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ABSTRACT

Climate projections indicate that dangerous fire weather will become more common over the
coming century. We examine the potential of a network of temperature- and moisture-sensitive
tree-ring sites in southeastern Australia to reconstruct the number of high fire-danger days for
the January—March season. Using the Forest Fire Danger Index (FFDI), we show that modestly
statistically skilful reconstructions for the far southeast of Australia (western Tasmania), where
the majority of tree-ring predictors are located, can be developed. According to the averaged
reconstructions for the 1590-2008 period, there have been |6 years prior to the start of the
FFDI records (1950), and 7 years since 1950, with >48 (mean + |6) high fire-danger days in the
3-month season. The western Tasmanian reconstructions indicate extended relatively high fire-
danger periods in the 1650s—1660s and 1880s—1890s. Fire danger has also been relatively high
since 2000 CE. A persistent increase in the number of high fire-danger days over the past four
decades has not been matched over the previous 390 years. This work indicates it is possible to
produce statistically useful reconstructions of high seasonal fire danger — as opposed to fire
occurrence — but that availability of local proxy records is key.

Keywords: climate change, drought factor, Forest Fire Danger Index, paleoproxy fire records,

reconstruction, seasonal fire danger, Tasmania, tree rings.

Introduction

The catastrophic devastation (Davey and Sarre 2020) wrought by the 2019-2020 Australian
fire season was a brutal reminder of the escalating impacts inflicted on Australia by
climate change (van Oldenborgh et al. 2021). The 2019-2020 season occurred against a
backdrop of severe and prolonged drought, and the hottest year on record in Australia
(Abram et al. 2021). At the same time, the incidence of dangerous weather conditions that
cause intense large-scale fires in the Australian landscape has increased since records have
been kept (Dowdy 2018; Harris and Lucas 2019), consistent with the trend direction in
projections of fire risk (Reisinger et al. 2014; Dowdy et al. 2019).

Palaeoproxy fire records indicate considerable variability in fire incidence through
time (Power et al. 2008; Mooney et al. 2011). For Australia generally, relatively high
levels of burning occurred ~38000years before present (yBP) and from
~35 000-27 000 yBP, followed by low levels of burning during the last glacial maximum
(~21 000-16 000 yBP) and around 6000 yBP. The rapid increase in fire incidence over
the last two centuries (Mooney et al. 2011), however, appears unprecedented in the
context of the longer record. There is evidence that long-term global variability in fire
occurrence is associated with major climatic fluctuations associated with glacial cycles,
and by drivers such as the Southern Annular Mode (SAM) or the El Nifio Southern
Oscillation (ENSO) (Meyn et al. 2010; Mariani and Fletcher 2016; Holz et al. 2017).

Significant effort has led to the development of past fire records in many regions,
including in Australia (Marsden-Smedley 1998; Mooney et al. 2011; Stahle et al. 2016),
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North America (Swetnam 1993; Whitlock et al. 2015),
Russia (Ivanova et al. 2010; Kharuk et al. 2016), Asia
(Hessl et al. 2011), South America (Holz et al. 2017) and
Central America (Cerano-Paredes 2021). Research has also
focused considerable attention on developing reconstructions
of temperature and hydroclimate (Cook et al. 2010; Williams
et al. 2012; Reisinger et al. 2014; Littell et al. 2016; Esper
et al. 2018; Chavardes et al. 2019; Morales et al. 2020;
Biintgen et al. 2021; Sun et al. 2021), and indices such as
ENSO (Trouet et al. 2006; Meyn et al. 2010; Li et al. 2013),
which are linked with fire danger. Indices of seasonal fire
danger, however, have not typically been a target for
reconstructions (but see Chavardés et al. 2020). Although
fire incidence and fire weather are linked with factors
such as high temperature and drought, they describe
distinctly different phenomena (Chavardes et al. 2019,
2020). Human agency and land management practices,
for example, have been shown to be important drivers of
fire occurrence (Flannigan et al. 2009a; von Platen et al.
2011; Collins et al. 2015; Hanson et al. 2015; Pyne 2016;
Fletcher et al. 2020). A reconstruction of a fire-danger
index, such as the Forest Fire Danger Index (FFDI) for
Australia, would provide a useful complement to recon-
structions of related climate variables such as drought
and temperature.

The FFDI (McArthur 1967) is a representation of the
expected rate of fire spread or suppression difficulty given
the combination of its components. It is widely used to indi-
cate dangerous weather conditions for wildfires (commonly
referred to as bushfires) in Australia. It is comprised of four
components: temperature, relative humidity, a drought factor
and wind speed. It can be expressed as:

FFDI = exp(0.0338T — 0.0345RH +0.0234v
+0.243147) x DF%-%87

where T is temperature, RH relative humidity, DF a drought
factor estimating the proportion of fine fuel available to burn,
based on the Keetch-Byram drought index (Keetch and Byram
1968) to reflect soil moisture, and v is wind speed (km/h)
(Noble et al. 1980). Although the FFDI has limitations, it has,
over the instrumental period, been closely linked with large
and/or intense forest fires, particularly in temperate regions of
southern and eastern Australia (Dowdy et al. 2009; Abram
et al. 2021).

