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Abstract 

In the tropical and subtropical regions of eastern Australia multidecadal periods of 

floods and droughts have major economic and environmental consequences.  Due to 

the short duration of instrumental rainfall records in this region the temporal pattern 

of these extreme events is poorly understood.  Subtropical Southeast Queensland 

(SEQ) is one area that frequently experiences floods and droughts and is lacking in 

both instrumental rainfall records and sources of proxy data.  There are old growth 

forest stands found in National Parks where dendroclimatology, the reconstruction of 

climate using tree-rings, can be applied.  Tree rings have been widely utilized in 

temperate environments to provide annually-resolved centennial-scale climate 

information.  However, in tropical and subtropical regions dendroclimatology has 

been underutilized, as many species in these regions are difficult to analyse.  These 

species have short life-spans, poorly preserved timber, and are believed to exhibit 

numerous ring anomalies making dating of ring series difficult.  Due to this, few 

species have been analysed for relationships between tree growth and climate.  

Recent reviews of both tropical and Australian dendrochronology have suggested 

that if a multi-technique approach is applied more species could be found suitable for 

use in reconstructing climate.   

 

This thesis first reviews the dendroclimatological history of Australia evaluating 36 

studies across the continent that examined tree and shrub species for growth-climate 

relationships.  This review showed that all four climate zones of Australia; temperate, 

arid, tropical, and subtropical, contained species that had the potential to provide 

high-quality, long-term climate reconstructions in areas under represented by 

instrumental data.  Only four climate reconstructions have been developed in 

Australia.  In all of these studies a combination of traditional ring-width 

measurements and modern analysis techniques allowed for the reconstructions to be 

developed.  Several species located in SEQ had been assessed for growth-climate 

relationships and were found to grow as a result of rainfall conditions, with trees in 

the Araucariaceae family demonstrating the most potential.  These trees are longer-

lived than most tropical/subtropical species, are known to put on annual rings, and 

grow as a result of environmental conditions which led them to be targeted in this 

thesis. 
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Secondly, to test the spatial patterns of SEQ rainfall the instrumental data network 

was evaluated with Pearson correlation analysis undertaken on 140 rainfall stations 

active during 1908 to 2007.  Stations are clustered into groups that correlate at r = 

0.80, 0.85, and 0.90 levels.  The pattern produced indicates that rainfall across SEQ 

is not uniform with correlated groups being separated by the Great Dividing Range 

with both coast-inland and north-south separations.  To determine the effect this 

spatial variability has on the spatial applicability of rainfall reconstruction, the 140-

year Toona ciliata tree-ring width record developed by Heinrich et al. (2009) is 

compared with the different rainfall groups and subgroups observed across SEQ.  

The rainfall reconstruction is found to best represent the spatial subgroups within 

which it is contained rather than representing the entire regional rainfall network.  

This suggests that several sites within SEQ need to be targeted to develop rainfall 

reconstructions for the region. 

 

Consequently three spatial distributed sites are targeted within SEQ with cores 

collected from Araucaria cunninghamii trees in D’Aguilar and Lamington National 

Parks and Araucaria bidwillii trees in Bunya Mountains National Park.  These 

Araucariaceae cores are assessed for ring anomalies though the application of 

visual ring dating with false, faint, locally absent, and pinching rings found to be 

present in both species.  However, through the use of bomb-pulse radiocarbon 

dating of A. cunninghamii samples anomalous rings are identified and annual growth 

patterns determined.  Dendrometers are installed at the Lamington and Bunya 

Mountains sites to determine the exact growth-climate relationships for these 

species in SEQ.  The amount of growth experienced by these trees is driven by 

annual rainfall while minimum temperatures are shown to be influencing the start and 

conclusion of the growth seasons. These results suggest that annual rainfall can be 

reconstructed from Araucariaceae trees when dating is verified using radiocarbon 

dating to account for ring anomalies.  

 

Two statistically significant rainfall reconstructions developed from A. cunninghamii 

trees are then presented.  The first is a 69-year rainfall reconstruction for Brisbane 

developed from the D’Aguilar site.  The trees at this location are all found to exhibit 

faint, indeterminate ring boundaries making them unsuitable for traditional visual 
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ring-dating.  A new method is presented using x-radiographs and density patterns 

scanned using an Itrax core scanner to build this reconstruction.  Thirty-nine 12mm 

cores from twenty trees have their ring boundaries identified on the Itrax produced 

images based on features visible in the radiographs and the density patterns.  Bomb-

pulse radiocarbon dating is performed to verify the chronology.  Climate response 

function analysis demonstrates that growth in driven by Austral annual (June-May) 

rainfall.  The second reconstruction is a 164-year record developed from eighteen 

trees located in Lamington National Park.  A field sampling strategy is applied where 

multiple cores are collected from the upslope, downslope, and across-slope sides of 

the study trees to help eliminate anomalous ring issues identified as being prevalent 

in these species.  This chronology is then developed using traditional visual ring 

identification complemented by bomb-pulse radiocarbon dating to verify and correct 

the ring counts.  Climate response function analysis indicates that Austral annual 

(June-May) rainfall is driving growth in these trees.  Comparisons to both a Brisbane 

rainfall station (located about 100km from the Lamington site) and a station local to 

Lamington are undertaken with the rainfall signal at the local site more closely 

related to tree growth.  Drought conditions are well represented by this chronology.  

The El Niño Southern Oscillation is found to be driving rainfall for the Lamington area 

but only since the 1940s. 

 

 
Heinrich, I., Weidner, K., Helle, G., Vos, H., Lindesay, J., & Banks J. C. G., 2009.  Interdecadal modulation of the 
relationship between ENSO, IPO and precipitation: insights from tree rings in Australia.  Climate Dynamics, 33, 
63-73.  
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Chapter 1: Introduction 

 

 

1.1 Background 

 Many tropical and subtropical regions of the world lack long-term (>100 year) 

instrumental and historical climate records; these regions also tend to have highly 

variable climates, with some areas such as the east coast of Australia known to 

experience multi-decadal periods of drought, as well as periods of extreme floods 

(Warner, 1997; Erskine and Warner, 1998; Pittock, 2003; Rustomji et al., 2009). 

Subtropical Southeast Queensland (SEQ), on the east coast of Australia 

experiences extended periods of above and below average rainfall (Saxton et al., 

2012; Haines and Olley, in press), with the associated flood and drought periods.  In 

2011 SEQ experienced catastrophic flooding which caused the loss of 22 lives and 

over $5 billion in damage to public infrastructure (Queensland Government, Office of 

the Chief Scientist, 2011).  Historical and instrumental records indicate other major 

floods had occurred in 2013, 1974, 1962, 1897, 1870, and the 1840s with 

geomorphological evidence of large scale floods extending back several millennia 

(Croke et al., 2016).  The economic costs of these floods can be devastating but they 

generally occur over short time periods.  Droughts on the other hand can extend for 

years or decades, multiplying the economic effects.  Large scale droughts are 

common in Australia with the Federation Drought (1895-1903), the World War II 

drought (1939-1945), and the Millennium Drought (1996-2010), which saw over $7.4 

billion in agricultural loss alone, all occurring within the historical record (Heberger, 

2012; BoM, 2014a; 2014b).  These extreme events follow a multi-decadal pattern, 

which for areas such as SEQ are considered to relate to both the El Nino Southern 
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Oscillation (ENSO) and the Interdecadal Pacific Oscillation (IPO) atmosphere-ocean 

teleconnections (Kiem et al., 2003; Murphy and Ribbe, 2004; Verdon et al., 2004).   

To fully understand these climate patterns long (multi-centennial scale) 

climate records are needed.  Historic and instrumental records of both rainfall and 

temperature in most regions of Australia extend back less than 100 years (BoM, 

2001), and prior to 1910 there was no national network of climate observations. This 

makes assessments of the long-term significance of regional variations in rainfall 

and/or temperature difficult. In SEQ the longest record begins in 1841 (Brisbane 

Regional Office), but is not considered to be reliable until the 1860’s (BoM, 2015).  

Instrumental records of this length do not provide enough data to understand the 

variability within the regions long-term climate history.  In order to develop long-term 

patterns of rainfall variability, and subsequently the history of past floods and 

droughts, proxy rainfall reconstructions must be developed.  This becomes difficult in 

many regions of Australia as there is a lack of proxy data sources.  SEQ contains no 

natural lakes or cave systems nor are there coral beds off the coast that could be 

used as a terrestrial climate proxy (Haines and Olley, in press).  In North America 

and Europe, climate records have frequently been extended beyond the start of 

instrumental and historical records using tree rings (Briffa et al., 1990; Cook et al., 

2007; Luckman et al., 1997; Wilson et al., 2005).   

Early investigation into conducting dendrochronological research in Australia 

suggested this technique would be useful only in the temperate regions (Ogden, 

1978).  This is partly because many Australian tropical/subtropical tree species do 

not form annual rings which are needed for climate reconstructions (Heinrich and 

Allen, 2013).  Additionally, for those species that do demonstrate annual ring growth, 

ring anomalies are common.  Many species present false rings, ring wedging, 
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juvenile growth effects, and are heavily affected by localized influences; all of which 

can cause problems with traditional ring dating (Worbes, 2002).  Tropical Australian 

trees have also been found to be short-lived, and due to the nutrient requirements to 

support their large size they frequently suffer from heartwood rot causing a loss of 

the oldest tree material (Ogden 1978; 1981).  It is for the above listed reasons that 

very few dendroclimatological studies have been undertaken in the Australian tropics 

and subtropics.  Prior to this PhD thesis only one tree-ring climate reconstruction had 

been developed for each of tropical and subtropical Australia.  In the tropics Heinrich 

et al. (2008) used Toona ciliata (M. Roem) trees to create a 140-year rainfall 

reconstruction on the Atherton Tablelands.  In the subtropics T. ciliata were again 

used by Heinrich et al. (2009) at a site in Lamington National Park to create a 146-

year rainfall reconstruction.  These two studies demonstrated that dendroclimatology 

could be applied in these Australian environments.   

 

1.2 Research Objectives 

This thesis investigates the application of dendroclimatology for reconstructing 

rainfall records within the subtropical SEQ region of Australia.  This includes a review 

of dendroclimatology in Australia, an investigation of rainfall variability across the 

SEQ region based on instrumental records, an investigation into tree growth-climate 

relationships of Araucariaceae species, and an application of both traditional and 

modern methods to develop rainfall reconstructions from Araucaria cunninghamii 

Mudie tree rings at two locations in SEQ. 

The first objective of this PhD was to determine which species should be 

targeted and what analysis methods applied to create a long-term subtropical tree-

ring rainfall reconstruction.  Prior to the undertaking of this research a detailed 
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understanding of how dendroclimatology has been applied within Australia did not 

exist.  Chapter 2 represents a literature review of all studies that involved making 

connections between tree-ring research and climate in Australia.  This review 

investigated what species and techniques had been applied to Australian 

dendroclimatological research within the four main climate zones of this continent; 

tropical, subtropical, arid, and temperate.  The results presented demonstrate a bias 

towards work within the temperate areas, but also highlight that modern analytical 

methods were being successfully applied in the other three climate zones.  While 

only four climate reconstructions had previously been developed in Australia several 

species demonstrated dendrochonological potential for use along the subtropical 

Australian east coast.  Work by Ash (1983) indicated that trees from the 

Araucariaceae family were longer lived than many other tropical species and that 

one species in this genus, A. cunninghamii, demonstrated annual growth rings which 

could be used to reconstruct rainfall.  Reconnaissance work of National Parks within 

SEQ located several stands of both A. cunninghamii as well as some of a similar 

species Araucaria bidwillii Hook which were selected for use in this study.  As 

Chapter 2 highlighted the success of using a mixture of traditional and modern 

techniques for climate reconstruction in Australia this study was designed around the 

implementation of a multi-technique approach. 

 The second objective of this study was to understand how the spatial 

variability of rainfall within SEQ would affect the application of single site 

dendroclimatological reconstructions.  In Chapter 3 instrumental records of rainfall 

across the region for the 1908-2007 period are used to assess this spatial variability.  

Our analysis determined rainfall across SEQ was not uniform with all gauging 

stations used in the study correlating at r = 0.24.  We noted that two major spatially 
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cohesive rainfall groups existed with all stations within each group correlated at r = 

0.80.  Stations within these large groups were also found to correlate at a higher 

level (r = 0.85 and r = 0.90) within smaller spatially distinct subgroups.  This was the 

first study that presented an analysis of spatial variability of rainfall across SEQ 

indicating that the entire region cannot be assessed as having the same rainfall 

pattern.  To prove this point we compared the different groups and subgroups to the 

Lamington National Park T. ciliata rainfall reconstruction undertaken by Heinrich et 

al. (2009).  This analysis suggests that single site tree-ring studies are well 

representative of the temporal changes in climate within close spatial proximity to 

them but they cannot be considered representative of the entire SEQ region.  The 

correlation between the Lamington National Park record was very poor with rainfall 

subgroups located at a distance across the catchment.  Using the results from this 

work the spatial area that rainfall reconstructions developed from the remnant 

Araucariaceae sites located in SEQ could represent were determined. 

The literature cited in Chapter 2 indicated that the best way to achieve an 

annually dated tree-ring series in species with many ring anomalies was to develop a 

better understanding of the species ecology and wood properties.  This formed the 

basis of the third research objective, to learn more about the dendroecology of trees 

in the Araucariaceae family and determine how growth in the target species related 

to climate.  While the work by Ash (1983) had shown that trees in the Araucariaceae 

family could be used to reconstruct rainfall in the tropics his work also demonstrated 

a heavy presence of ring anomalies, especially false rings.  In order to develop an 

annual ring pattern from Araucariaceae species a better understanding of their wood 

properties and the relationship between their growth and environmental variables 

was needed.  In Chapter 4 we examine two Araucariaceae species, A. cunninghamii 
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and A. bidwillii, to identify ring anomalies and determine how best to date rings from 

these species.  False, locally absent, faint, and pinching rings were all found in core 

samples from these trees.  However, through the use of bomb-pulse radiocarbon 

dating it was possible to identify such anomalies and work with them to annually date 

these tree-ring series.  To better understand the growth-climate relationships 

dendrometers were placed on four trees at one A. cunninghamii site as well as at 

one A. bidwillii site within SEQ and monitored over two years.  This was the first time 

that dendrometers were used both on these species and in this environment.  The 

results from this work confirmed that the rings observed in these species were 

annual and indicated that they grew in relation to rainfall.  This means that trees from 

these subtropical species can be used to created tree-ring width chronology series 

and are useful for rainfall reconstructions.   

 The fourth and final objective of this study was to develop a rainfall 

reconstruction for subtropical Southeast Queensland, Australia.  Two such 

reconstructions were developed from A. cunninghamii tree rings located within SEQ 

which are presented in Chapters 5 & 6.  Chapter 5 presents a short-term rainfall 

reconstruction of Brisbane city annual rainfall developed from a tree-ring record 

collected in D’Aguilar National Park.  While this record is of short duration its strength 

and importance lie in the method used to create the chronology.  The tree cores from 

the D’Aguilar Maiala site suffered from a common Araucariaceae ring anomaly 

where the ring boundaries were too faint to be visually identified and traditional 

dating methods applied.  Through the use of the Itrax Core Scanner at the Australian 

National Science and Technology Organization a way to identify and measure the 

rings through X-radiograph imagery and wood density patterns was developed.  This 

D’Aguilar rainfall reconstruction proves the usefulness of this method in 
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dendroclimatological research.  This method is valuable for tropical 

dendrochronological studies where species are known to regularly present with faint 

ring boundary issues.  A second longer rainfall reconstruction was also developed 

from A. cunninghamii trees located in Lamington National Park and forms the basis 

of Chapter 6.  In this instance a 164-year rainfall record is available and was found 

to be representative of annual precipitation for the area local to Lamington National 

park.  Traditional ring-width dating was paired with bomb-pulse radiocarbon dating in 

order to develop this ring-width chronology.  Analysis of the rainfall reconstruction 

indicates that ENSO is driving rainfall variability since the 1940s but that no 

connection to the IPO is observed 

 Chapter 7 summarizes the work undertaken within this PhD research 

program and lays out future directions to continue to build on the existing knowledge 

about the rainfall variability and extreme event history across Southeast Queensland. 

