change occurs through the phase of lowest charcoal input for
the entire ca 12 cal ka sequence at Lake Nancy, reflecting an in-
crease in precipitation under a strengthening SWW regime. The
absence of a charcoal peak coincident with this change in sediment
character precludes the assumption of a high-impact fire altering
catchment dynamics at this time (sensu Fletcher et al., 2014a). This
transition occurs ca 800 years after a potentially fire-driven depo-
sition of inorganic material into Lake Nancy at ca 8.2 cal ka BP. One
possible explanation for the trend in sediment geochemistry is the
eventual collapse of a fire-sensitive vegetation system after
millennia of high fire activity both locally and in the broad region.
Repeated ENSO-driven burning of rainforest over a 3 ka period
drove an eventual collapse of the local rainforest and a transition to
fire-promoted vegetation at a site in southern Tasmania (Fletcher
et al., 2014a). This transition significantly altered the nature and
type of sediment being transported from the landscape into that
study lake, a transition characterised by a marked increase in the
input of detrital elements (Fletcher et al., 2014a), as is seen at Lake
Nancy after 7.2 cal ka BP. Despite the transition to a more variable
(sub-millennial) fire regime after ca 5 cal ka BP, relative to the
multi-millennial scale trends in fire activity that characterised the
period between ca 12 and 8 cal ka BP (Fig. 4), the sediment
geochemistry at Lake Nancy remains relatively stable (Fig. 3), sug-
gesting that many of the local fire events were either insufficient to
drive a catchment response or that they reflect fires occurring
outside the small Lake Nancy catchment.

Interestingly, the sediment geochemistry of Lake Gwendolyn
reveals an overall increase in organic content and a reduction in the
deposition of detrital elements after 6.5 cal ka BP (Fig. 2). The
westerly aspect of the Lake Gwendolyn catchment would expose
this site to a higher risk of fire than Lake Nancy. The multi-
millennial dry phase between ca 11 and 8 cal ka BP might have
resulted in a fire frequency that precluded the formation of sub-
stantial vegetation within this catchment through this time.
Increasing sedimentary organic (Br) content after ca 6.5 cal ka BP,
then, possibly reflects an increase in vegetation cover at this more
exposed and fire-prone site in response to increased moisture
delivered by the strengthened SWW system at this time. A
continuing increase in organic content at Lake Gwendolyn to the
present suggests that, while local fires probably occurred within
the catchment, the overall increase in moisture resulting from the
strengthening SWW flow over the region was sufficient to allow
increased vegetation cover in the catchment, possibly along the
headwall where fire-sensitive vegetation and deeper organic soils
are present today.
6. Conclusion

Here we identify a shift from multi-millennial to sub-millennial
trends in fire activity at two proximal sites in southwest Tasmania
after ca 5 cal ka BP, driving clear local scale catchment changes that
diverged in response to local topographic and geographic factors.
Southwest Tasmania lies under the influence of both the SWWand
ENSO and we attribute the changes in biomass burning to changes
in the relative importance of the SWW and ENSO over our study
area. Fire activity in our study area between 12 and 5 cal ka BP
mirrors multi-millennial scale trends in the SWW hypothesised to
have occurred across the entire hemisphere at this time: decreased
SWW flow and high fire activity between ca 11 and 8 cal ka BP;
increased SWW flow and low fire activity between ca 7e5 cal ka BP.
While not being able to discount sub-millennial scale variations in
SAM (or other climate modes) over this period, we explain a shift
toward sub-millennial scale trends in biomass burning at our study
sites after ca 5 cal ka BP as the result of an increase in the frequency
and amplitude of El Ni~no events in the tropical Pacific Ocean region.
While ENSO variability occurs throughout the Holocene, the
marked increase in ENSO variability recorded in the tropical Pacific
Ocean region after ca 5 cal ka BP was sufficient for ENSO-driven
climate anomalies to influence areas under the influence of the
SWW. We suggest that further targeted research is required to
understand how the SWW and ENSO interact to influence the
climate of the mid-to high-latitudes of the Southern Hemisphere.
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