Gridded FFDI data are now available for the 1950-2019
period at high resolution (0.05° X 0.05°) (Dowdy 2018).
These are based on gridded analysis of observations as
provided by data from the Australian Water Availability
Project (Jones et al. 2009). These data provide an opportu-
nity to investigate the possibility of reconstructing Australian
seasonal fire danger for years prior to 1950 using proxy
records with annual resolution such as tree rings. Tree-ring
chronologies in southern Australia are sensitive to tempera-
ture, precipitation and drought (Buckley et al. 1997; Cook
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et al. 2000; Cullen and Grierson 2009; Allen et al. 2015,
2018; Palmer et al. 2015; Nitschke et al. 2017; O’Donnell
et al. 2018), all of which are included in the formulation of
the FFDI. Temperature and drought, in particular, have been
widely implicated as critical fire risk factors (Flannigan et al.
2009a; Meyn et al. 2010; Williams et al. 2014; Abram
et al. 2021).

In this study we exploit the drought and temperature
sensitivity of various tree-ring chronologies in southeastern
Australia to test the potential for reconstructing past fire
conditions in the region. Temperature, drought and humid-
ity are all critical elements of seasonal fire danger (Williams
et al. 2014; Goss et al. 2020). The importance of wind for
influencing fire danger, as represented in indices such as the
FFDI or other fire indices (Dowdy et al. 2009), poses an
important challenge. However, although wind is important
for individual cases of extreme fire danger at daily-weekly
scales, variation in fire weather at longer climate time scales
in Australia appears to be primarily driven by factors other
than wind. These include temperature, relative humidity,
rainfall and drought (Dowdy 2018), based both on post-
1950 observations and 21st Century climate projections
(CSIRO and Bureau of Meteorology 2015). The trees’ ability
to capture variables that play an important role in long-
term variability in fire danger suggests there is merit in
testing their ability to capture past fire conditions as encap-
sulated in the FFDI. Such reconstructions may be especially
valuable in helping to understand the extent of the link
between seasonal fire danger and fire incidence prior to
the 20th Century.

Materials and methods

Tree ring chronologies

The majority of the tree-ring sites used in this study are
located in Tasmania, with some additional sites in Victoria
(Table 1, Fig. 1). The Tasmanian chronologies are based on
four long-lived conifers: Huon pine (Lagarostrobos frankli-
nii); King Billy pine (Athrotaxis selaginoides); pencil pine
(Athrotaxis cupressoides); and celery top pine (Phyllocladus
aspleniifolius). There are also five Victorian tree-ring chro-
nologies. Four of these are based on Melbourne City street
trees: oak (Quercus robur L.); elm (Ulmus spp.); white poplar
(Populus alba); and one has been developed from snowgum
(Eucalyptus pauciflora) in the Victorian highlands (Fig. 1).
These sites were selected from an existing network and are
sensitive to temperature or hydroclimate (Cook et al. 1991;
Allen et al. 2001, 2011, 2015, 2017a, 2017b, 2018, 2019;
Brookhouse et al. 2008; Brookhouse and Bi 2009; Drew et al.
2013; O’Donnell et al. 2016; Nitschke et al. 2017). Despite
their urban location, the Melbourne City street trees were
sensitive to precipitation (Q. robur r > 0.5 and Ulmus spp.
R > 0.4 winter and spring months; Nitschke et al. 2017).
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Table I. Details of tree-ring chronologies used in at least one reconstruction in the western Tasmania.
Site Species Chronology type First Last n(N) No. cells % cells + -
BTAMFA LGFR MFA 1850 2009 20(14) 350 37.27 t0
*COLWRD PHAS LW TRD 1700 2011 44(28) 350 37.27 tl
FBDRDE ATSE EW TRD 1685 2011 25(18) 350 37.27 t0
*MLELM2V ULSP RW 1882 2012 31(17) 350 37.27 tl
*SWCTRW PHAS RW 1590 2012 151(70) 350 37.27 tl
*SWCRW PHAS RW 1590 2009 53(32) 350 37.27 tl
FEBTRD ATSE TRD 1684 2011 27(15) 349 37.17 t0
BCHUPD LGFR RW 1590 2012 112(50) 348 37.06 t0
FEBDEN ATSE DNS 1619 2011 30(16) 348 37.06 t0
RESLAK ATSE RW 1700 2008 40(17) 348 37.06 t0
BTATRD LGFR TRD 1810 2009 26(14) 345 36.74 t0
FEBWTT ATSE WT 1619 2011 43(26) 344 36.67
*COLWDN PHAS LW DNS 1700 2011 17(12) 343 36.53 t0
EASCTP PHAS RW 1590 2007 167(88) 314 33.44 tl
FEBEWW ATSE EWW 1600 2011 56(20) 304 32.37 tl
BTADNS LGFR DNS 1830 2009 21(14) 299 31.88 tl
KBMSEW ATSE EWW 1650 2011 65(26) 297 31.63 t0
KBSTRW ATSE RW 1590 2011 34(12) 294 31.31 t0
BCHWTT LGFR WT 1600 2012 15(10 282 30.03 t0
LMHigh LGFR RW 1590 2011 48(24) 280 29.82 t0
PBTDHP LGFR TRD 1590 2012 48(25) 277 29.5 t0
MCKWTT ATCU WT 1590 2009 30(20) 274 29.18 t0
PBWTHP LGFR WT 1590 2012 46(25) 272 29 t0
MFIELD ATCU RW 1590 2008 93(49) 271 28.86 t0
*SRTRW LGFR RW 1590 2017 178(101) 271 28.86 t0
TPKWHP LGFR WT 1590 2012 33(17) 267 28.46 tl t0
FBDNEW ATSE EW DNS 1684 2011 25(16) 261 27.83 t0
*COSWDN PHAS DNS 1530 2011 41(26) 257 27.37 t0
MCKWTE ATCU EW WT 1590 2009 29(19) 250 26.62 t0
PBDNHP LGFR DNS 1590 2012 54(28) 24| 25.67 t0
MRD2HP LGFR RW 1590 2009 289(148) 236 25.13 t0
FBWTLW ATSE LW WT 1684 2011 23(14) 235 25.03 t0
*TNEDNL PHAS LW DNS 1693 2009 21(14) 235 25.03 t0
*TNEDEN PHAS DNS 1697 2012 27(14) 232 2471 t0, tl
MCKDEN ATCU DNS 1590 2009 29(22) 229 24.39 t0
CMTEW ATSE EWW 1590 2008 43(26) 215 229 t0
MCKWTL ATCU LW WT 1590 2009 27(18) 214 22.79 t0
*COMNDN PHAS DNS 1700 2011 15(9) 212 22.58 t0
PBWHP LGFR RW 1590 2012 71(36) 211 22.47 tl