 

1.3 Thesis Structure 

The thesis consists of an introduction (Chapter 1) followed by five chapters 

based on papers that have been either published (Chapters 2-3), submitted 

(Chapters 4-5), or prepared for submission (Chapter 6) as well as a summary and 

discussion of the research findings (Chapter 7).  Based on this format there is some 

repetition in information between the chapters, specifically in terms of the study area 

description and methods applied.  Each chapter stands on its own in terms of the 

information presented, and together they form a cohesive narrative.  The 

bibliographic details of the papers contained within this thesis are as follows: 

Chapter 2: Haines, H.A., Olley, J.M., Kemp, J., English, N.B., 2016.  Progress in 
Australian dendroclimatology: Identifying growth limiting factors in four climate 
zones.  Science of the Total Environment, 572: 412-421.  
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Chapter 3: Haines, H.A., Olley, J.M., 2017.  The implications of regional variations in 
rainfall for reconstructing rainfall patterns using tree rings.  Hydrological Processes, 
31(16): 2159-2160.  

Chapter 4: Haines, H.A., Olley, J.M., English, N.B., Hua, Q., in review.  Growth-
climate relationships seen in annual rings of two Australian subtropical 
Araucariaceae species.  Dendrochronologia. 

Chapter 5: Haines, H.A., Gadd, P.S., Palmer, J., Olley, J.M., Hua, Q., Heijnis, H., in 
review.  A new tree-ring dating methodology using the ITRAX core scanner to 
develop paleoclimate reconstructions in trees with faint, indeterminate ring 
boundaries.  Palaeogeography, Palaeoclimatology, Palaeoecology. 

Chapter 6: Haines, H.A., Olley, J.M., Palmer, J., Hua, Q., in preparation.  Annual 
rainfall variability for the period 1850-2014 in subtropical Southeast Queensland, 
Australia, reconstructed from tree rings.  Climate Dynamics 
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Chapter 2: Progress in Australian dendroclimatology: 

Identifying growth limiting factors in four climate zones 

 
 
 
Foreword: In this chapter the history of dendroclimatology in Australia is investigated.  Current 
climate reconstructions developed from tree-rings are reported.  Additionally, potential target 
species, regions, and methods are identified and suggestions made for future studies. 
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• Many Australian species have yet to be
tested for dendroclimatological poten-
tial.

• Only four dendroclimatic reconstruc-
tions have been published for Australia.

• There has been recent success in apply-
ing both traditional and modern analyt-
ical techniques.

• This combined approach should enable
more long-term climate records to be
developed across Australia.
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Dendroclimatology can be used to better understand past climate in regions such as Australia where instrumen-
tal and historical climate records are sparse and rarely extend beyond 100 years. Here we review 36 Australian
dendroclimatic studies which cover the four major climate zones of Australia; temperate, arid, subtropical and
tropical. We show that all of these zones contain tree and shrub species which have the potential to provide
high quality records of past climate. Despite this potential only four dendroclimatic reconstructions have been
published for Australia, one fromeach of the climate zones: A 3592 year temperature record for the SE-temperate
zone, a 350 year rainfall record for theWestern arid zone, a 140 year rainfall record for the northern tropics and a
146 year rainfall record for SE-subtropics. We report on the spatial distribution of tree-ring studies, the environ-
mental variables identified as limiting tree growth in each study, and identify the key challenges in using tree-
ring records for climate reconstruction in Australia. We show that many Australian species have yet to be tested
for dendroclimatological potential, and that the application of newer techniques including isotopic analysis, car-
bon dating, wood density measurements, and anatomical analysis, combined with traditional ring-width mea-
surements should enable more species in each of the climate zones to be used, and long-term climate records
to be developed across the entire continent.
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1. Introduction

The Australian climate is among the most variable in the world with
many areas of the continent experiencing prolonged periods of drought
and above average rainfall (Pittock, 2003; Peel et al., 2004; Gergis et al.,
2012). Historic and instrumental records of both rainfall and tempera-
ture in most regions of the continent extend back less than 100 years
(Bureau of Meteorology, 2001), and prior to 1910 there was no national
network of climate observations. This makes assessments of the long-
term significance of regional variations in rainfall and/or temperature
difficult as these short records do not allow for the impact of low-fre-
quency phenomena on climate variability to be determined. These
types of assessments can only be made using multi-centennial to mil-
lennial length rainfall and temperature records (see for example,
Neukom and Gergis, 2012; Graham et al., 2007; Seager et al., 2007).

In North America and Europe, climate records have been extended
beyond the start of instrumental and historical records using tree
rings (Briffa et al., 1990; Cook et al., 2007; Luckman et al., 1997;
Wilson and Luckman, 2005). In Australia, past reviews on the dendro-
chronological and/or dendroclimatological potential of Australian tree
species have provided mixed views on the usefulness of this proxy for
climate reconstructions (Ogden, 1978a; Worbes, 2002; Brookhouse,
2006). Many Australian species do not produce annual growth rings
(Heinrich and Allen, 2013), exhibit ring wedging, false rings, and the
growth patterns in many juvenile and dense understory trees are dom-
inated by local factors rather than the regional environmental variables
(Worbes, 2002). In addition, many Australian species are short-lived
and suffer heartwood rot due to a shortage of nutrients and resources
to support the large size of tropical trees (Ogden, 1978a, 1981). As a re-
sult, potential records are short, andmost parts of the continent lack de-
positional environments conducive to the preservation of ancientwood.
Here we review 36 Australia-based dendroclimatology studies and
summarize progress isolating climate relationships and the growth lim-
iting factors in temperate, arid, tropical and subtropical environments.
We report on the spatial distribution of tree-ring studies and identify
the key challenges in using ring-records for climate reconstruction in
Australia. We then discuss the potential role of dendroclimatology in
the development of long-term paleoclimate records within Australia.

2. Dendroclimatology

Dendroclimatology is the reconstruction of variations in climate
through time using several parameters from tree-rings including ring
width, wood properties (being features that are represented annually
in tree records but are independent of ring-width), and isotopic analy-
sis. The starting point is to determine which environmental variable is
the dominant factor limiting tree growth. Common climatic limiting fac-
tors are temperature, precipitation and/or moisture availability (Fritts,
1976). Careful site and tree selection is important to locate those trees
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which are growing at a threshold that would stress the tree so growth
occurs when the intended climatic variable for reconstruction is at an
optimum (Stokes and Smiley, 1968). For example, sites at high altitude
or latitude where trees are stressed due to being at the threshold
of their growth range provide the best temperature reconstructions
(Brookhouse et al., 2008). Reconstructions of moisture availability
and/or rainfall are often derived from trees on well drained slopes that
rely on seasonal precipitation to promote growth. However, other
non-climatic factors may limit growth, these include: canopy effects,
chronic insect or fungal infestation, and/or frost season, among others.
These localized effects can cause difficultly in extracting climate data
from a tree-ring record (Davidson and Reid, 1985; Fritts, 1976;
Morrow and LaMarche, 1978) and are more prevalent in some regions,
such as the tropics (Ogden, 1978a).

The regional significance of the tree-ring record is established by
crossdating patterns of ring growth within and between individual
trees (Fritts, 1976). Crossdating is typically based on variations in
ring-width which involves matching the pattern of ring-widths of dif-
ferent radii to create one overall pattern of ring-width variations
through time for the site. Crossdating is first applied between several
radii within a tree, and then between different trees within a group.
The pattern created represents the fluctuations in the limiting environ-
mental variable through time. Issues arise when there are localized in-
fluences on tree growth (e.g. insect infestation of an individual tree)
but also from the nature of the wood itself. Ring boundaries can be dif-
ficult to identify due to faint banding, wedging/pinching rings, narrow
ring series, missing rings due to harsh growth conditions, and false
rings from variable climatic conditions, among others and this is espe-
cially prominent in certain environments such as tropical or arid regions
(for details and images of these features see Speer, 2010: Fig. 4.23). Care
must be taken at this stage of analysis as it is normal for some trees to
not be included in the final chronology due to a lack in crossdating.
Once a series of trees have been crossdated they must be checked for
quality and measurement accuracy allowing the researcher to deter-
mine if there are issues in the dating and work out the cause of any er-
rors. A well crossdated set of tree-ring measurements can then be
developed into a chronology for the tree/site/region. Several computer
programs exist to assist for quality control and chronology which in-
clude, but are not limited to, COFECHA, ARSTAN, Tellervo, dplR,
WinDendro all of which have different advantages and disadvantages
and are described in more detail elsewhere (see Cook, 1985; Guay et
al., 1992; Grissino-Mayer, 2001; Bunn, 2008, 2010; Brewer, 2014).
Once a chronology is developed several statistical tests are evaluated
to determine the strength of the chronology such as the interseries cor-
relation, mean sensitivity, and expressed population signal (EPS)
among others. These statistics have threshold values that determine
which portion of the record is statistically sound, for example an EPS
value greater than 0.85 indicates a chronology is useful in representing
climate (Wigley et al., 1986). The robust portion of the tree-ring
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chronology is then used to reconstruct the limiting environmental var-
iable. This record is calibrated using an instrumental or proxy climate
record that overlaps for at least a proportion of the time period. The
overlapping portions of the two records, the tree-ring chronology and
themeasured data set, are divided into two,with onepart used to estab-
lish the correlation and the other used to validate the calibration.When
there are good results for both the statistical analysis of the calibration
and validation phases of a proxy record a dendrochronological climate
reconstruction can be deemed representative of past climate conditions.

3. Regional applications of dendroclimatology in Australia

The following section reviews the progress and potential for
dendroclimatic study in four major climate regimes across Australia;
based upon the Bureau of Meteorology's (BOM) Climate Classification
of Australia (BOM, 2005), specifically the Temperate, Tropical, Subtrop-
ical, and Arid zones. Table 1 provides a list of the Australian tree ring
chronologies by region and the most likely environmental variable lim-
iting tree growth. Studies that developed reconstructions are shown in
bold. Fig. 1 shows the location of these studies.

3.1. Temperate zone

The temperate climate zone of Australia includes portions of the
coasts and ranges ofmainlandWestern Australia, South Australia, Victo-
ria, andNewSouthWales, aswell as the island state of Tasmania (Fig. 1).
The earliest instrumental climate records for the temperate region begin
in 1832 in New South Wales, with a useful coverage across this zone
achieved in the 1850s (BOM, 2015).

In the seminal review of Australian dendrochronological research,
Ogden (1978a) indicated that the greatest potential exists within Tas-
mania, which possesses several tree genera that have long-lived indi-
viduals as well as ring-width characteristics that are suitable for
crossdating. Glacial-interglacial climate and sea-level changes over the
Quaternary have led to a high level of endemism in the Tasmanian
flora, such that the Tasmanian pine species found there are not present
on the mainland. Dendroclimatic study in the temperate zones of the
mainland has been less extensive than in Tasmania, owing to early sug-
gestions that Tasmanian specieswould provide stronger dendroclimatic
results. Four Tasmanian pine species were identified as being the most
Table 1
Existing Australian tree ring chronologies by region and the potential climate related variable

Region Environmental variable with potential for reconstruction

Temperature Precip

Temperate Allen et al. (2011) (Athrotaxis sp.)
Allen et al. (2012) (Athrotaxis cupressoides)
Pearman et al. (1976) (Athrotaxis selaginoides)
Brookhouse (2006), Brookhouse and Brack (2006) (Eucalyptus sp.)
Brookhouse and Bi (2009), Brookhouse et al. (2008) (Eucalyptus
pauciflora)
Allen et al. (2013), Buckley et al. (1997), Cook et al. (1991, 1992,
1996, 2000), Drew et al. (2013) (Lagarostrobos franklinii)
Allen (2002), Allen et al. (2001, 2012) (Phyllocladus aspleniifolius)
McDougall et al. (2012) (Podocarpus lawrencei)

Brook
al. (20

Arid Cullen and Grierson (2007) (Callitris columellaris) Sgherz
Cullen
(Callit

Tropical Ash (1983a) (Araucaria cunninghamii)
Baker et al. (2008) (Callitris intratropica)

Ash (1
robust
Ash (1
Baker
(Callit
Ash (1
Mucha
Heinr

Subtropical Heinri
al. (20

Those shown in bold indicate studies for which a reconstruction was developed.
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suitable for dendrochronology; namely Athrotaxis cupressoides, A.
selaginoides, Lagarostrobos franklinii (L. franklinii; then Dacrydium
franklinii, see Molloy, 1995), and Phyllocladus aspleniifolius. Ogden
(1978a) suggested that Lagarostrobos franklinii possessed great dendro-
chronological potential, prompting several researchers to focus on this
species. An international research team began studying L. franklinii in
the late 1980s, beginning with a millennial length chronology devel-
oped from the high elevation (950 m asl) temperate rainforest at
Mount Read in western Tasmania (Fig. 1; Cook et al., 1991). This re-
search developed a 1089-year record and correlated the growth of the
Mount Read trees to November–April (Austral summer) instrumental
temperatures records between1885 and 1989 (Cook et al., 1992). The
resulting reconstruction extended from 900 to 1989 and clearly identi-
fied years with either cold or warm temperatures outside the normal
range. This record is one of the longest annual temperature reconstruc-
tions for the SouthernHemisphere (Cook et al., 1992), aswell as the lon-
gest dendrochronological record in Australia. Incorporation of subfossil
L. franklinii specimens and updated analysis techniques has extended
this temperature reconstruction to 1600 BCE and improved its quality
(Cook et al., 2000). This additional work made the Mount Read L.
franklinii reconstruction one of the longest reconstructions in the
world (see Fig. 7; Cook et al., 2000). The existence of this 3592-year re-
cord allows aspects of Tasmanian temperature to be analysed that was
not possible with shorter records. For example, Cook et al. (2000) note
that the extent of recent warming since the 1900s is matchedwith a pe-
riod of temperature variability in the tree-ring record prior to 100 CE,
suggesting that the amplitude of recent change may not be anomalous.
Cook et al. (1996, 2000) also identified long-term oscillations of 31, 57,
78, and 200 years in the L. franklinii temperature reconstruction. The ex-
tensive study of L. franklinii at Mount Read has exemplified the benefits
of persistent research into growth patterns in Australian tree species.

Elsewhere in Tasmania, the effect of elevation on the temperature
response of L. franklinii was examined from a network of seven L.
franklinii sites including Mount Read at elevations ranging between
200 and 950m asl (Buckley et al., 1997). This showed that, in Tasmania,
a threshold exists at 700 m asl, above which temperature becomes the
main limiting factor to growth in L. franklinii. Stands of L. franklinii at
low elevations in Tasmania were difficult to crossdate and showed little
conformity with the temperature response of high alpine specimens
(Buckley et al., 1997). These findings provided insight into the
that could be reconstructed.

itation Streamflow SOI, IPO

house and Bi (2009), Brookhouse et
08) (Eucalyptus pauciflora)

Allen et al. (2012)
(Athrotaxis cupressoides)
Brookhouse et al. (2008)
(Eucalyptus pauciflora)
Drew et al. (2013)
(Lagarostrobus franklinii)
Allen et al. (2012)
(Phyllocladus
aspleniifolius)

Allen et al. (2011)
(Athrotaxis sp.)

a et al. (2010) (Callitris sp.)
and Grierson (2007, 2009)

ris columellaris)
983a), Boysen et al. (2014) (Agathis
a)
983a) (Araucaria cunninghamii)
et al. (2008), Drew et al. (2011)
ris intratropica)
983b) (Callitris macleayana)
(1979) (Eucalyptus sp.)

ich et al. (2008) (Toona ciliata)
ch and Banks (2005), Heinrich et
09) (Toona ciliata)
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Banks (2005); N = Heinrich and Banks (2006a), Heinrich et al. (2009).
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environmental growth relationships in L. franklinii and reinforced deci-
sions to prioritize high elevation sites in western Tasmania over lower
elevations. However, as indicated by Ogden (1978a), the scarcity of suit-
able tree species across the various climate regions in Australia, requires
dendroclimatic studies to be undertaken on trees in suboptimal loca-
tions. Drew et al. (2013) noted some temperature relationships based
onwood properties, in this case tracheid radial diameter andmicrofibril
angle, of L. franklinii from a low elevation (60 m asl) rainforest in west-
ern Tasmania. Several wood properties were also tested by Allen et al.
(2013) using X-ray densitometry, with strong correlations to Austral
summer regional temperature being observed in both tracheid radial di-
ameter and microfibril angle. This demonstrates the need to use alter-
nate dendrochronological techniques to explore the full potential of
Australian species.

The dendroclimatic potential of several other long-lived, temperate
pine species in the Tasmanian rainforests have also been investigated.
Ogden (1978b) showed that both Athrotaxis cupressoides and Athrotaxis
selaginoides were of a useful length and had measureable ring bound-
aries allowing for the creation of long-term tree-ring chronologies.
Pearman et al. (1976) also found a relationship between A. selaginoides
and Austral summer temperature through the use of δ13C. Athrotaxis
species proved more challenging to crossdate than L. franklinii owing
to frequent occurrences of false and missing rings, as well as the pres-
ence of frost rings (Ogden, 1978b). However, Athrotaxis species have
proved to be better suited for regional scale climate reconstructions
than L. franklinii, as they are present across a large climatic and geo-
graphical range (Allen et al., 2011). Allen et al. (2011) utilized seven
Athrotaxis chronologies from across Tasmania to assess the potential
for reconstructing several climate variables including temperature, pre-
cipitation, and atmospheric oscillation indices. The climate sensitivity
observed in Athrotaxis was strongly related to temperature and had
very few significant correlations to precipitation or oscillation variables.
However, Allen et al. (2011) did notice that there appears to be a link
between the Athrotaxis species and drought variables which would
15
make this species useful for inclusion in large scale multi-proxy studies
of Australian drought conditions. Attempts to strengthen the climatic
signal represented in A. cupressoides in eastern Tasmania have been
made by using a limited number of wood density chronologies follow-
ing evidence of a relationship between wood density patterns and tem-
perature (Allen et al., 2012). This was the first time a wood density
relationship had been published in Australia but several studies had
found this to be a viable technique for dendroclimatic reconstruction
elsewhere in the world (Allen et al., 2012; Briffa et al., 2002; D'Arrigo
et al., 1992; Polge, 1970). The low sample size precluded definitive cor-
relationswith climate; however, the averagewood density values could
be reliably crossdated between individual trees and linked to tempera-
ture variables as well as to streamflow values which indicates a larger
scale study could be used to develop a climate and/or hydrological re-
construction (Allen et al., 2012).

Included in the Allen et al. (2012) wood density study were
Phyllocladus aspleniifolius samples from eastern Tasmania which is an-
other species identified by Ogden (1978a) as being of strong
dendroclimatic potential. Allen et al. (2001) had previously utilized
samples from 16 P. aspleniifolius sites across Tasmania to determine
how growth in this species was related to temperature during the pre-
vious growth season. While P. aspleniifolius is a shorter lived species it
is a strong choice for use in dendroclimatology as it has a large altitudi-
nal and geographical range that covers most of Tasmania (see Fig. 1 in
Allen et al., 2001). Allen (2002) investigated the potential of an altitudi-
nal (temperature) signal in P. aspleniifolius samples from four elevations
between 100 and 900m asl in theWarra Long TermEcological Research
site in southern Tasmania. They concluded that there was no relation-
ship between altitude/temperature and ring-widths in P. aspleniifolius.

In mainland Australia dendrochronological studies have focused
heavily on the widely distributed genus Eucalyptus (Brookhouse,
2006). Only a few of the 700 species known to exist in Australia, specif-
ically E. delegatensis, E. obliqua, E. sieberi, E. cypellocarpa, E. baxteri, E.
pauciflora, and E. camaldulensis have been targeted. Research was
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undertaken on montane forest E. delegatensis and E. obliqua trees in the
Central Highlands of Victoria (Brookhouse and Brack, 2006). Each spe-
cies was developed into a separate ring-width chronology and com-
pared to climatic variables which showed significant correlations
between average ring width and mean minimum and mean maximum
temperatures for the preceding winter in E. delegatensis and both the
preceding and current summer in E. obliqua. This was the first instance
in which climate signals were identified in eucalypt ring-width series
supporting the hypothesis of Brookhouse (2006) that eucalypts show
dendroclimatic potential and should be targeted for study. Brookhouse
and Brack (2008) extended this study of eastern Victorian eucalypts
looking at the effect of age and site position on ring-widths in four tem-
perate Eucalyptus species; E. obliqua, E. sieberi, E. cypellocarpa, and E.
baxteri. Brookhouse and Brack (2006) determined that the first ten
years of growth in the species they examined did not show a strong cli-
matic signal.

For a targeted climate reconstruction Brookhouse et al. (2008) locat-
ed a treeline site on the Kosciuszko plateau of New SouthWales at an el-
evation of about 1800 m asl that has a representative sample of
Eucalyptus pauciflorawhichwere growth limited by climatic conditions.
A 31 year chronology from 1963 to 1994 was developed for this alpine
treeline site. Ring-width was found to be significantly correlated with
temperature prior to and during the current growing season as well as
to precipitation in the preceding winter and autumn of the current
growing season. To help determine the full climatic conditions of the
area ring-width was compared to snow depth in the preceding winter
and spring and a strong negative correlation was observed for all
months with snow on the ground. A follow-up study using E. pauciflora
from the Brindabella Range, along thewestern boarder of the Australian
Capital Territory, was undertaken to determine if this species' climate
response was dependent on elevation (Brookhouse and Bi, 2009). Sam-
ples were collected at 1350, 1475, and 1600m asl and ring-width chro-
nologies were developed that were compared to mean minimum and
mean maximum temperatures as well as to precipitation. The high
0 500 1,000250

Forest / Woodland

Shrubland

Fig. 2. Existing regions of forest an
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elevation site was significantly correlated with spring mean maximum
temperature, the low elevation site to Austral summer precipitation,
and the mid-elevation site was not significantly correlated to any cli-
mate variables.

More recentwork in temperate NewSouthWales has utilized a non-
Eucalyptus species, Podocarpus lawrencei, which is the only alpine coni-
fer found in Australia (McDougall et al., 2012) and is known to form an-
nual rings (Barker, 1991). In the Australian Alps P. lawrencei grows in a
lobate stem form which causes ring wedging; consequently to enable
crossdating full-stem cross-sections were used to develop a 114 year
chronology. Significant correlations between growth-rings and spring
air temperature as well as winter snow cover were observed. While
McDougall et al. (2012) showed the high dendroclimatic potential of
P. lawrencei they did note that preservation of non-living trees is rare
and the need for cross-sections for dating is a destructive sampling
method reducing the usefulness of this conifer species.

3.2. Arid zone

The arid zone of Australia is expected to be particularly vulnerable to
climate change (IPCC, 2013) and the impact of long-term climatic vari-
ability on arid zone species is hypothesized to be significant (Pittock,
2003). In addition, this large geographic area lacks significant long-
term instrumental climate records (BOM, 2001). The region contains
not only extensive stands of trees but also shrubs (Fig. 2), which can
be used for dendrochronological studies (Speer, 2010). Many of these
tree and shrub species demonstrate an annual signal; however, they
are often found in dense clusters which can create localized growth ef-
fects (Cullen and Grierson, 2007). Fires are also quite common in the
arid zone, killing off stands across large areas and making it difficult to
locate individuals of sufficient age for long-term study (O'Donnell et
al., 2011). Recent work has begun to use dendroclimatology to help un-
derstand this vulnerable ecosystem and how it is responding to climate
change. Most of this research has involved drought tolerant Callitris
1,500 2,000
Kilometers

d shrubland across Australia.
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species which are well distributed across the arid zone (Bowman and
Harris, 1995) and are known to be dependent on precipitation for
growth (Ash, 1983b; Bowman and Latz, 1993; LaMarche et al., 1979).

A key dendroclimatic study from the central Pilbara region of West-
ern Australia used isotopic signatures in Callitris columellaris trees to
identify climatic variability (Cullen and Grierson, 2007). Isotope chro-
nologies were used as they are better at excluding non-climatic infor-
mation than ring-width records, allowing for less interference from
local factors in climate comparisons (Panek and Waring, 1997;
McCarroll and Loader, 2004). Analysis of δ18O for the 1919–1999 period
demonstrated a strong negative correlation with both summer rainfall
and relative humidity and a positive correlation with January–August
temperature (Cullen and Grierson, 2007). The authors developed a
qualitative reconstruction of climate trends, as opposed to annual cli-
matic values, from 1919 to 1999 for the central Pillbara. Following on
from their qualitative isotopic climate trend reconstruction Cullen and
Grierson (2009) developed the first annual ring width rainfall recon-
struction in arid Australia for the Lake Tay region of Western Australia.
C. columellaris trees were sampled to form a 1654–2005 reconstruction
(Cullen and Grierson, 2009). Significant correlation was observed with
monthly, seasonal, and annual rainfall values allowing for aMarch–Sep-
tember rainfall reconstruction to be developed. This reconstruction has
a multi-decadal variability in the 350-year record that highlights pe-
riods of above and below average rainfall, with the persistence of dry
periods being 5–15 years greater than wet periods (Cullen and
Grierson, 2009). A weak but significantly negative correlation to the
Southern Oscillation Index was also observed in the Lake Tay chronolo-
gy. Cullen and Grierson (2009) predict that the low-frequency rainfall
variability observed in this rainfall reconstruction is related to the natu-
ral variability of El Niño Southern Oscillation (ENSO).

Cullen and Grierson's (2009) Lake Tay C. columellaris chronology
was utilized in a truncated form (1871–2005) along with proximal
chronologies at two Callitris preissii sites and one Callitris canescens
site to look at developing both ring-width and δ13C chronologies from
the same datasets which have different climate signals and therefore
allow multiple climate variables to be reconstructed (Sgherza et al.,
2010). All four ring-width chronologies and some of the δ13C chronolo-
gies showed significant positive and negative correlations to seasonal
rainfall variables, respectively. Sgherza et al. (2010) used principal com-
ponent analysis (PCA) that combined the tree-ring and isotopic chro-
nologies at each site, to reduce the local noise in the signals, in an
attempt to develop a stronger climate signal following results reported
in studies at other locations (McCarroll and Loader, 2004). The outcome
for the isotopic Callitris samples was not encouraging, as a weaker rela-
tionship to rainfall was observed in the combined PCA analysis when
compared to the ring-width reconstruction alone. Sgherza et al.
(2010) suggest that for Callitris trees in arid environments itmay be suf-
ficient to focus on developing a long-term ring-width chronology if the
desired outcome is a rainfall reconstruction.

The limited dendroclimatological research undertaken on Callitris
species in the arid zone of Australia has been successful at showing a
link between tree growth and climate in this region. Several other stud-
ies have been undertaken on the dendroecological potential and fire
histories of these specieswith somebeginning to attempt to link climate
interactions with ecological studies (see O'Donnell et al., 2010, 2011).
Additionally, several multi-proxy climate reconstructions for Australia
have included the Cullen and Grierson (2009) arid zone C. columellaris
chronology and several of the major long-term Tasmanian temperate
chronologies (see Gergis et al., 2012; Mills et al., 2013; Palmer et al.,
2015), demonstrating the strength of these dendroclimatic works.

3.3. Tropical zone

The tropical region of Australia is located above 20⁰S latitude and is
found in portions of Queensland, the Northern Territory, and Western
Australia (see Fig. 1). This region encompasses both dry and wet
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rainforest as well as sections of cloud forest containing many tropical
tree species in which growth is known to relate to the climate condi-
tions of the area. Tropical dendrochronology within Australia is poorly
studied, however; this topic has generated great interest worldwide in
the past two decades (Stahle, 1999; Zuidema et al., 2012). Compared
to temperate zone sites, dendroclimatological analysis in tropical loca-
tions is more difficult as the majority of tropical tree species do not
form a distinct annual growth ring andmany produce false andmissing
rings (Stahle, 1999; Worbes, 2002).

In the late 1970s and early 1980s several studies identified some
Australian tropical species that had both dendrochronological potential
aswell as a relationship to climatic variables. Notably, Mucha (1979) in-
vestigated three eucalypt species from northern Australia, E. tetrodonta,
E.miniata, and E. nesophila. He observed that these tropical eucalypt tree
species were not as long-lived as their temperate counterparts, often
lost their inner rings to decay and/or insect damage, and required some-
one with knowledge of dendrochronology and ring characteristics to
properly identify annual rings for counting. However, the study results
showed that not only were the rings generally identifiable but that
growth occurred seasonally with a strong relationship to rainfall.
Around the same time Ash undertook two studies (1983a; 1983b) uti-
lizing three other tropical species, Araucaria cunninghamii, Agathis ro-
busta, and Callitris macleayana which he determined to all have annual
growth patterns although those of A. robusta were sometimes more
than annual (Ash, 1983a). Ash (1983a) noticed a relationship to rainfall
for both A. cunninghamii and A. robusta as well as a connection to tem-
perature for the A. cunninghamii specimens. In his other study undertak-
en on C. macleayana trees from the Atherton Tablelands in Queensland,
Ash (1983b) identified a strong correlation between ringwidth andwet
season duration indicating strong dendroclimatic potential. Itwas noted
however that none of the C. macleayana trees from the study site were
of sufficient age to extend past instrumental records and that some lo-
calized growth effects were observed (Ash, 1983b). Nevertheless,
these three studies by Mucha and Ash demonstrated that tropical Aus-
tralian trees could be used as climate proxies.

Callitris intratropicawas the focus of a more recent study by Baker et
al. (2008) that developed two chronologies for the Northern Territory,
Australia; the first, Howard Springs, spanned 1965–2004 while the sec-
ond, Pine Creek, covered the period 1847–2006. The two chronologies
were of significant quality with inter-series correlation greater than
0.65 in both cases, which was the best correlation for a tropical tree se-
ries when reported (Baker et al., 2008). The rejection rates of cores that
did not fit into the chronologies were also quite low for a tropical spe-
cies study. Baker et al. (2008) compared their chronologies to several
climate variables and found significant positive correlations to rainfall
during the early monsoon (October–December) and the end of mon-
soon (March–April) seasons. Mean maximum temperature was found
to have a significant positive correlation in the Pine Creek record for
the Austral winter months (June–September) and a significant negative
correlation during December and March. Baker et al. (2008) also com-
pared the Pine Creek chronology to the Palmer Drought Severity
Index, ametric used to analyse plantmoisture stress, and found a signif-
icant positive correlation for the duration of the monsoon and early dry
season. These climate relationships indicate that growth in C.
intratropica in this region is limited bywater availability, a fact support-
ed by a similar relationship observed between the Howard Springs
chronology and October–December rainfall (see Fig. 7 in Baker et al.,
2008). Baker et al. (2008) indicate that false andmissing rings were ob-
served in several of their cores but that the samples were highly
crossdateable making this species viable for further tropical study.
This work was furthered by Drew et al. (2011) who looked at the sea-
sonal water deficit in C. intratropica in the Northern Territory, Australia
and noted a relationship between tree growth and water availability.
Additionally, Drew et al. (2011) found that C. intratropica was a strong
choice for tropical climate reconstruction as growth clearly ceased dur-
ing the dry season indicating that the ring banding observed in their
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samples is annual. However, a difference in behaviour was noted be-
tween isolated trees and grove trees (those with no andmuch competi-
tion, respectively). Seasonal water deficit was stronger in grove trees
where the competitions for water was greater, thus indicating grove
trees would be more limited by water stress and therefore represent a
better rainfall reconstruction (Drew et al., 2011). Once water stress
reached a significant level tree growth was found to cease all together
in grove trees. Drew et al. (2011) indicated that a tropical C. intratropica
chronology sensitive to rainfall conditions would be best developed
from a mix of both grove and isolated trees to increase dating accuracy.