(Continued on next page)
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Table I. (Continued)

Site Species Chronology type First Last n(N) No. cells % cells + -
PNLMCP ATCU RW 1590 2009 115(54) 209 22.26 tl
TPKTHP LGFR TRD 1590 2012 32(17) 203 21.62 t0, tl
CMTCMT ATSE RW 1590 2008 221(111) 202 21.51 t0

MCKDNe ATCU EW DNS 1590 2009 28(16) 193 20.55 t0
FEBLWW ATSE Lww 1481 2011 45(21) 180 19.17 t0
BCHTRD LGFR TRD 1600 2012 15(10) 173 18.42 t0
*SRTWT LGFR WT 1590 2017 111(57) 168 17.89 t0
FBDNLW ATSE LW DNS 1684 2011 25(17) 137 14.59 t0
*COSWRD PHAS TRD 1550 2011 50(32) 136 14.48 tl

*SRTTRD LGFR TRD 1590 2017 80(49) 122 12.99 t0, tl
*SRTDNS LGFR DNS 1590 2017 95(61) 99 10.55 t0
MSATRW ATSE RW 1731 2011 32(12) 99 10.54 t0

MRDEWW ATSE EWW 1590 2011 39(24) 78 8.3l tl
MDKBRD ATSE TRD 1590 2012 26(16) 75 7.99 t0

TPKDHP LGFR DNS 1590 2012 27(18) 74 7.89 tl

MCKDNI ATCU LW DNS 1590 2009 28(19) 74 7.88 t0
BCHDNS LGFR DNS 1590 2012 15(10) 65 6.92 t0
MDKBWT ATSE WT 1590 2012 29(17) 65 6.92 t0
*TNETRD PHAS TRD 1691 2012 23(12) 43 4.58 t0
MDKBDN ATSE DNS 1590 2011 28(16) 40 4.26 t0
LKMACK ATCU RW 1590 2008 188(106) 35 3.73 tl
*TNERDE PHAS EW TRD 1698 2009 20(13) 35 3.73 t0, tl
*MELPOPV POSP RW 1882 2012 16(8) 23 2.45 tl
MTREAD ATSE RW 1590 2011 119(62) 23 2.45 tl
FBWTEW ATSE EW WT 1684 2011 24(16) 19 2.02 t0
*COMMRD PHAS TRD 1700 2011 21(13) 18 1.92 t0
MCKRDe ATCU EW TRD 1590 2009 25(17) 18 1.92 t0

FTNEWTT PHAS WT 1691 2012 23(12) 18 1.92 t0, tl
BAWRWV EUPA RW 1801 2008 181(72) 9 0.96 tl
*TNEWTL PHAS LW TRD 1706 2009 22(14) 8 0.85 t0, tl