Another species that has been studied for climate relationships in
the Queensland tropics is Toona ciliata. Heinrich et al. (2008) developed
a chronology from this species from 1860 to 2000 and compared it to
monthly and annual climate variables determining that growth in this
species was limited by late growth season precipitation. Extreme wet/
dry climate anomalies were also noted to relate to growth anomalies
in the ring width record. Based on this analysis Heinrich et al. (2008)
were able to create the only current rainfall reconstruction for the
Queensland tropics which represents 140-years of March to June (late
season) rainfall from 1860 to 2000. While this reconstruction does not
extend much past the instrumental record there is potential to extend
it further as tree-ring data exists from 1591 but the sample size is too
low before 1860 to confirm the chronology (Heinrich et al., 2008).

Isotopic dendroclimatological analysis has also been undertaken in
the tropical zone. Boysen et al. (2014) looked at A. robusta samples
from the Atherton Tablelands and ran both ring width measurements
and δ18O analysis on the rings. Boysen et al. (2014) had a lot of difficultly
creating a ringwidth chronology for this site as there were a large num-
ber of false rings in their samples whichmade it difficult to identify true
annual boundaries. However, their isotopic analysis on a 15-year com-
posite chronology from two samples was able to identify and date
false ring growth in one sample. This suggests that a combination of iso-
topic and ring width techniques could allow for long-term chronology
development if false ring identification could occur. The isotopic δ18O
composite chronology was also found to be correlated with mean
seasonal rainfall further promoting the usefulness of isotopic
dendroclimatic study for this tropical species (Boysen et al., 2014) and
suggesting that other tropical species may also benefit from similar iso-
topic study.

3.4. Subtropical zone

The subtropical Australian climate zone is located predominantly on
the east coast of Queenslandwith some representation in the northeast-
ern part of New South Wales and a small region on the west coast in
Western Australia (see Fig. 1). As with the tropical zone very little
dendroclimatological work has been undertaken in the subtropical re-
gions of Australia. The range of species occurring in this zone often over-
laps with the tropical and temperate regions but as yet little research
has been done to determine if the subtropical zone trees respond simi-
larly to their species counterparts in other climate regions. The only spe-
cies used for dendroclimatic studies in the subtropics is Toona ciliata
(Heinrich et al., 2009). Heinrich and Banks (2005) began researching
this species at both a temperate site in the Australian National Botanic
Gardens in Canberra and at two subtropical sites in NSW (Robertson
and Upper Kangaroo Valley) using dendrometer bands to understand
the seasonality of growth. Results from all three sites showed a dormant
period in the winter with the majority of growth occurring between
mid-December to mid-April and early December and late March for
the temperate and subtropical sites respectively. Differences were
noted in their climate relationship with growth based on climate zone
location, as only temperature was found to be a significant factor in
growth at the temperate site but both rainfall and temperature were
significant at the subtropical sites. This result indicated that the
dendroclimatological potential of T. ciliata is dependent on zonal loca-
tion (Heinrich and Banks, 2005). TheUpper Kangaroo Valley subtropical
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site was selected for ringwidth analysis with a chronology from 1970 to
2001 to be developed (Heinrich and Banks, 2005). Climate response in
this 31 year chronology indicated that growth preferences in spring
were to dry and warm conditions with precipitation becoming impor-
tant later in the year when soil water reserves had been depleted.
Highmaximum andmean temperatureswere also found to cause stress
in T. ciliata trees as high temperatures limit the moisture available for
growth (Heinrich and Banks, 2005). The results from this preliminary
study showed that T. ciliata is a viable tree for dendroclimatic study
but that a greater understanding of the trees growthwas needed before
a long-term rainfall reconstruction could be developed.

To better understand the wood anatomical structure of T. ciliata
Heinrich and Banks (2006a) undertook a study to identify false and
missing rings in both the Upper Kangaroo Valley samples as well as
new samples from a subtropical site in Lamington National Park in
Southeast Queensland. Indistinct ring structures were identified as a
feature in these samples causing difficultly in ring boundary identifica-
tion (Heinrich and Banks, 2006a). In their study Heinrich and Banks
(2006a) visually crossdated some of their samples and found that false
rings were present. Results from their 2006a paper lead to further anal-
ysis of the younger portions of tree-ring series which determined that
there was a strong ability in young trees to adapt to variations in envi-
ronmental conditions (Heinrich and Banks, 2006b). This caused growth
patterns to be based on localized and short term conditions which may
increase the number of false or missing rings. Heinrich and Banks
(2006b) used their study of tree growth variations and phenology to de-
termine that T. ciliata is a viable species for dendroclimatic study while
noting that care should be taken in site and sample selection to optimize
climate sensitivity and reduce age related variations. Such a detailed ap-
proach to tree anatomy and growth pattern analysis provided the au-
thors with the ability to work around the difficulties common in
tropical and subtropical Australian species. This detailed analysis then
permitted further research to develop the first rainfall reconstruction
for an Australian subtropical region (Heinrich et al., 2009).

Twenty dominant and sub-dominant trees in Lamington National
Park were used to develop a 146-year (1854–2000) subtropical chro-
nology from T. ciliata (Heinrich et al., 2009). This chronology was then
compared tomonthly temperature and precipitation data from the Bris-
bane climate station for the period 1900–2000 and it was determined
that rainfall was the highest correlated variable with an r2 value of
0.59 (Heinrich et al., 2009). However, it should be noted that the rainfall
stations were about 250 km from the tree sampling site. This precipita-
tion reconstruction identified five periods of extended drought and four
periods of extended wet conditions along with delineating four and six
extremely dry and wet years respectively (Heinrich et al., 2009). As this
reconstruction fell within the historical period Heinrich et al. (2009)
were able to compare the wet and dry events to historical events pre-
sented by Whetton (1997) which showed that actual events were
well represented by the reconstruction.

4. Discussion

Analysis of the 36 dendroclimatic studies clearly indicates that each
of the four major climate zones of Australia contain tree species which
have the potential to provide high quality records of past climate.
While the Mount Read Tasmanian temperate zone reconstruction of
temperature extending back to 1600 BCE (Cook et al., 2000) is currently
anomalous within Australia, the arid, tropical, and subtropical zones
have only recently begun to be studied in detail suggesting future
long-term climate reconstructions are possible on a continental scale.
A key development in Australian dendroclimatology is the movement
away from a sole reliance on traditional ring width measurements to
develop climate reconstructions. More varied research involving isoto-
pic analysis, wood density measurements, and wood anatomy studies
have proven useful in extracting dendroclimatic information from spe-
cies that would have been abandoned in a more traditional approach. A



Table 2
Australian dendroclimatic studies for which a reconstruction was developed.

Region Reconstructed environmental variable

Temperature Precipitation

Temperate Cook et al. (1991, 1992, 1996, 2000)
(Lagarostrobos franklinii)

Arid Cullen and Grierson (2009)
(Callitris columellaris)

Tropical Heinrich et al. (2008) (Toona
ciliata)

Subtropical Heinrich et al. (2009) (Toona
ciliata)
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recent reviewpaper byHeinrich andAllen (2013) highlights this in stat-
ing that Australian dendrochronology needs to take a different course
than just placing a heavy reliance on traditional ring-width measure-
ments. They note the numerous non-standard chronologies developed
in Australia, many of which are included in this paper, and highlight
the need for a multi-technique approach.

Four dendroclimatic reconstructions have been published for Aus-
tralia, one from each of the climate zones (Table 2). The most extensive
reconstruction of Lagarostrobos franklinii is for Mount Read in western
Tasmania which has been reported on in successive iterations with
the most detailed chronology presented in Cook et al. (2000). This re-
construction represents warm-season temperature for a 3592-year pe-
riod from 1600 BCE–1991 CE. The relationship between tree-ring
width and regional temperature had a correlation coefficient for the cal-
ibration period of r=0.683 and r=0.518 for the validation period. The
length of this reconstruction has allowed for the identification of several
long-term, multi-decadal as well as century-scale oscillation patterns
that are driving climate in the temperate Tasmanian region (Cook et
al., 2000). This temperature reconstruction is the longest paleoclimate
record found in Tasmania and is also one of the longest dendroclimatic
reconstructions in the Southern Hemisphere (Cook et al., 2006). How-
ever, Cook et al. (2000, 2006) make it clear that they have over
4000 years of tree-ring data but the EPS values and sample size prior
to 1600 BCE are too low to reliably reconstruct climate.

The other three reconstructions within Australia are not nearly as
long as the temperature record fromMount Read. The longest precipita-
tion record is the arid zone Lake Tay Callitris columellaris autumn-winter
rainfall reconstruction, developed by Cullen and Grierson (2009) which
extends for 350 years from 1655 to 2005. The relationship between
tree-ring width and regional rainfall had a correlation coefficient of
r = 0.7. It should be noted however that the nearest instrumental re-
cord was ~75 km from the studied site and, had more local records
existed, the correlationmay have been higher. Again there was a longer
record of tree-ring data with cross-dated samples going back to 1601,
but small sample size truncated the reconstruction at 1655. The record
from Lake Tay showed that rainfall for that region has naturally varied
over the last 350 years, from relatively dry periods lasting to 20–
30 years, to periods of above average rainfall lasting ~15-years. Cullen
and Grierson (2009) suggest that this multi-decadal variability relates
to a low-frequency ENSO signal. They also suggested that the current
sustained decline in rainfall, which began in the 1960s, that the region
is experiencing may be part of the long-term natural variability.

Similar ENSO related signals are observed in the tropical and sub-
tropical Toona ciliata reconstructions developed by Heinrich et al.
(2008 and 2009 respectively). The tropical record from the Atherton Ta-
blelands reconstructs late season (March–June) precipitation for 140-
years from 1860 to 2000. The relationship between tree-ring width
and rainfall had a correlation coefficient for the calibration period of
r=0.59 and r=0.45 for the validation period. Once again a much lon-
ger cross-dated tree-ring series was developed with data extending
back to 1591 however, with fewer than five trees representing each
year prior to 1860 the EPS value drops below the critical 0.85 threshold
(Heinrich et al., 2008). This precipitation reconstruction demonstrated
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both high and low frequency multi-decadal signals identified by
Heinrich et al. (2008) as representing the Interdecadal Pacific Oscilla-
tion (IPO) and ENSO signals respectively. This high and low frequency
IPO and ENSO variability was also observed in the Toona ciliata annual
precipitation reconstruction for subtropical Southeast Queensland
(Heinrich et al., 2009). Thiswas also a short-term rainfall reconstruction
covering 146-years from 1854 to 2000, with a correlation coefficient of
r = 0.59. The tree-ring record was correlated with the longest rainfall
record in the region which was located at the Brisbane City about
250 km from the study site. Again had a more local record been used
the correlation may have been higher. Heinrich et al. (2009) again indi-
cated that the tree-ring record extended back further in time but analy-
sis was limited to the 1854 and later period as the EPS value reached
0.85 at this time.

A clear theme is evident from these reconstructions that low sample
size is truncating proxy climate reconstructions that in some cases could
extend the reconstruction nearly three times the current length. By fo-
cusing on greater long-term replication or selecting other species that
are longer lived and have been identified as having dendroclimatic po-
tential there is the ability to create long-term proxy climate records
across most of Australia. A recent large-scale undertaking to create a
drought atlas for Australia can be found in Palmer et al. (2015) where
long-term tree-ring records (as well as one coral record) were used to
determine drought conditions across the eastern half of Australia as
well as New Zealand. Within this drought atlas the mainland of Austra-
lia was highly underrepresented with only five tree-ring chronologies
used (see Fig. 1 in Palmer et al., 2015). The development of long-term
dendrochronological records for inclusion into datasets of large scale cli-
mate patterns such as that found in Palmer et al. (2015) is an important
undertaking to move forward tree-ring studies within Australia.

Moreover, along with the ability to extend the length of their re-
cords, all four existing climate reconstructions demonstrate evidence
of long-term natural variability of stable oscillation patterns. This indi-
cates that Australian dendroclimatological reconstructions can be used
for assessing how shifts in climate (both temperature and precipitation)
relate to both natural and anthropogenic derived variability. For in-
stance in the Mount Read temperature record a period of warming
prior to 100 CE is noted as having a similar scale warming trend as is ob-
served since 1900 (Cook et al., 2000). The use of this long-term
paleoclimate record indicates that such a trend in warming may be a
natural phenomenon yet the general belief is that the post-1900
warming is entirely anthropogenic in design. The ability to identify
long-term natural variability in climate records is important in under-
standing current trends and human modifications to environmental
conditions. Through the development of long-term tree-ring climate
records true natural and modified conditions across Australia can be
determined.

The studies covered in this review have demonstrated that the po-
tential exists to produce long-term records of climate in each of the cli-
mate zones across the continent. However, there is still a lack of basic
knowledge on the relationship between climate variables and tree
growth, especially in tropical environments. Rather than working with
well-studied and understood species, each Australian study must first
assess the targeted species in terms of its growth response to the cli-
mate variable of interest. This is one of the reasons that little work has
been undertaken in Australia, however, as each new study is completed
the ecological knowledge base available to future investigations in-
creases allowing for more paleoclimate knowledge to be developed.

5. Conclusion

The 36 studies identifying growth-climate relationships covered in
this review clearly show that many species in Australia demonstrate
dendroclimatological potential and can be used to develop long-term
climate reconstructions. Only a fraction of the thousands of tree and
shrub species in Australia have been assessed for an ability to provide
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such long-term paleoclimate data. The four climate reconstructions that
do exist for this continent are already providing highly useful data en-
abling current climate conditions to be assessed against past variability.
They are also enabling long-term effects of atmospheric oscillation pat-
terns on the continent to be assessed. Further studies need to develop
more climate reconstructions as well as extending records already de-
veloped across theAustralianmainland. There is a great deal of potential
for dendroclimatic research in this country and a critical need to fill in
the gaps that currently exist in past climatic understanding. A move
away from a sole reliance on traditional ring-width measurements to
develop climate reconstructions, using more varied techniques such as
isotopic analysis, wood density measurements, and wood anatomy
should enable more dendroclimatic information to be extracted from
species that would have been abandoned in a more traditional
approach.
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Chapter 3: The implications of regional variations in rainfall 

for reconstructing rainfall patterns using tree rings 

 
 
 
Foreword: In this chapter the spatial and temporal variability of rainfall across Southeast 
Queensland is investigated.  The catchment is characterised as having both spatially and 
temporally non-uniform patterns of rainfall.  These patterns are compared to the only tree-ring 
rainfall reconstruction already developed for the region and the spatial representation of this 
rainfall reconstruction is presented.  We also discuss the implications this spatial variability 
has on future tree-ring rainfall reconstructions such as those developed as part of this PhD 
thesis. 
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Abstract
In Australia, multidecadal periods of floods and droughts have major economic consequences.

Due to the short duration of Australian instrumental precipitation records, it is difficult to deter-

mine the patterns of these multidecadal periods. Proxy records can be used to create long‐term

rainfall reconstructions for regions that are lacking instrumental data. However, the spatial extent

over which single‐site proxy records can be applied is poorly understood. Southeast Queensland

(SEQ) is an area where tree rings can be used to reconstruct long‐term rainfall patterns, but their

regional representation is unknown. In this study, the spatial variability in rainfall across SEQ is

investigated from 1908 to 2007 using 140 instrumental rainfall stations. Pearson correlation anal-

ysis between stations is used to create groups at the r = 0.80, 0.85, and 0.90 correlation levels,

and then annual deviations from the mean are determined. These patterns indicate that rainfall

is not uniform across SEQ but can be broken into 2 main spatially consistent groups. Each of

these groups is broken down into several subgroups with higher correlation levels. Long‐term

streamflow records are found to be correlated to rainfall patterns local to the streamflow stations,

indicating that analysis of extreme events should consider spatial precipitation variability. Finally,

the only currently available proxy rainfall reconstruction for the region, a 140‐year Toona ciliata

tree ring width record from Lamington National Park, is compared to rainfall groups at different

correlation levels across all of SEQ. The correlation between the reconstruction and the rainfall

station groupings is best for the groups within which the tree‐ring record is spatially located,

and this correlation improves as rainfall group correlation increases. Correlation is nearly nonex-

istent for groupings located at a distance from the tree‐ring site. These results demonstrate the

importance of assessing the spatial variability of precipitation so that the spatial applicability of

proxy records can be assessed.

KEYWORDS

dendrochronology, ENSO, Interdecadal Pacific Oscillation, precipitation, regional variability,

Southeast Queensland
1 | INTRODUCTION

Rainfall variability is a major factor contributing to economic loss

across Australia, with both droughts and floods having significant

effects. Floods tend to be the most expensive type of natural disaster

with direct costs estimated at an average of $377 million per year

(Queensland Government, Office of the Chief Scientist, 2011).

Recently, the 2011 floods are estimated to have cost between $5

and $6 billion for Queensland alone from damage to public infrastruc-

ture across the state (Queensland Government, Office of the

Chief Scientist, 2011). Throughout its history, Australia has also been
wileyonlinelibrary.com/journa
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deeply affected by drought. The Federation Drought (1895–1903) led

to the loss of millions of cattle, the World War II drought

(1939–1945) contributed to plummeting wheat yields and disastrous

bushfires (BoM, 2014a, 2014b), and the recent Millennium Drought

(1996–2010), one of the worst droughts on record, caused agricul-

tural loss exceeding $7.4 billion for the year 2002–2003 alone

(Heberger, 2012).

Across the continent, these periods of drought and flood tend to

follow a multidecadal pattern, which have been shown to be strongly

related to major teleconnections between the atmosphere and ocean.

For eastern Australia, the El Niño Southern Oscillation (ENSO) and
Copyright © 2017 John Wiley & Sons, Ltd.l/hyp 1
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Interdecadal Pacific Oscillation (IPO) have been show to be particularly

important (Kiem, Franks, & Kuczera, 2003; Murphy & Ribbe, 2004;

Verdon, Wyatt, Kiem, & Franks, 2004). Historic and instrumental

records of rainfall in most regions across Australia extend back less

than 100 years (BoM, 2001), and prior to 1910, there was no national

network of climate observations. This makes assessments of these

multidecadal patterns difficult. These types of assessments can only

be made using multicentennial to millennial length precipitation

records (see, for example, Graham et al., 2007; Neukom & Gergis,

2012; Seager et al., 2007).

Southeast Queensland (SEQ) like much of eastern Australia is also

prone to both floods and droughts (Erskine & Warner, 1998). Regional

records of precipitation are of short duration with few extending back

beyond the 1940s. This makes it difficult to understand the long‐term

patterns of flood and drought in the region. Elsewhere, proxy records

have been used to reconstruct past rainfall patterns extending back

over many hundreds of years (Cullen & Grierson, 2009; Palmer et al.,

2015; Watson & Luckman, 2004; Wilson, Luckman, & Esper, 2005).

Proxy rainfall records are needed to help understand long‐term rainfall

patterns in SEQ. However, there are few opportunities across the

region to create such proxy records as the landscape has been heavily

modified by European settlement (Kemp, Olley, Ellison, & McMahon,

2015; Saxton, Olley, Smith, Ward, & Rose, 2012). Large areas have

been deforested; there are also no large natural lakes, cave systems,

or extensive coral beds, which are known sources of annually resolved

data. Despite the extensive clearing, several areas of undisturbed for-

est are located across the region. Dendroclimatology, the study of tree

rings to develop palaeoclimate records (Fritts, 1976; Speer, 2010), is a

possible technique for reconstructing rainfall records for the region. In

one such area, Heinrich et al. (2009) have already constructed a 140‐

year rainfall reconstruction from a stand of Toona ciliata (M. Roem.)

trees in Lamington National Park (LNP). This is currently the only

tree‐ring‐based climate reconstruction for the region. However, there

is potential for longer rainfall reconstructions to be developed. Ash

(1983a; 1983b) demonstrated that trees in the several other families

located in SEQ would be suitable for dendrochronological investigation

as they have annually resolved, visible ring boundaries, which can be

used to create chronological records. Additionally, several of these

species have a longer lifespan than those of the Toona genus. The for-

mation of local long‐term rainfall reconstructions is possible as there

are several stands of such long‐lived trees in existence across SEQ.

However, the spatial extent over which single‐site proxy records can

be applied is poorly understood.

The concept of spatial variability in rainfall is not new and has been

well studied worldwide on a range of scales from annual variability

across a country (e.g., Cheung, Senay, & Singh, 2008; Turkes, 1996) to

changes within a small rainfield (e.g., Ciach & Krajewski, 2006;

Krajewski, Ciach, & Habib, 2003) and all manner of sizes in between

(e.g., Faurès, Goodrich, Woolhiser, & Sorooshian, 1995; Hutchinson &

Bischof, 1983; Nicholls & Kariko, 1993; Ogallo, 1989; Yu & Neil,

1993). The overarching message from these studies is that each

region/scale is unique, which necessitates that an analysis of the spatial

and temporal pattern be undertaken when extrapolating from single‐

site data. Dendroclimatological studies often use proxy‐reconstructed

data to represent large spatial areas where numerous tree‐ring records
25
are combined (Briffa et al., 1990; Cook et al., 2006; Luckman, Briffa,

Jones, & Schweingruber, 1997), but not all regions are well represented

to allow for multisite chronologies. Here we analyse regional differ-

ences in rainfall patterns across SEQ to determine how much spatial

representation can be attributed to a single‐site rainfall reconstruction.

The spatial variation between rainfall occurring at instrumental gauge

sites across SEQ is determined and grouped into correlated datasets,

which is then compared to the Heinrich et al. (2009) reconstruction.

2 | REGIONAL SETTING

Southeast Queensland is located on the east coast of Australia with

elevations ranging from sea level to 1,360 m above sea level in the

Great Dividing Range to the west (Figure 1). The region is subtropical

with mean annual temperatures ranging from 21°C to 29°C and

annual rainfall values between 900 and 1,800 mm (Saxton et al.,

2012). The majority of rainfall occurs during the summer warm sea-

son of October to March (Kemp, Olley, & Haines, 2016). Native veg-

etation across the region has been heavily cleared since European

settlement in the 1820s with agricultural practices beginning in the

1840s contributing significantly to this loss (Coates‐Marnane, Olley,

Burton, & Sharma, 2016; Kemp et al., 2015; Saxton et al., 2012).

The removal of approximately 60% of native tree cover and exten-

sive human modification of the landscape have significantly altered

the hydrological regime across the entire catchment (Saxton et al.,

2012). SEQ contains several major river systems, with water from

the Bremer, Brisbane, Caboolture, Lockyer, Pine, and Stanley rivers

flowing through Brisbane city and out into Moreton Bay (Coates‐

Marnane et al., 2016). Brisbane is the state capital of Queensland

and is a major population centre within Australia with a population

of around 2.31 million (ABS, 2016). Moreton Bay is a shallow semi‐

enclosed estuarine embayment with Ramsar listed seagrass, man-

grove, and saltmarsh communities (Coates‐Marnane et al., 2016;

Kemp et al., 2015).

The previous work of Murphy and Ribbe (2004) discussed in detail

the relationship between rainfall variability in SEQ and ENSO/IPO indi-

ces. They found that SEQ displayed the largest change in rainfall across

all of eastern Australia in response to changes in the ENSO index.

Additionally, prior to 1946, ENSO had very little influence on precipita-

tion in this region yet was observed to affect the eastern portions of

the continent to varying degrees. From 1946 to 2000, both ENSO

and the IPO have a large influence on precipitation patterns across

SEQ. In fact, the interdecadal pattern of alternating wet and dry

periods were very clear in this region with dry periods found to be of

longer duration but less intensity than wet periods. These results

clearly indicate a strong influence of ENSO and IPO variability on

SEQ rainfall, which is different to the pattern of variability seen in

other parts of eastern Australia.

3 | METHODS

3.1 | Rainfall and hydroclimate analysis

Rainfall data were collected for all instrumental rainfall stations within

an area bordered by the 151°E line of longitude to the coast as well as



FIGURE 1 (a) Digital elevation model map of the Southeast Queensland region with all rainfall (black dots) and streamflow (blue dots) stations
used in this study, locations of Brisbane, the Great Dividing Range, the Lamington National Park (LNP, yellow dot) tree‐ring site, and rainfall
stations 41005 and 41100. Streamflow stations are numbered as follows; 1 = 138001A, 2 = 136202C_D, 3 = 416402B_C, 4 = 422310A_B_C,
and 5 = 146002A. (b) The r = 0.80 (Groups 1 and 2, divided by the thick black line) and r = 0.85 (1A, 1B, 1C, 1D, 1E, 2A, 2B, and 2C) regional
groupings (grey outlines) with all rainfall stations available in the study region marked (black dots). (c) The r = 0.90 regional groupings found

within Group 1B (i, ii, iii, iv, v, vi, vii, viii, and ix; grey outlines)
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26°S line of latitude and the Queensland/NSW boarder. This region

was selected as it encompasses all of coastal SEQ as well as a region

to the west of the Great Dividing Range. Daily rainfall records from all

instrumental data stations included in the analysis set were supplied

by the Bureau of Meteorology (BoM, 2015). Data collection began in

1841 and is currently available until mid‐2015 for some stations. A

common 100‐year period of 1908–2007 was selected for analysis in

this study as this century‐long period allowed for the largest number

of stations to be included in the analysis. Each station was evaluated

for completeness of data with only stations that had a minimum of

340 days of data available for at least 75 years within the 1908–2007

period included in this study. With the exclusion criteria, 140 stations

from across the region were contained in the final analysis. Annual rain-

fall values were developed for each of the 140 stations by summing the

daily data from January 1 until December 31 each year.

For each station, cumulative deviations from the 1908–2007

annual mean rainfall were calculated and then normalized to the annual

mean. Pearson correlation coefficientswere calculated between each of

the 140 study stations using a correlation matrix. Stations were then

grouped into clusters on the basis of these correlations between sta-

tions. Groupings where the r values between each station within a clus-

ter were at or above 0.80, 0.85, and 0.90 were created. These clusters
26
were found to relate well spatially to each other with the 0.85 and

0.90 clusters representing smaller areas within the 0.80 and 0.85 clus-

ters, respectively. All spatial correlations observed within the regional

groupings are representative over the entire temporal period of record.

Following the grouping of stations, annual deviation from the mean

values was averaged together to form a rainfall deviation pattern for

every group at each of the three correlation levels, creating a total of

26 correlated patterns for the SEQ region. Five‐year running means

were established for each group. This period was chosen due to the

timeframe of this analysis; a 5‐year mean allowed for extreme years to

not dominate the recordwhile still allowing for overall variability in rain-

fall trends to be identified. Periods of above and below average rainfall

were delineated as periods of the recordwhere therewas an increase or

decrease respectively for a minimum of 3 years within the 5‐year run-

ning mean and are identified as blue and red bands, respectively,

in Figures 2, 3, and 4. Plots of all 26 rainfall grouped patterns, their run-

ningmeans, and periods of above and below average rainfall weremade

using SigmaPlot version 12.3 (Systat Software Inc, San Jose, CA).

Hydroclimate analysis was performed by comparing the cumula-

tive deviations from mean annual rainfall to mean annual discharge

data (in cubic metres) from five streamflow sites located in different

0.85 rainfall clusters across SEQ. Streamflow data are supplied by



FIGURE 2 Rainfall deviation from the mean for the r = 0.80 and 0.85 regional groups from 1908 to 2007. The annual values are shown as a black
line with a 3‐year running mean overlayed as a grey line. Periods of increasing rainfall are shaded in blue, and periods of decreasing rainfall are
shaded in red
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the Queensland Government Water Monitoring Information Portal

(Queensland Government, Department of Science, Information Tech-

nology and Innovation, 2016). Stations selected for analysis met the

following criteria: (a) a minimum of 50 years of data within the

1908–2007 study period; (b) a single station that had either not

been moved or, if relocated, had not had a tributary effect inputs

to the station; (c) if a combined dataset from a relocated station that

the data were found to not be significantly different due to station

relocation. Each of the five streamflow stations was compared to

different rainfall groups using Pearson correlation analysis.

The periods of above and below average rainfall in the 0.80

regional groups were also compared to the Southern Oscillation Index

(SOI), a measure of the El Nino Southern Oscillation (ENSO) and the

Tripole Index (TPI), a measure of the Interdecadal Pacific Oscillation
27
(IPO). Both oscillation indices are available for free download from

the NOAA ESRL Physical Sciences Division webpages (http://www.

esrl.noaa.gov/psd/gcos_wgsp/Timeseries/). The SOI selected was cre-

ated by the Climate Research Unit and the University of East Anglia

and is defined as the normalized pressure difference between Tahiti

and Darwin. Methods for the development of this index are described

in Ropelewski and Jones (1987), Allan, Nicholls, Jones, and

Butterworth (1991), and Können, Jones, Kaltofen, and Allan (1998).

The TPI is based on the differences in averaged sea surface tempera-

ture anomalies from the central equatorial Pacific compared to those

in the Northwest and Southwest Pacific and is relevant to climate var-

iability in Eastern Australia (Henley et al., 2015). The methodology

behind this TPI is outlined in Henley et al. (2015), which also describes

the IPO epochs as defined in their model. Plots of Groups 1 and 2



FIGURE 3 Rainfall deviation from the mean
for the 1B r = 0.90 regional groups, 1908–
2007. The annual values are shown as a black
line with a 3‐year running mean overlayed as a
grey line. Periods of increasing rainfall are
shaded in blue, and periods of decreasing
rainfall are shaded in red
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above and below average rainfall compared to the IPO epochs and SOI

for the 1908–2007 study period were made in Sigma Plot.
3.2 | Dendroclimatological analysis

Tree‐ring width data for the LNP site (see Figure 1a for location) was

provided by Ingo Heinrich (personal communication). This was the

same dataset used in the Heinrich et al. (2009) paper where a rainfall

reconstruction for Brisbane City was developed. For this paper, the

master index chronology from the Heinrich et al. (2009) paper was

used. Heinrich et al. (2009) chose to use the standard chronology from
28
the program ARSTAN where power transform of the raw data and

application of a 66‐year cubic smoothing spline with a 50% cut‐off

was applied to the dataset. From this point on, this chronology is

referred to as the LNP chronology. For more information on the rea-

soning behind the methods applied to these data, see Heinrich et al.

(2009). The LNP chronology utilizes 38 cores from 20 T. ciliata trees

and covers the period from 1854 to 2000 and uses Schulman's

(1956) dating convention so that each year assigned to a ring is that

year in which ring growth began. Tree growth in T. ciliata trees in the

Southern Hemisphere occurs from September through to May

(Heinrich et al., 2009), necessitating the use of the Schulman shift.



FIGURE 4 (a) The Tripole Index (TPI) of the Interdecadal Pacific
Oscillation broken into neutral (/), positive (+), and negative (−)
phases for the 1908–2007 study period. (b) Group 1 periods of
increasing (blue) and decreasing (red) rainfall overlayed with the TPI
phase bands and the Southern Oscillation Index (SOI, black line). (c)
Group 2 periods of increasing (blue) and decreasing (red) rainfall
overlayed with the TPI phase bands and the SOI (black line)
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Heinrich et al. (2009) determined that their chronology was most

closely related to annual precipitation, meaning this is the variable that

can be used to reconstruct. For the current research, the LNP chronol-

ogy was correlated to rainfall data from the Brisbane Regional Office

instrumental climate station using Pearson correlation coefficients.