*MLELMIV ULSP RW 1900 2012 21(14) 4 0.43 tl
FEBTRW ATSE RW 1590 2011 63(23) 3 0.32 tl
MRDLWW ATSE Lww 1590 2011 26(17) [ 0.11 t0

* indicates location provided is approximate because chronology is a composite of two or more sites. A ¥ denotes a Victorian tree-ring site. n(N) shows the
number of samples (trees) at each site. No. cells and % cells refer to the number and percentage of grid cell reconstructions respectively for which the chronology
used. Chronology order in Table is from highest to lowest % of grid cell reconstructions that utilised each chronology. The + and — columns represent the sign of
correlation with the FFDI target. t0 indicates concurrent response, tl in bold indicates lagged response. The sign of correlation between a particular chronology
for a particular lag (i.e. t0 or tl) and the target was the same for all grid cell reconstructions to which the chronology contributed. See Supplementary Table S2 for
site locations and names, and Supplementary Table S3 for explanation of chronology types.

Trees sampled at Tasmanian sites were typically older ~50-60% of the age of older trees). This effort, however,
individuals, although where possible, an effort was made  was limited by restrictions on permits issued by land
to also sample slightly younger trees (trees estimated to be =~ management agencies.
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In dendroclimatology, tree-ring chronologies undergo
a standardisation process in an effort to minimise non-
climatic variability. Standardisation method varied across
sites, with a negative exponential curve or negative regres-
sion line used to standardise the five Victorian sites that
were growing in relatively open conditions and exhibited
this growth pattern. This standardisation method, however,
was not suitable for the Tasmanian sites which typically
grow in closed canopy forests and experience much higher
levels of dynamic forest processes. Additionally, many of
the Tasmanian chronologies were based on wood properties
other than ring width, and did not display a semimonotonic
negative trend in growth over time. These chronologies
were standardised using either an age-dependent spline
(Melvin et al. 2007) or the Friedman supersmoother
(Friedman 1984). The stiffness of the 50% cutoff age-
dependent spline varies over time, being more flexible at
the start of the series (here, initial segment length was
50 years), and becoming progressively stiffer through to
the modern end of the series as interannual growth varia-
bility typically declines. When using the Freidman variable
span supersmoother, an a-value of 7 or 8 was used to impart
moderate flexibility, while avoiding removal of too much
medium-frequency variability. The a-value was determined
through inspection of smoothing curves and series.
Standardisation was done within the signal-free framework
(Melvin and Briffa 2008), using the RCSsigFree_SingleMWRE
software developed by Dr Ed Cook that extends the function-
ality of ARSTAN (Cook 1985). Final chronologies were
computed using residuals rather than ratios, and an age-
dependent spline was used to stabilise increased variance
that may be due to low sample depth. All chronologies that
extended to at least 2007 (many chronologies end between
2000 and 2012) were used for reconstruction purposes.

150.000

gies used.

Portions of chronologies with fewer than five samples were
excluded from analysis.

FFDI data

The daily gridded FFDI data were sourced from the
Australian Bureau of Meteorology. With growing concern
over high fire-danger seasons, we focused our reconstruc-
tions on high fire-danger conditions. For the purposes of this
study, we define high fire-danger days for an individual grid
cell as those in the upper quartile of values for that grid cell
over the January to March season. This effectively means we
focus on relative values rather than imposing a fixed FFDI
value across all grid cells. Using an absolute fixed value of
FFDI (e.g. FFDI > 50) would result in significant spatial
biases because FFDI will generally be lower in southern
Tasmania than on the Australian mainland (Dowdy et al
2009; and compare the approach taken by Dowdy 2018).
Southern Tasmania can experience high fire-danger weather
and destructive fires, even when FFDI appears low by main-
land Australian standards. Average January-March FFDI
for our study region, for example, is 8.2 with a range of
3.67-15.5 (January, 5-16; February, 4-16; March, 2-13).
The FFDI briefly peaked at 25 in the zone of the 2019 fires in
southern Tasmania when they occurred. For most of the
2-week period after fire ignitions on 15th January 2019,
however, FFDI was <10 (Wardlaw 2021). Similarly, fire
conditions were described as ‘moderate’ in the lead up to
the 2016 fires on the Central Plateau in Tasmania. The
highest FFDI value recorded during this fire event was 36
at the town of Cressy on the plains below The Plateau
(Bureau of Meteorology 2016). To put this in context, fire
weather warnings in the east Australian states are generally
issued when FFDI = 50 (severe fire danger).
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We used the upper quartile in preference to more extreme
values (e.g. upper decile) because these more extreme values
resulted in a large number of Os in the data set, and hence
a lack of interannual variability that prohibited a useful
reconstruction. This procedure enabled us to examine the
possibility of producing statistically valid reconstructions
of seasonal fire danger (expressed as the number of high
fire-danger days) across a broad geographical area.