Following the steps of the regional rainfall analysis, the daily rainfall

data at the Brisbane Regional Office station were summed

from January 1 until December 31 to develop an annual data series.

For the current study, the comparison between the LNP site and the

Brisbane Regional Office was made from 1861 until 1994, which is

the period of data overlap between the LNP site and the Brisbane

Regional Office. Finally, the LNP reconstruction was compared to the

r = 0.80, 0.85, and 0.90 rainfall groups from this study for the

1908–2000 period, as this is when overlap existed between these

datasets. Relationships between the rainfall data and the LNP recon-

struction were based on comparisons between Pearson r values.
29
4 | RESULTS AND DISCUSSION

4.1 | Regional rainfall groupings

The analysis performed in this study demonstrates clear regional group-

ings of rainfall data across the study region (see Figure 1). Between all

140 sites, the correlation was r = 0.24, indicating definite differences

in rainfall pattern over the study area. However, every individual site

correlated with at least one proximal site at the 56% (r = 0.75) correla-

tion level. Figure 1b displays the two r = 0.80 correlation and eight

r = 0.85 correlation regional groupings that were developed, whereas

the pattern of deviation from themean for these 10 groups are shown in

Figure 2. The 0.80 regional groups have been designated as “Group 1,”

which covers the catchments typically delineated as SEQ, and “Group

2,” which begins on the western facing slopes of the Great Dividing

Range. The separation of these two groups based on this major topo-

graphic feature shows how important it is to understand catchment

and orographic boundaries when performing rainfall analysis. The pat-

tern of rainfall deviation from themean for these two 0.80 groups show

marked differences over the 1908–2007 study period (Figure 2).

Although a general trend of decreasing–increasing–decreasing rainfall

occurring over the century of record is seen in both groups, there is

much more variability within Group 1. Each group begins with a

decreasing rainfall trend into the 1940s; however, during the late

1920s to early 1930s, onlyGroup 1 shows a period of increasing rainfall.

From the mid‐1940s, the pattern changes across the basin to one of

increasing rainfall with the overall change similar in both groups. How-

ever, during this time, Group 1 showed three periods with strong

increases in rainfall broken up by two larger periods where little change

was observed in themean annual rainfall. After 1990, both groups enter

another period of decreasing rainfall during which Group 1 shows a

fairly steady decent whereas the pattern of Group 2 is interrupted by

an increase in rainfall in the late 1990s. This short time of increasing

rainfall causes themagnitude of change seen inGroup 1 to bemore than

twice that observed west of the divide. Such variability in pattern

between the two groups demonstrates the subtle differences that are

overlayed on the general decrease–increase–decrease rainfall trends

when data are selected on the basis of regional connections.

Both Groups 1 and 2 break down into smaller regional groupings

at the r = 0.85 correlation level (see Figure 1b). Group 1 is divided into

five different 0.85 groupings delineated as Groups 1A through 1E, and

Group 2 is divided into three 0.85 groups labelled as Groups 2A

through 2C. It is important to note that not all the stations placed in

a 0.80 group are located in a 0.85 cluster. Typically those stations

not correlated at the 0.85 level are found along the boundaries of

two different groups, such as station 41005, or are located in a more

remote area where there are no other long‐term records to correlate

data with, as is the case with station 41100.

The pattern of rainfall deviations from the mean for the 0.85 cor-

relation regional groups is also shown in Figure 2 and shows different

trends during the 1908–2007 study period. Groups 1A, 1B, and 1C

have similar overall patterns with decreasing rainfall to the mid‐

1920s, and increasing rainfall for about a decade, followed up with

another decrease into the early (1B) to mid‐1940s (1A and 1C). A large

increasing trend begins in the mid‐1940s in each of these three
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patterns similar to what is seen in the overall Group 1 pattern: periods

of increasing rainfall broken up by periods of little change. Group 1A

begins to significantly differ from all other groups in the mid‐1970s

when the rainfall in this region begins to decrease in clusters. This

demonstrates that there may be a coastal effect observed in the 1A

dataset that is distinguishable from the rest of Group 1. In contrast,

Groups 1B and 1C do not begin to show decreasing rainfall trends until

about 1990. These two patterns are quite similar in the second half of

the study period, but the magnitude of the changes in rainfall is

different with Group 1B showing a much larger range of variability

than is seen in any of the other Group 1 subclasses. This large magni-

tude may be a reflection of the large spatial variability represented in

Group 1B (see Figure 1b).

For the pattern observed in Group 1D, similarities are observed

with the 0.80 cluster of Group 2. This is not surprising as Group 1D

rests entirely within the Great Dividing Range; however, its placement

within Group 1 is distinguished by the fact that the rainfall in this

region drains eastward from the divide. There are still differences seen

in the Group 1D pattern with more periods of neutrality than was

observed in the Group 2 dataset. Group 1E shows a unique pattern

that still follows a decrease–increase–decrease overall trend yet has

a much longer period of increasing rainfall than all other regions in this

study with a minor deviation observed in the 1960s. From 1990

onwards, the Group 1 standard decreasing rainfall pattern is observed

in this region.

The three 0.85 clusters from Group 2 are much more cohesive

than what is seen from Group 1. All three clusters show a strong

decrease at the beginning of the study period followed by a period

of no change and then an increase in rainfall in the mid‐1940s and a

decrease in rainfall starting around 1990. Group 2B shows a longer

neutral period starting around 1930, about a decade earlier than the

other two groups, and Group 2C shows a short period of decreasing

rainfall in the latter half of the 1960s not found in Group 2A or 2B.

Group 2A shows a higher magnitude of variability in rainfall through-

out the study period.

In five of the eight 0.85 regional groups, a further breakdown into

0.90 correlation regional groups is found. Most of these groups are

composed of a very small number of closely located stations, making

it difficult to completely analyse the trends of data within a set. Nine

individual groups, within Group 1B, can be identified as having a corre-

lation of r = 0.90 or better within this network of 62 stations. Of these

groups, most have a small sample size of two to five stations (Groups

1Biii through 1Bix); however, Groups 1Bi and 1Bii, those in the most

populous regions of SEQ where there is a high density of rainfall sta-

tions, both demonstrate sample sizes equivalent to those in the 0.85

correlation category. This clearly demonstrates the advantage

of having a number of instrument sites closely located, which unfortu-

nately is not a common occurrence within Australia.

The rainfall trends in these 0.90 groups are shown in Figure 3

where some clear differences and trends are apparent. Group 1Bv,

which sits at a higher elevation than many of the other 0.90 groups,

has an increasing period that is broken up by several small neutral or

decreasing periods and does not enter the later decreasing stage until

the late 1990s, which is unlike all eight other patterns. Also, along the

northern half of the Group 1B region, the inland stations (1Bvii, 1Bviii,
30
and 1Bix) have a much smaller magnitude of rainfall decrease in the

beginning of the study period than is observed in Group 1Bii, which

includes the northern coastal stations. These subtle differences further

emphasize the fact that rainfall across the SEQ catchment is dynamic

and one station should not be considered to have a representative pat-

tern for the entire region.
4.2 | Hydroclimate connections

Hydroclimate analysis was undertaken to compare the patterns

observed in rainfall with mean annual discharge from streamflow sta-

tions at five locations across SEQ. These five stations all fell within dif-

ferent 0.85 rainfall clusters (Figure 1a), which would allow for

comparisons between both proximal groups (those they were

contained within) and distal groups used as a control to see if correla-

tions were dependent on spatial location. Pearson r value correlations

for the five streamflow stations to the 0.80 and 0.85 groups that they

fell within as well as a distal 0.85 control group are found in Table 1. It

should be noted that all hydroclimate correlations reported in this

study were found to be significant. R values ranging from 0.70 to

0.86 were seen for the 0.85 group that the streamflow stations were

contained within compared to r values of 0.42 to 0.64 for the control

0.85 clusters. In most cases, the correlation between the mean annual

discharge and rainfall groups was greater for the 0.85 cluster than for

the 0.80 cluster where the gauging stations were contained within.

Exceptions to this are stations 136202C_D and 422310A_B_C, both

of which are contained on the edges of Groups 1C and 2A, respectively

(see Figure 1). Additionally, station 146002A, which is contained

within Group 1Bii, is correlated slightly higher with the 0.90 cluster

than the 0.85 cluster of rainfall stations. These significant correlations

to rainfall groupings with greater correlation for proximal clusters indi-

cate that the rainfall patterns occurring spatially across SEQ also need

to be accounted for when assessing streamflow and associated

extreme events such as floods and droughts. Long‐term streamflow

data in SEQ are even sparser than rainfall data. The knowledge that

there is a relationship between rainfall variability in the identified clus-

ters of SEQ and mean annual flow assessments of where costly

extreme events may occur in the future could be considered. With

the development of long‐term rainfall reconstructions using tree rings,

the possibility of greater understanding of changes in streamflow over

similar timeframes across SEQ is also conceivable.
4.3 | Large‐scale climate oscillation linkages

For the 0.80 (r2 = 0.64) regional groups, the periods of above and

below average rainfall are shown with the SOI, TPI, and IPO epochs in

Figure 4. It is well known that rainfall and streamflow in eastern

Australia are modulated by the phase of the IPO (Kiem et al., 2003;

Verdon et al., 2004); as such, the IPO epochs as identified by Henley

et al. (2015; see Figure 4a) are shown with the wet and dry periods

identified in Groups 1 and 2 (Figure 4b,c). The results indicated that

although a mixture of increasing and decreasing rainfall periods was

observed during neutral and positive IPO epochs, the 1945–1976 neg-

ative IPO epoch is related to predominantly increasing periods of rain-

fall. This matches observations seen in previous studies of eastern



TABLE 1 Streamflow gauging stations correlated to the rainfall groups that they are contained within

Streamflow station No. of years active 0.80 group R value 0.85/0.90 group R value Control 0.85 group R value

136202C_D 77 1 0.76 1Ca 0.70 1D 0.56

138001A 94 1 0.75 1A 0.86 1D 0.42

146002A 50 1 0.80 1B/1Bii 0.82/0.83 1E 0.50

416402B_C 50 2 0.65 2C 0.71 2A 0.54

422310A_B_C 76 2 0.72 2Aa 0.71 2C 0.64

Note. Correlations are given for the relationship between the annual streamflow (in cumecs) for each station as compared to the annual deviations from the
mean for the given rainfall group. All correlations provided are significant.
aDenotes stations that fall on the edges of a 0.85 rainfall group.
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Australia where a strengthening of the IPO's influence is noticed under

negative epoch conditions more so than during positive conditions

(Verdon et al., 2004).

Observations on interactions between the subtropical IPO influ-

ences and tropical ENSO teleconnections are also reported in previ-

ous studies of rainfall in eastern Australia (Kiem et al., 2003;

Verdon et al., 2004). To compare the two oscillations to the SEQ

rainfall data, the SOI was overlain on the Group 1 and Group 2

periods of increasing and decreasing rainfall as well as the IPO

epochs (Figure 4b,c). During the 1945–1976 negative IPO epoch,

four La Niña events (positive SOI events greater than 0.5 on the

index) are observed. During each of these events in Group 1 and

three of these events in Group 2, a period of increasing rainfall is

observed. This again matches with observations occurring in other

eastern Australia rainfall studies (Kiem & Verdon‐Kidd, 2013; Kiem

et al., 2003; Verdon et al., 2004). During La Niña events in the pos-

itive epochs, increasing rainfall is sometimes observed;

however, during some La Niña events, such as the late 1920s in

Group 2, the mid‐1930s in both Groups, and the late 1990s in Group

1, decreasing rainfall is noted. El Niño events (negative SOI events

less than 0.5 on the index) are commonly seen to co‐occur with

decreasing or neutral periods of rainfall except in the 1945–1976

negative IPO epoch where increasing rainfall is observed as well as

during 1925 in Group 1 and 1997 in Group 2, which were both brief

El Niño events that transitioned straight into La Niña periods. The

neutral IPO epoch is demonstrating decreasing rainfall in both groups

regardless of the ENSO teleconnection signal that is being observed.

These results demonstrate that La Niña and El Niño events do influ-

ence the rainfall patterns occurring in SEQ, and the likelihood of rain-

fall increases during combined negative IPO and La Niña events is

increased. However, not all variability within the rainfall patterns

across SEQ can be explained by these large‐scale climate oscillations.

The fact that these oscillations show an observable effect in the SEQ

region is important for rainfall reconstruction studies undertaken

using tree rings. Heinrich et al. (2009) noted long‐term cycles in spec-

tral analysis that they related to effects of ENSO and IPO but did not

show strong correlations with their tree‐ring index.
4.4 | Dendroclimatological analysis

Prior to comparison of the LNP rainfall reconstruction with the rainfall

groupings created in this study, an analysis of short duration instru-

mental data stations surrounding the LNP site confirmed that it fits

spatially within Groups 1, 1B, and 1Bi (data not shown). When
31
compared to these regional groups, a correlation of r = 0.755,

r = 0.758, and r = 0.768 was recorded for Groups 1, 1B, and 1Bi,

respectively. Although these three values are similar, there is a system-

atic increase in the relationship as you move to a higher correlated

group. This indicates that the representation of the LNP dataset is

stronger as a more localized region is considered. The Brisbane

Regional Office instrumental rainfall station, which Heinrich et al.

(2009) originally used in their analysis, is included in Groups 1 and

1B but is not contained within Group 1Bi, which would suggest that

the correlation between the LNP reconstruction and the Brisbane

Regional Office instrumental record should be in the 0.755–0.758

range. The actual correlation is r = 0.750, slightly less than the Group

1 correlation yet still a significantly similar value. The difference

between the values can be explained by the larger selection of data

within Groups 1 and 1B that contain sites proximal to the LNP site

as well as sites within Brisbane city. Nevertheless, this value of

r = 0.750 is still a strong correlation, suggesting that the Heinrich et al.

(2009) rainfall reconstruction is a valid indicator of Brisbane city rainfall

as there is not a record available at a more proximal location (for exam-

ple within Group 1Bii where Brisbane is located). However, the fact

that the correlation between the rainfall groups and the LNP sites

shows a better connection with the 0.90 grouping indicates that

regional representation needs to be considered when developing

proxy datasets.