The reconstructions

We first investigated the potential to use the existing tree-
ring chronologies to reconstruct high fire-danger seasons, as
defined above, across a broad swathe of southeastern
Australia (from 31.15-44°S, and 138.8-152.15°E). This
enabled us to subsequently identify regions to target for
further examination, and regions for which the current set
of tree-ring data cannot provide useful and temporally stable
reconstructions.

We began by assessing correlations between the gridded
FFDI and all non-lagged and lag-1 tree-ring predictors. For
each grid cell, three measures of correlation (Pearson
R, Spearman R and Robust Pearson) were used to assess
significance (two-tailed; P < 0.1) with the target FFDI.

Predictors lagged by 1year were also used because in
many cases, the Tasmanian trees use resources stored from
the previous growing season, and the current year’s growth
is also linked to the previous year’s conditions (Buckley et al.
1997; Allen et al. 2001, 2011). No weighting was applied to
predictors. All statistically significant predictor chronologies
were then passed to a nested principal component regres-
sion procedure (see Cook et al. 1999). Using this approach,
one final reconstruction based on principal components of
the predictors (where possible) was produced for each of the
36566 grid cells. Nesting the principal component-based
reconstructions accounts for the declining number of predic-
tors back in time (see Table 1 for lengths of input predictors).
For each grid point, successive reconstructions are produced,
each successive one longer, but based on fewer predictors as
they drop out. These reconstructions are then spliced together
after rescaling to recover lost variance due to regression in the
calibration period. Using a split calibration—verification
approach common to tree-ring reconstructions, we first used
the 1979-2007 period for calibration and the 1950-1978
period for verification. We then reversed these periods to
check temporal stability of reconstruction quality across the
domain (Fig. 1).

Reconstruction quality was assessed through a series
of commonly used statistics. These included R?* for the
calibration period (CRSQ), and the cross-validated reduction
of error for the calibration period estimated using a leave-
one-out procedure (CVRE; Michaelsen 1987). For the verifi-
cation period, R* for the verification period (VRSQ, but
note the sign before squaring is retained, so VRSQ can be
negative), the reduction of error for the verification period
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(VRE) and the coefficient of efficiency (VCE) were calcu-
lated. Both VRE and VCE range from — o to 1. A positive
value for either statistic indicates the reconstruction is supe-
rior to the climatology (in this case, mean number of days in
the upper quartile of January—March FFDI in the instrumen-
tal data set). VRE is basically a comparison of the squared
differences of the instrumental data and reconstruction
with the squared differences of the instrumental data and
the calibration period mean. VCE is very similar, but the
comparison of the squared differences of the instrumental
data and reconstruction is with the squared differences of
the instrumental data and the verification period mean.
Obtaining a value >0 for VCE is therefore more difficult
than for VRE.

The two sets of models (early and late calibration periods)
and their resultant statistics (Fig. 2) were used to identify
general regions for which spatial clusters of reconstructions
could be verified (based on VRE > 0) for both the 1979-2007
(late) and 1950-1978 (early) calibration periods. The exact
area over which verification occurs differs for the two differ-
ent calibration periods. From these models, a substantial
cluster of verifying grid points for both periods was identified
for western Tasmania (south of —41.5°S and west of 146.5°E;
Fig. 1). Although there are patches of reconstructions in the
northwest of the domain that obtain VRE > 0 (Fig. 2), there is
considerable spatial instability across the two periods in rela-
tion to where those cells were located. Therefore, we did not
select the northwest region for further examination.

We extracted all reconstructions in the west Tasmanian
region and applied three different criteria to produce three
data sets for the early and late calibration periods. The first
set of reconstructions for consisted of all reconstructions in the
defined region (ALL) extending back to 1590; the second, only
reconstructions for which VRE > 0 (VREQ); and the third,
only those grid cell reconstructions for which VCE > 0
(VCEQ). We use only the period from 1590 because prior to
this time, the number of skilful reconstructions (as measured
by VRE and VCE) rapidly declines. The rationale for examin-
ing these three sets of reconstructions for each region is to
determine whether reconstructions that fail to pass VCE or
VRE still provide patterns of temporal variability that are
similar to those of the higher quality reconstructions. If this
is the case, then these lower quality reconstructions may still
be useful for assessing general patterns of change over recent
centuries, despite their inability to obtain VRE or VCE > 0.

Once this data examination was complete, we developed
reconstructions calibrated against the full 1950-2007 period.
We used this full period for calibration because the sharp
increase in FFDI over most recent decades meant that a
model calibrated on either of the shorter calibration periods
did not adequately capture lower (1970-2007 calibration
period) or higher (1950-2007 calibration period) values
(Supplementary Fig. S1). Using the full period for calibration
somewhat alleviates this issue, but its use means no data
were withheld for independent verification of models.
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Fig. 2. Reconstruction quality statistics across whole domain ini-
tially examined for the two short calibration periods. Left: 1950-1978
calibration period, Right: 1979-2007 calibration period. CRSQ is R?
for the calibration period, and CVRE the cross-validated reduction of
error for the calibration period; VRSQ is R? for the verification
period; VRE is the reduction of error for the verification period;
and VCE is the coefficient of efficiency for the verification period.

However, we note that the area for which models were
developed was initially selected based on the statistics for
the two shorter calibration periods.

The FFDI reconstructions for the western Tasmanian
region (Fig. 1) were averaged and a standard deviation for
each year calculated. The number of grid cells used was 939.

Results

The averaged and smoothed reconstructions for the early,
late and full calibration periods (see Supplementary mate-
rial for more information; Supplementary Figs S1-S3) are
remarkably similar to one another (Supplementary Fig. S3).
Additionally, comparison of the different sets of split-period
calibration models (ALL, VREO and VCEO) indicates that simi-
lar patterns of variability can be observed (Supplementary
Fig. S4), despite the large changes in the number of cell
reconstructions (Supplementary Table S1). Not unexpectedly,
the visual agreement between the averaged instrumental data
and the averaged full period Tasmanian reconstructions is an
improvement on either of the early or late calibration period
reconstructions (Fig. 3, Supplementary Fig. S1).

The average variance explained for the full period
Tasmanian reconstructions is approximately 35% in the most
recent nest, falling to ~25% in the earliest nest (Fig. 4). As
such, the quality of the reconstructions is modest, but the
positive value of VRE across much of the area for the respec-
tive early and late calibration periods (Fig. 2) indicates that
the regionally averaged reconstructions exhibit useful skill (i.e.
are superior to the climatology). Additionally, the positive
values of CVRE (Fig. 4) indicate skill based on the full calibra-
tion period. Tree-ring chronologies used as input predictors in
reconstructions are shown in Table 1 and Supplementary
Tables S2, S3.

According to the averaged reconstructions (Fig. 3),
although there has been a strong increase in FFDI in the
past 30years, reconstructed values as high as post-2000
values have previously occurred. The 5 years with the high-
est reconstructed number of high fire-danger days include
1656 (57.39), 1661 (54.89), 1890 (52.47), 1961 (53.2) and
2008 (58.91), while more extended periods of relatively
high fire danger were reconstructed for the 1650s—early
1660s, 1860-1861, late 1880s-mid 1890s and since 2000
(Fig. 3). The 5 years for which reconstructed fire danger was
lowest include: 1624 (9.94), 1664 (8.76), 1686 (9.4), 1849
(12.63) and 1965 (5.35). According to the reconstruction,
more extended periods of low fire danger occurred in the
early 1760s, the 1820s and the early 1920s. There has been
a sustained trend towards summers with a higher number of
days in the upper quartile of FFDI values over the past five
decades that is not matched in the 430-year long record
(Fig. 3a, b).

A total of 3938 predictor series were used in this study.
These series were sourced from 1123 trees, with multiple
types of series generated from many of these trees (e.g. at
some sites a single tree yielded a ring width, average den-
sity, average tracheid radial diameter and average cell wall
thickness chronologies — see Table 1). The total number of
predictors available varied through time (Fig. 5), with the
lowest numbers of samples and trees at the start and end of
the 1590-2007 period and the highest numbers from 1850
to 1970. More specifically, the minimum number of
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predictors included for any year was 1253 samples (1590-
1591), 763 trees (1590) and 457 ring-width series (1590).
Maximum number of input predictors used was 2668
samples (1910, 1915), 1528 trees (1653, 1946) and 775
ring width series (1950, 1952, 1960).

The correlation of a single predictor chronology with
FFDI was consistently of the same sign across all grid cell
reconstructions in which it was used in the subsequent
PC-regression reconstruction model (Table 1). In some
cases where both lagged and non-lagged chronologies
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were used, the sign of correlation of lagged and non-
lagged chronology differed (Table 1). The signs of these
correlations with FFDI were also consistent with dominant
climate relationships shown in previous work for different
chronologies (Allen et al. in revision; Buckley et al. 1997;
Allen et al. 2001, 2011, 2017b, 2018; Nitschke et al. 2017).
For example, the precipitation-sensitive Quercus and Ulmus
respond positively to precipitation and have a negative
correlation with the FFDI (Table 1); the dominant response
of PBDNHP to temperature is negative, as is its correlation
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Fig. 5. Number of samples and trees available for
use in reconstructions through time. Red line indicates
total number of samples; green line shows the number
of trees but allows duplicate trees where multiple
types of chronologies were developed from them;

— No. samples No.trees — No. trees, RW only

with the FFDI target; high elevation BCHUPD Huon pine
ring width is positively associated with both temperature
and the FFDI; and the dominant response of PNLMCP ring
width is lagged and negative to both temperature and the
FFDI (Table 1, Supplementary Tables S2, S3; Allen et al.
2018, in revision).