The Heinrich et al. (2009) LNP rainfall reconstruction is the only

record that currently exists for the entire SEQ region. However, when

the LNP rainfall reconstruction is compared to Group 1E, the furthest

Group 1 0.85 grouping from the LNP site, a correlation of r = −0.213

is noted, which indicates a significant difference between these two

rainfall records. Also, when the LNP reconstruction is compared to

the rainfall values for Group 2, a correlation of r = −0.157 is observed,

indicating that tree‐ring reconstructions from one side of the Great

Dividing Range orographic boundary cannot be assumed to represent

sites on the opposite side of the divide. Therefore, the regional repre-

sentation of a proxy rainfall reconstruction must be considered before

it is listed as representing a large region such as SEQ. In this case, the

LNP reconstruction should not be considered representative of the

entire SEQ region. The issue of representation arises out of the lack

of other proxy rainfall reconstructions within this large catchment. This

research suggests that a network of proxy rainfall sites across all por-

tions of SEQ should be established to better represent the true nature

of reconstructed rainfall. However, the LNP reconstruction is a good

representation of rainfall conditions in the southeastern portion of this

catchment and can be considered to represent well the conditions in
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Brisbane city as there is not currently a proxy dataset in existence for

Group 1Bii.
5 | CONCLUSIONS

Multidecadal wet and dry cycles are evident in the rainfall records from

SEQ. Instrumental rainfall records are not of long enough duration to

properly assess the variability seen between these phases of wet and

dry. In order to understand these cycles, better long‐term proxy pre-

cipitation records are needed. To enable extrapolation from these

proxy records across the region, an assessment of the spatial variability

in rainfall has been undertaken. This shows that (a) the regional rainfall

is not uniform; (b) the physical boundary of the Great Dividing Range

breaks the SEQ region into two distinct rainfall groupings; and (c) fur-

ther delineations within these two groups are found to relate both in

a north–south direction as well as a coast–inland separation. These

variations limit the spatial extent to which proxy records can be

applied, as shown by the correlation analysis with the 140‐year

T. ciliata tree‐ring rainfall reconstruction. Frequently single‐site and/

or small scale studies are considered representative of regional condi-

tions. This study demonstrates the importance of assessing the spatial

variability of precipitation so that the spatial applicability of such proxy

records can be assessed and the inferences drawn reported.
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Chapter 4: Anomalous ring identification in two Australian 

subtropical Araucariaceae species permits annual ring dating 

and growth-climate relationship development 

 

 
 
Foreword: This chapter builds upon the conclusions of the literature review found in Chapter 2 
where trees in the Araucariaceae family were identified as good candidates for use in a 
subtropical rainfall reconstruction.  As these species had not previously been used in 
dendrochronological investigations and they had been identified as having many anomalous 
ring issues it was important to investigate them from a dendroecological perspective before 
undertaking climate reconstructions.  In this chapter the specific anomalous ring issues found 
in these subtropical samples are presented and annual ring banding is verified through the 
use of bomb pulse radiocarbon dating.  Dendrometer data analysis is then shown that 
demonstrates that the amount of annual tree growth in these species is related to rainfall 
while the onset and conclusion of the growth seasons are linked to temperature conditions.   
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Abstract: 

Almost all Australian tropical and subtropical regions lack annually-resolved long-term 

(multi-decadal to centennial scale) instrumental climate records. Reconstructing climate in 

these regions requires the use of sparse climate proxy records such as tree rings.  Tree rings 

often archive annually-resolved centennial-scale climate information. However, many 

tropical and subtropical species have short life-spans, the timbers are poorly preserved, and 

there is a belief that the proxy records of these species are often compromised by ring 

anomalies.  Additionally, for many species the relationship between climate (e.g. temperature 

and/or rainfall) and tree growth has not been established.  These factors have led to tree-ring 

data being underutilized in the Australian subtropics.  Trees in the Araucariaceae family, a 

common family in northern and eastern Australia, are both longer lived than many species in 
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the Australian subtropics, present growth rings that are annual in nature, and their growth is 

known to vary with climate.  In this study we examine two subtropical Araucariaceae 

species, Araucaria cunninghamii and Araucaria bidwillii, and quantify the relationship 

between their growth and climate variability.  Ring anomalies including false, faint, locally 

absent, and pinching rings, are found to be present in these species, however, bomb-pulse 

radiocarbon dating of A. cunninghamii samples indicated that annual growth patterns are 

identifiable despite such anomalous ring boundaries.  To determine which climate variables 

most influence growth in these species dendrometers were installed at two locations in 

subtropical Southeast Queensland, Australia.  We found that rainfall variability drives annual 

ring growth, while temperature constrains the onset and conclusion of the growth season each 

year. Our results demonstrate that centennial-scale subtropical rainfall reconstructions can be 

developed through the use of A. cunninghamii and A. bidwillii trees.  We provide 

recommendations on how to best identify ring anomalies in these species to help develop 

long-term chronologies and climate reconstructions. 

 

Keywords: 

Araucaria cunninghamii; Araucaria bidwillii; ring anomalies; dendrometer; bomb-pulse 

radiocarbon dating; Southeast Queensland 
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1.0 Introduction 

 Rainfall variability in Australia is a major factor contributing to economic loss, with 

both multi-decadal periods of drought and flood having significant effects.  Historic and 

instrumental records of rainfall in most tropical and subtropical regions are sparse and 

typically extend back less than 100 years from present (BoM, 2001).  Understanding and 

forecasting multi-decadal rainfall variability is difficult without centennial- to millennial- 

length precipitation records (see for example, Graham et al., 2007; Seager et al., 2007). Proxy 

records of rainfall based on annual tree-ring widths and chemistry have been extensively 

applied in climate studies worldwide (Watson and Luckman, 2004; Wilson et al., 2005; 

Cullen and Grierson, 2009).  However, very few Australian tropical and subtropical tree 

species have been evaluated for their utility as climate proxies (Haines et al., 2016), ie. 

measuring their growth response to climate.  Additionally, trees growing in northeastern 

Australia are often difficult to date using ring-width analysis as they regularly produce non-

annual growth rings, as well as exhibit ring anomalies such as pinching, false, and/or locally 

absent rings (Ogden, 1981; Worbes, 2002; Heinrich and Allen, 2013).  Growth in 

tropical/subtropical tree species can also be affected by localized influences such as 

competition, vine coverage, and insect infestation among others (Worbes, 2002).  Due to 

these complications early research suggested that trees in northern Australia were not suitable 

for use in climate reconstructions (see Ogden, 1978).  Recently studies that quantify the 

drivers of tree growth using modern analysis techniques have resulted in successful 

dendroclimatic reconstructions of tropical and subtropical environments (Shah et al., 2007; 

Heinrich et al., 2008; 2009).  

 Only one climate reconstruction currently exists for eastern subtropical Australia; a 

146-year precipitation reconstruction from Toona ciliata M. Roem. tree-rings developed by 

Heinrich et al. (2009).  There is also a millennial scale reconstruction of climate for all of 
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eastern Australia (Palmer et al., 2015) which does not include any tree-ring data from 

northeastern Australia.  Yet several species have been identified as having dendroclimatic 

potential in northeastern Australian environments.   Many of these species (eg. those in the 

Callitris genus) have relatively short life spans (Ash, 1983a; Baker et al., 2008) and 

preserved wood material (from any species) is rarely found in tropical/subtropical 

environments, making the development of centennial-scale or longer proxy climate records 

difficult.  Species in the Araucariaceae family typically have longer lifespans (Ogden, 1978) 

and Ash (1983b) showed that some species in this family developed annual rings in response 

to climate.  Ash (1983b) observed that tropical Agathis robusta (C. Moore ex F. Muell.) F.M. 

Bailey growth responded to precipitation and Araucaria cunninghamii Mudie growth was 

positively related to precipitation and to a lesser extent temperature.  This evidence suggests 

that trees in the Araucariaceae family may yield long-term climate reconstructions in 

northeastern Australia although such a reconstruction has yet to be completed.  

 Here we examine the dendroclimatic potential of tree rings in two subtropical 

Araucariaceae species, A. cunninghamii and Araucaria bidwillii Hook.  The frequency and 

nature of ring anomalies is examined and bomb-pulse radiocarbon dating is used to validate 

the annual nature of the rings.  We also quantify the relationship of ring-growth to local 

climate and investigate the potential for using these species to reconstruct climate in the 

eastern Australian subtropics.  
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2.0 Regional Setting 

  
Figure 1: Elevational profile map of Southeast Queensland with urban areas, including Brisbane, indicated in 

grey.  Yellow dots indicate tree ring series and black dots climate stations utilized in this study. 

 

 Subtropical eastern Australia encompasses a narrow band along the Queensland coast 

from just south of the Atherton Tablelands near Cairns to the southeastern quarter of the state 

near Brisbane (see Figure 1 in Haines et al., 2016).  Southeast Queensland (SEQ) is the most 

populated region in subtropical Australia and is located along the Queensland-New South 

Wales border from the coast inland to the Great Dividing Range, extending north through the 

Somerset and Sunshine Coast catchments (Figure 1). The region has mean annual 

temperatures ranging from 21⁰C to 29⁰C and annual rainfall between 900 and 1800mm 
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mostly falling in the austral summer warm season from October to March (Saxton et al., 

2012; Kemp et al., 2016).  Rainfall in SEQ is highly variable with a recent paper by Haines 

and Olley (in press) indicating that the pattern of rainfall through time across the catchment is 

dynamic with clear multi-decadal periods of wet and dry noted in the instrumental records.  

This supports research by Murphy and Ribbe (2004) that identifies a strong influence on SEQ 

rainfall variability by both the El Niño Southern Oscillation and the Interdecadal Pacific 

Oscillation leading to an interdecadal pattern of increased and decreased rainfall.  This 

variability along with the intense effects of wet and dry phases leaves SEQ susceptible to 

major flood and drought events and their associated economic consequences (Murphy and 

Ribbe, 2004; Haines and Olley, in press).   

 Southeast Queensland is a heavily modified environment with intense land clearing 

following European settlement in the 1820s and imported agricultural practices beginning in 

the 1840s (Kemp et al., 2015; Coates-Marnane et al., 2016).  Grazing occurs over 25% of this 

region and has led to significant removal of native vegetation (Saxton et al., 2012).  

However, regions of unharvested forest cover can be found in the higher altitudes of SEQ 

with the majority of remnant rainforest regions found within National Parks (Horne and 

Hickey, 2001). In these areas, unlogged forest stands can still be found on steep hillsides 

composed of basalt or rhyolite bedrock covered in a thin layer of soil and organic matter 

(Willmott et al., 1995; Horne and Hickey, 2001; Strong et al., 2011).   

 

2.1 Site selection 

 Within these stands of unlogged forest, we selected sites with the best possible 

prospects for developing long-term climate reconstructions for Southeast Queensland. We 

identified stands of greater than 25 Araucariaceae trees that reached canopy height within 

three National Parks of SEQ. While there are three species of Araucariaceae found in 
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Southeast Queensland only two, A. bidwillii and A. cunninghamii are known for preferring 

the poor, volcanic soils present in SEQ National Parks (Cronin, 2009).  We took samples and 

measurements from one site of A. bidwillii in Bunya Mountains National Park (BDT site) and 

two sites of A. cunninghamii located in Lamington National Park (LBB site) and D’Aguilar 

National Park (DMA site) (Figure 1).  The BDT and LBB sites were selected as they contain 

old-growth remnant forest.  The DMA site trees were planted sometime after 1830 when 

D’Aguilar National Park was established on previously logged land (QDNPSR, 2015). The 

three rainforest sites selected for this study are all located within different regional rainfall 

groups as identified in Haines and Olley (in press), with each group showing a distinct 

temporal pattern of rainfall. Rainfall proxy reconstructions for each site should reflect spatial 

rainfall variations and may yield new insights into long-term rainfall variability over 

Southeast Queensland.   

 

3.0 Methods 

3.1 Sample collection and preparation 

 Trees selected in this study (n = 84) only included those that reached canopy height, 

represented a dominant or subdominant tree in the stand, appeared on visual inspection to be 

healthy, and did not look to be affected by localized factors such as heavy vine coverage or 

insect infestation.  Diameter breast height (DBH), slope, and aspect were recorded for each 

tree.  Four 4mm cores were taken where possible from the upslope, downslope, and the 

across-slope sides of each tree.  In some cases only three cores could be safely collected from 

a tree.  In total 99 cores from 25 A. bidwillii trees, 105 cores from 28 A. cunninghamii trees, 

and 120 cores from 31 A. cunninghamii trees were collected at the BDT, LBB, and DMA 

sites, respectively.  From these individual trees, two additional 12mm cores were also taken 

from 23 of the A. cunninghamii trees at the LBB site (n = 46 cores) and 27 of the study trees 
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at the DMA site (n = 54 cores).  The 12mm cores were taken where possible at 45⁰ from the 

4mm core locations with upslope and downslope choice determined by best possible access 

to the tree; in a few cases a core was taken much closer to a 4mm core (eg. 5⁰) for access 

reasons.  The length of the core and bark depth were recorded for each sample.  Samples 

were stored in ventilated plastic straws (4mm cores) or plumbers piping (12mm cores) and 

transported back to the lab for processing. 

 Immediately upon return to the lab samples were air dried for 3-5 days and then 

placed in a drying oven at 40⁰C for 4-6 hours to remove any remaining moisture.  Samples 

were then mounted using non-toxic acid free glue. The 4mm cores were sanded using an 

electric hand sander progressively using 60, 120, 240, 400, 800, 1200, and 1500 grit 

sandpaper to polish the wood so that rings were clearly visible in the samples.  The 12mm 

cores were cut using a twin-bladed saw (Dendrocut 2003, Walesch Electronics) so that each 

core was cut into 3 pieces; a bottom section glued into the mount, a 2mm lath from the centre, 

and a top section of remaining sample (Figure 2).  The bottom mounted sections of the 12mm 

cores were then sanded in the same manner as the 4mm cores.   

 

 
Figure 2: Sample LLB002H after preparation with a twin-bladed saw.  Each 12mm core is broken into section 

A) which is glued into the base and then sanded to make a polished dateable surface, B) a 2mm lath for scanning 

on the ITRAX core scanner (Cox Analytical Systems), and C) the top section of remaining sample which has 

not been touched by glue so can be used for isotopic analysis. 
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3.2 Visual analysis and bomb-pulse 
14

C dating 

  
Figure 3: Ring boundaries of cores from the three study sites a) sample LBB002H, a 12mm core from the LBB 

site; b) sample BDT013A, a 4mm core from the BDT site; and c) sample DMA011E, a 12mm core from the 

DMA site.  The magnification of the 12mm cores are the same with a slightly higher magnification of the 4mm 

core for better comparison. 

 

 Cores from the LBB and BDT sites were found to have clear ring boundaries that 

were visually identifiable (Figure 3a and 3b).  The cores from these sites were visually dated 

with a 8-64x magnification microscope (following Stokes and Smiley, 1968) using the 

Schulman (1956) calendar age assignment.  As several previous studies had indicated there is 

a tendency to find ring anomalies in Araucariaceae samples this preliminary study focused 

on the most recent 100 years of growth, a time period when instrumental records are available 

and bomb-pulse radiocarbon dating could be used to validate the visual dating of the tree-ring 

series (Biondi et al., 2007; Wood et al., 2010; Pearson et al., 2011).  Ten trees from the LBB 

site were dated using accelerator mass spectrometry (AMS) 
14

C analysis at the Australian 

Nuclear Sciences and Technology Organisation (ANSTO).  As bomb radiocarbon delivers 

two possible calendar ages for each specimens 
14

C value, two individual rings from a 12mm 

core of each tree were analysed for 
14

C (Hua, 2009; Pearson et al., 2011). Wide rings were 
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selected for analysis from these tree-ring specimens in order to get enough material for AMS 

14
C analysis.  Additionally rings that and formed close to the timing of the bomb peak period 

of 1963-1967 (based on visual dating) were chosen so the greatest calendar age resolution 

determined by the bomb-pulse 
14

C dating method could be achieved (Hua and Barbetti, 2004; 

Hua, 2009).  Tree-ring specimens were pre-treated using an alpha-cellulose extraction 

method outlined in Hua et al. (2004) before undergoing combustion and graphitization as per 

methods in Hua et al. (2001).  
4
C analysis was performed using the STAR AMS Facility at 

ANSTO using the procedures described in Fink et al. (2004).  A full documentation of all 

twenty radiocarbon dates, the percent modern carbon (pMC) found in each, and the calibrated 

age ranges can be found in Table S1. 

Visual analysis of the LBB and BDT site trees was also undertaken to determine the 

presence of any ring anomalies in these Araucariaceae samples. In some cases these 

anomalies can be identified in the Araucariaceae samples with the naked eye while others 

required the use of a microscope for cell composition and boundary identification.  The 

radiocarbon dates of the LBB samples were again used for assistance and confirmation in 

identifying ring anomalies in the study samples. 

 A. cunninghamii cores from the DMA site were processed in the same manner as 

those from the LBB site, however, the ability to visually date the wood from these two 

locations were vastly different.  While ring boundaries were clearly visible in the LBB cores, 

the DMA cores yielded faint ring boundaries which in most cores could not be distinguished 

even under high magnification (Figure 3c).  Poorly defined ring boundaries are a form of ring 

anomaly clearly described in the literature when referencing A. cunninghamii samples (see 

Ogden, 1981), but the occurrence of an entire site worth of cores with non-visually dateable 

ring boundaries was unexpected in this study.  For this reason the DMA site could not be 
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used to identify other ring anomalies present in A. cunninghamii trees and was not included in 

the dendrometer growth pattern analysis portion of this study. 