Lagarostrobos franklinii is the most commonly selected
species, with Populus alba and E. pauciflora least selected
(Table 2). Looking at selection based on the weighted pro-
portion of chronologies used (Table 2) for the species (and
ignoring cases where n = 1), the most commonly selected
species were Ulmus spp. (n = 2) followed by A. cupressoides
(n = 10) and then P. aspleniifolius (n = 15). With respect to
chronology types, weighted values (again ignoring cases
where n = 1) indicate that earlywood density (n = 2), late-
wood cell wall thickness (n = 2) and latewood tracheid
radial diameter (n = 2) were, on average, the most selected
chronology types (Table 2). In contrast, ring width chrono-
logies (n = 21) were least selected based on the weighted
measure. Athough these averages present some interesting
information, caution should be applied to broad inferences
made regarding the usefulness of chronology type or spe-
cies. For example, the ring width chronologies for BCHUPD
and RESLAK are selected in over 37% of grid cell reconstruc-
tions, whereas the FEBTRW chronology is utilised in less
than 1% of reconstructions (Table 1).

Discussion

In a short-medium term context, Doerr and Santin 2016
found that area burnt by fire on a global basis has actually
decreased, particularly over the first half of the 20th Century
(Flannigan et al. 2009b), before increasing again. On a simi-
lar time scale, Abram et al. (2021) indicated that dangerous
fire weather in southeastern Australia (not including
Tasmania) has now begun to emerge from the historical
background (defined as =20 above the natural variability
level for 1950-1999). Our reconstructions are consistent
with these findings. Although there have been individual
years in previous centuries when the reconstructed number

and black shows the total number of trees available
(but each tree is only counted once, regardless of the
number of chronology types developed from it).
There were 457 trees available in 1590 (black line)
and 459 in 2007 (black line).

of high fire danger days in southwest Tasmania was higher
than many recent years, the persistent upward trend in
the number of high fire-danger days since ~1940 is
unprecedented in the 430-year context. The lack of years
with a low number of high fire-danger days in western
Tasmania since the 1970s is also unusual in the 430-year
context (Fig. 3). Of the 23 years for which the number of
high fire danger days is greater than lo above the mean
(reconstruction period 1590-2007 plus instrumental data
from 2008), seven occur in the post-1950 period (1951,
1961, 2008, 2010, 2013, 2016, 2019), while the remaining
16 are spread over the preceding 360 years (1603, 1611,
1626, 1650, 1656, 1661, 1668, 1740, 1826, 1841, 1855,
1861, 1887, 1890, 1895, 1911). By providing a long-term
perspective, our reconstruction adds further weight to
growing concerns about the trend towards the increasing
occurrence of high fire-danger weather found in short-term
instrumental records.

The skill of the FFDI reconstructions is comparable to
previous hydroclimate reconstructions produced for Tasmania.
The Allen et al. (2015) streamflow reconstructions for
Tasmania have explained 23-35% of December-January
streamflow and dam inflow over the period 1560-2007,
and the July-August dam inflow reconstruction explained
23% of the variance. However, the skill metrics for both
these reconstructions, as well as the current FFDI
reconstruction, are lower than the Palmer et al. (2015)
spatial drought reconstruction that explained more than
50% of variance in drought conditions over Tasmania.
Similarly, the FFDI reconstruction skill is lower than previ-
ous temperature reconstructions for Tasmania. The Cook
et al. (2006) warm season (November—April) reconstruction
explained approximately 45% of the variability over the
November—April period, with Allen et al. (2018) later
improving this to 50-60% through the use of alternative
wood properties to reconstruct December-February tempera-
ture. Recent preliminary work by Wilson et al. (2021)
indicates that a similar level of variance (50-60%) can
be explained in summer temperatures for Tasmania using
chronologies developed from blue-intensity data. For the
cool season (July-October), Allen et al. (2019) explained
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Table 2. Chronologies used in reconstructions by type and
species.
Chronology type Average% no_crns Weighted
Average cell wall thickness 2251 8 28l
Average density 20.30 I 1.85
Average latewood density 25.03 | 25.03
Average microfibril angle 37.27 | 37.27
Average tracheid radial 18.54 10 1.85
diameter
Earlywood cell wall 14.32 2 7.16
thickness
Earlywood density 24.19 2 12.10
Earlywood tracheid radial 14.31 3 4.77
diameter
Earlywood width 23.80 4 5.95
Latewood cell wall 2391 2 11.96
thickness
Latewood density 19.67 3 6.56
Latewood tracheid radial 19.06 2 9.53
diameter
Latewood width 9.64 2 4.82
Ring width 20.89 21 0.99
Species Average% no_crns Weighted
ATCU 18.82 10 1.88
ATSE 19.76 23 0.86
EUPA 0.96 | 0.96
LGFR 2441 20 1.22
PHAS 19.82 15 1.32
POSP 2.45 | 2.45
ULSP 18.85 2 9.43

Second column shows the average percentage of reconstructions for which
each chronology type (species) used. Third column refers to the number of
chronologies (no_crns) in the predictor pool of that type or species. The
weighted column is simply the quotient of the second and third columns. See
Table | for details regarding frequency of selection of individual site
chronologies.

between 25 and 50% of the variance across the far southeast
of Australia. However, even though the skill of our average
FFDI reconstruction is moderate, it nonetheless provides a
longer-term lens for assessing variation in fire danger
over the past 430 years. The consistency amongst the three
different versions of averaged reconstructions, and for recon-
structions calibrated on different periods (Supplementary
Figs S3, S4), lends confidence to the conclusions reached
here that the number of high fire danger days over the
January-March period is unusual in a 430-year context, and
adds to concerns based on analyses of shorter instrumental
data.
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The relatively moderate skill of the reconstructions is
likely associated with disparate scales of temporal sensitivity
between FFDI values and how a tree responds to its environ-
ment. A tree’s response to a season with a high number of
high fire-danger days will also be mediated by conditions
leading up to the season. As discussed in Methods, and
shown in Table 1, many of the Tasmanian chronologies are
sensitive to conditions of the previous year. High fire-danger
summer seasons following on from dry warm conditions the
previous year, and/or winter-spring drought, are more likely
to result in a negative impact on tree growth than if preced-
ing conditions had been wet and mild. Therefore, the same
high fire-danger conditions (January-March) in two differ-
ent years may produce different responses, contributing to
modest skill. Further, the tree-ring chronologies are not
responding directly to the FFDI; rather their relationship
with fire danger is filtered by their response to temperature
and hydroclimate. Tasmania’s relatively mild maritime cli-
mate also has an impact on the relatively moderate strength
(compared with, for example, chronologies developed from
trees close to their physiological limits) of correlations
between most chronologies and climate in this region.

Our results are particularly important given the lack of
fire weather indices for Australia prior to 1950. A more
spatially extant tree-ring network that includes a greater
range of species in locations across eastern Tasmania, and
in southern Australia more broadly, may help improve the
stability of reconstructions across a broader region. Sites
and species with a strong response to spring and early
summer may also be useful in capturing how fire danger
earlier in the season has changed over recent centuries.

There are at least two important caveats associated with
our study. Firstly, we have focused on the reconstruction of
January-March FFDI, mainly because the strongest relation-
ship between the predictors used and the FFDI occurred in
these months. It can also be considered the core of the fire
season in the southeast (Russell-Smith et al. 2007). This fixed
season may, however, inadequately represent the fire season
across the entire southeast Australian domain (Fig. 2). Use of
a fixed season also means that no inferences regarding a
changing season length observed in the instrumental data
(Dowdy et al. 2009) can be made from our results. This is
especially relevant because observations and modelling have
shown or projected an increased length of the fire season
over recent decades or into the future (Williams et al. 2001;
Fox-Hughes et al. 2014; Dowdy 2018; Dowdy et al. 2019;
Goss et al. 2020). The 2019-2020 bushfires, which com-
menced in southern Australia prior to January, illustrate
this issue.

Secondly, the regionality of our results is a further con-
sideration. Based on climate model projections, Fox-Hughes
et al. (2014) has noted considerable variability in changing
fire risk across even a small island like Tasmania. They
found a lesser increase in fire danger for western compared
with eastern Tasmania. They also projected an increase in



www.publish.csiro.au/wf

International Journal of Wildland Fire

the number of extreme fire weather days in spring for the
southeast. These modelled regional differences may help
explain why we were unable to develop higher quality
reconstructions for eastern Tasmania when the majority of
tree-ring sites are located in western and central Tasmania.

Our focus here has been on the possibility of reconstructing
seasonal fire danger in southeastern Australia. Further work
will examine the potential for developing additional tree-ring
chronologies in eastern Australia beyond Tasmania. It will
also examine the relationship between the fire incidence
and high fire-danger seasons over recent centuries, which
was beyond the scope of this paper. Information such as this
will help disentangle the role of changing land management
practices in altering the occurrence of fire in Australia over
recent centuries, against the background of seasonal fire-
danger variability.

Conclusions

Our study demonstrates that it is possible to develop mod-
estly skilful reconstructions of past seasonal fire danger from
tree-ring networks. Results for western Tasmania suggest
that there is a sustained shift towards a higher number of
high fire-danger days and a lower number of low fire-danger
days in the summer months. The persistence of this trend is
unmatched over the past 430 years, although there have
been a number of years prior to instrumental records
when the number of high fire-danger days was at least as
high as that for the past two decades.

A more extensive tree-ring network would improve upon
the useful, but modest, results obtained here. Although this
study represents a first attempt to reconstruct seasonal fire
danger for part of Australia, reconstructions of alternative
fire indices, such as the Canadian Fire Weather Index (FWI;
Van Wagner and Forest 1987), may also be fruitful where
dense tree-ring networks exist.

Supplementary material

Supplementary material is available online.
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