 

3.3 Dendrometer analysis 

 At each of the BDT and LBB sites radius dendrometers (DR Radius Dendrometers, 

Ecomatic) were installed at breast height on four A. bidwillii trees in October 2014 and three 

A. cunninghamii trees in May 2015 respectively, to continuously monitor tree growth.  These 

point-based dendrometers record the expansion and contraction of the tree in microns (μm) 

every 15 minutes.  The raw data was recorded by a data logger at each location with site 

visits conducted every 13-16 weeks to download the data and check the equipment.   

 The raw dendrometer data was transformed into daily data for growth-climate 

analysis.  As the goal of this study was to understand how daily climate variability affected 

daily tree growth we transformed data into daily measurements (see Deslauriers et al., 2007 

for more details on the daily approach to data transformation).  We used the daily mean 

method (Tardif et al., 2001) as it was least likely to bias the data with an anomalously high or 

low dendrometer reading.  For this study daily data from the BDT site was used from October 

22, 2014 until September 20, 2016. Data between February 10 to 23, 2015 is missing due to a 

failure in the data logger.  The daily data from the LBB site was used from May 20, 2015 

until September 18, 2016 with data missing from March 13 to 15, 2016 due to the need to 

remove the logger from site for minor repairs.  These logger failures did not occur during the 

onset or shut down of the growth season or during a major climate event and the loss of this 

data should not bias the overall outcome of this study.  For each individual dendrometer the 

raw data measurements for each day (n = 96) were averaged together to give one daily value 

using the software dendrometeR (van der Maaten et al., 2016) providing 686 and 482 days of 

data for each of the BDT and LBB dendrometers respectively.  At each site the data from the 
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respective dendrometers were standardized to a zero start value so accurate comparisons 

between trees could be achieved.   

 Daily rainfall, minimum temperature, and maximum temperature data from BoM 

climate stations (BoM, 2015) were compared to the daily tree growth measurements.  

Rainfall and temperature data from Vincent Vale (Station 40307) and Dalby Airport (Station 

41522), respectively, were used for the BDT site and stations Numimbah (Station 40550) and 

Beaudesert Drumly Street (Station 40983), respectively, were used for the LBB site.  

Multiple regression analysis was run on the climate variables in comparison with each 

dendrometer for both the annual growth and dormant seasons each year.  To better 

understand the effect precipitation has on tree growth superposed epoch analysis (SEA) was 

performed on the ten largest rainfall events during each growth and dormant season.  A 

rainfall event was deemed to be a period of n days where rain occurred consecutively, once a 

day passed without precipitation the rainfall event was deemed to be over.  Rainfall events at 

the study sites ranged in length from 1 to 7 days and in some cases occurred within 1 day of 

the completion of the previous rainfall event.  SEA was undertaken for a one week period 

after the start of a rainfall event (Day 0 to Day 6) where the first day of the rainfall event is 

listed as Day 0.  Growth during the 7 days was compared to the tree diameter on the day 

before the rainfall event (Day -1).  This was done by subtracting the tree diameter on Day -1 

from the tree diameter measured on each day of the study week.  This allowed for bark 

swelling occurring during a rainfall event to be noted.  As Araucariaceae trees have very 

thick bark the growth seen during and immediately after a rainfall event in these species is 

representative of both tree growth and the water held in the bark.  By observing changes in 

the dendrometer values for a 7 day period the effect of bark swelling and the actual growth 

occurring in the tree can be detached and true growth assessed.  All growth and climate data 

analysis was undertaken using Microsoft Excel and plots were developed using Sigma Plot.  
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4.0 Results and Discussion 

4.1 Ring anomalies, ring-width dating, and AMS 
14

C analysis 

  
Figure 4: Examples of ring anomalies found in the LBB and BDT cores. a) pinching rings (outlined in black) 

observed in 4mm core LBB018A; b) false rings observed in 12mm core LBB007F, true rings are marked with 

black lines and false rings with white lines; c) false rings observed in 4mm core BDT013A, true rings are 

marked with black lines and false rings with white lines; d) faint rings observed in 4mm core BDT009D, clear 

rings are marked with black lines and faint rings with white lines. 

 

 Ring anomalies observed in trees from the LBB and BDT sites included pinching, 

locally absent, and false rings as well as ring boundaries that were too faint for visual 

identification (see Figure 4).  Pinching rings found at both sites are generally caused when a 

tree either sustains damage or when not enough nutrients are available within a growth year 

to provide for wood formation around the entire circumference of the tree (Speer, 2010).  In 

tree species with large trunk diameters and high nutrient demands (ie. Araucariaceae family) 

pinching rings are common.  In such species the best way to develop chronologies is to use 

full cross-sections cut from a trunk (Speer, 2010).  However, as the study sites utilized here 

are within National Parks taking cross-section samples was not feasible.  Our approach 

(multiple cores from approximately 90⁰ apart) attempts to develop a robust ring record from 

each tree that accounts for the common instances of pinching rings.  While on occasion a core 

was taken at a spot where the pinching of rings could be clearly observed (Figure 4A) more 

often what was found is locally absent rings.  Generally, locally absent rings are found during 

years when the rings tend to be narrow, representing less than ideal conditions for growth, but 

there are some instances where this is not the case which may in fact be a representation of 
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damage occurring to a specific tree such as from a wind storm or another treeing falling 

against one side.   

 Similar to locally absent rings, missing rings occur when there is no growth during a 

year around the entire tree circumference.  In the 100 year period focused on in this study no 

missing rings were observed in these species.  Additionally, we identified numerous micro 

rings, those only a few cells wide (Speer, 2010), especially approaching the exterior of the 

tree.  These very narrow rings are common and are easily misidentified.  We would suggest 

that in this tree family micro rings cannot be considered anomalous and researchers working 

with these trees should make sure they account for very narrow rings when dating samples. 

 False rings, those where an annual boundary between latewood and earlywood 

appears to exist but in fact is not an annual ring, are very common in the LBB and BDT site 

trees (Figure 4B and 4C respectively).  Generally false rings occur when tree growth begins 

to shut down for a season due to environmental conditions becoming less favourable but then 

when conditions improve the tree begins to form earlywood again.  Often in these species 

false rings are identified under the microscope when it is clear that a true latewood boundary 

has not formed.   That false rings are common in trees whose growth is driven by 

precipitation, not temperature, (Ash, 1983b) is not surprising.  SEQ has well-defined wet and 

dry seasons, however, there can be significant (>30 days) droughts within the wet season 

which are the most likely cause of false ring boundaries.   

 The final ring anomaly identified in these species was faint ring boundaries.  While 

the samples from the DMA site were an extreme manifestation of this type of anomaly there 

are also faint ring boundaries within the LBB A. cunninghamii and BDT A. bidwillii samples 

(Figure 4D).  In some instances just one or two rings appear faint and these can often be 

identified by looking at multiple cores from the tree (locally faint rings).  However, in some 

LBB cores there are entire sections that appear very faint which tend to occur in all cores 
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from an individual tree and cause issues for dating.  Often these faint sections are excluded 

from the final dated ring series as the actual boundaries cannot be determined with certainty 

from any of the cores.  Faint rings are generally a result of the properties of the wood during 

growth and there is little that can be done to work around this issue. 

 Due to the knowledge that there are many ring anomalies present in the study trees 

bomb-pulse radiocarbon dating was undertaken to assist in both identifying possible 

anomalies and to confirm dating of the series.  Based on 20 
14

C dates obtained (Table 1), 

none of the visually determined ring dates were correct indicating the importance of dating 

verification when working with trees in this family.  However, we used these dates to identify 

anomalous rings in the LBB cores and improve our visual dating of the series.  Prior to the 

undertaking of this study no detailed description of the ring anomalies in Araucariaceae 

species existed.  The classification system outlaid herein should assist in future work 

identifying and dating rings within tropical/subtropical Araucariaceae species.   

Tree Lab Code 

Assumed Year 

of Growth 

Actual Year 

of Growth* Outcome Classification 

LBB-001 

OZS714 1964 1962 

2 missing rings A OZS715 1967 1965-1967 

LBB-015 

OZS718 1961 1950-1954 

7 missing rings A OZS719 1970 1963 

LBB-016 

OZT268 1964 1950-1955 

9 missing rings A OZT269 1972 1963-1964 

LBB-018 

OZT266 1962 1963 

1 false ring B1 OZT267 1970 1971-1973 

LBB-007 

OZT257 1962 1964-1967 

2 false rings B1 OZT258 1970 1969-1972 

LBB-027 

OZS716 1965 1972-1974 

7-8 false rings B2 OZS717 1968 1973-1976 

LBB-002 

OZS712 1961 1973-1976 

12 false rings B2 OZS713 1967 1976-1979 

LBB-020 

OZT272 1960 1921-1955 

11-39 missing rings C OZT273 1966 1923-1955 

LBB-028 

OZT270 1960 1925-1955 

16-19 missing rings C OZT271 1971 1952-1955 

LBB-009 

OZS710 1960 1925-1955 

18-35 missing rings C OZS711 1973 1925-1955 

Table 1: The 20 radiocarbon dates obtained from 10 trees from the LBB site indicating their assumed 

and actual dates as well as the classification assigned to each tree based on these dates and their wood 

structure. * Southern Hemisphere trees assigned year of growth is that in which growth begins. 
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Figure 5: Examples of LBB tree core classifications.  a) Category A sample LBB018F demonstrating narrow 

rings, ring boundaries are marked with black lines; b) category B sample LBB002H with false ring boundaries, 

true rings are marked with black lines and false rings with white lines; c) category C sample LBB015F with 

pinching rings (pinching series outlined in black). 

 

Category A trees include those with rings that were regularly quite narrow making it 

easy to miss rings in a dataset; locally absent rings are common in this group (Table 1, Figure 

5A).  Three of the radiocarbon dated trees; LBB-001, LBB-015, and LBB-016, were placed 

in this category and had between 2 and 9 missing rings.  For these trees once we identified 

missing rings a whole tree approach was applied.  Rather than looking at one core at a time 

all cores from a single tree were laid out as they would have been placed on a full cross-

section.  Each individual trees cores were looked by decadal increments so that dating and 

comparisons could be made between the ring patterns throughout the whole tree, thus 

identifying core level anomalous rings.  This allowed for all rings to be found in at least one 

core allowing for proper dating of all series.  Several other trees from the LBB dataset would 

fit into category A and for these trees the same approach was used for dating.  All trees 

within category A are able to be dated and therefore can be included in the development of a 

site master chronology.  It should be noted that trees in all categories demonstrate every type 



52 

 

of anomaly common to this species.  However, each group was represented by one main 

issue, in the case of Category A this was the narrow nature of the rings.  

Classification B represented trees that had false rings observed (Figure 5B).  This 

classification was further broken down into B1, where a few false rings were noted but the 

ring pattern generally allowed for easy ring boundary identification, and B2, where the 

property of the wood caused regular occurrences of false rings.  Trees in B1 such as LBB-007 

and LBB-018 had cores that showed rings of an average width for this species with some 

narrow and some wide rings.  The trees in this group showed false rings that typically 

matched with years where two periods of rainfall surrounded a dry period within the growth 

season.  The use of a whole tree approach was again useful here as these false ring boundaries 

tend to appear weaker (ie. fainter) at certain points around the tree circumference.  The trees 

in category B2, such as LBB-002 and LBB-027, tended to grow where the slope was not as 

great as some other areas of the LBB site and water could pool at the base of the trees during 

the wet season.  The wood properties of these trees made it difficult to identify where the 

actual boundaries of the rings were located.   Many dated series were truncated or had 

sections removed due to unclear dating that could bias the master chronology.   

The final classification C identified in the LBB series was observed in three 

radiocarbon dated trees, LBB-009, LBB-020, LBB-028.  The trees in this category could not 

be included in the master dataset as they included many pinching and missing rings (Figure 

5C).  Rings missing in one core did not necessarily correspond to missing rings in the other 

cores.  Six trees from the LBB site were placed into category C and were not included in 

further analysis to create a master site chronology.  To understand why these trees were 

behaving in this manner a field investigation was undertaken during the winter when little 

undergrowth and foliage would impede our observations.  Each tree was found to be either i) 

proximally located to another large tree and forced to share limited resources between both 
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trees or ii) have heavy vine coverage around the upper portion of the tree requiring extra 

resources be directed to the damaged areas.  Site and tree selection when undertaking a 

tropical/subtropical tree-ring study are very important as selection of trees in categories B2 

and C could be avoided at this stage. However, as was the case at the LBB site, there are not 

always large amounts of suitable trees available for study in these regions.  For this reason 

the use of radiocarbon dating and series truncation should be employed as a necessity for 

chronology development in tropical/subtropical environments.   

 

4.2 Climate-growth relationships 

 The dendrometer analysis at the BDT site demonstrates clear relationships between 

tree growth and climate.  The pattern of daily growth for each tree demonstrates that the large 

amount of bark found on A. bidwillii trees has an effect on the observations made from the 

point dendrometers (Table 2, Figure 6).  When a rain event occurs, either a large volume 

falling on a single day or over several consecutive days, tree bark absorbs water and swells, 

causing the point dendrometers to overestimate amounts of growth.  Trees with greater bark 

cover, such as BM1 and BM3, have a greater apparent growth after a rainfall event than those 

with less bark cover, such as BM2 and BM4 (Table 2, Figure 6).  However, regardless of the 

amount of bark exaggeration, as the bark dries the point dendrometers show a decrease in 

 

Tree DBH 

Average 

Bark Depth 

BM1 3.75m 7.00cm 

BM2 3.30m 4.00cm 

BM3 4.95m 8.25cm 

BM4 4.90m 5.75cm 

Lam1 2.65m 2.75cm 

Lam2 2.60m 2.50cm 

Lam3 3.05m 3.00cm 

Table 2: Trees used in the dendrometer analysis, their diameter at breast height at the start of the 

study period, and the average depth of bark for each tree based on eight short cores taken from around 

the DBH level circumference of each tree. 



54 

 

 Figure 6: Daily growth measurements for the Bunya Mountains dendrometers (BM1 = thick black line, BM2 = 

thin grey line, BM3 = thin black line, BM4 = thick grey line) and minimum temperatures from the Dalby 

Airport Climate Station (red line) over the entire period of study.  Grey bands in the background represent 

growth seasons of the Araucaria bidwillii trees at the Bunya Mountains site.  Pulses in the growth record are 

evidence of bark swelling after rainfall events.   

 

 

diameter that then allows for an indication of whether or not growth had occurred due to the 

rain event.  The bark swelling due to rain can be observed in both growth and dormant 

seasons (see Figure 6) but only during the growth seasons in any overall change in tree 

diameter observed.  A similar response to rainfall events is observed in the dendrometers at 

the LBB site but as these trees have less bark than those at the BDT site (Table 2) the bark 

swelling phenomena is less pronounced in the dendrometer data.  As the bark swelling 

response by the Araucariaceae trees occurs throughout all dendrometer records during all 

growth and dormant seasons this phenomena can be considered normal for this taxon.   

 To take the effects of bark swelling into account we performed seasonal analysis to 

avoid any event based bias in the data.  In the Bunya Mountains location four distinct periods 
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were identified: a 2014 growth season, a 2015 dormant season, a 2015 growth season and a 

2016 dormant season (Figure 6).  Based on these results it was determined that the growth 

season for the A. bidwillii trees in Bunya Mountains National Park runs from the start of 

November to the end of May.  This growth season is developed from two years of data only 

and as such cannot be given with high certainty however, growth is occurring in the study 

trees during this approximate period and growth clearly ceases during the rest of the year.  To 

better define this period data collection over several more years is required, nevertheless we 

are confident that for the purpose of this preliminary study the November to May growth 

period can be considered representative.   

 Figure 6 demonstrates that there does appear to be some differences in the growth 

occurring in 2014 and 2015.  In 2014 the trees grew about three times the amount grown in 

2015 which may be attributed to several factors.  Rainfall was nearly the same in both years 

but in 2015 70% of the rainfall occurred during the first half of the growth season compared 

to rainfall that was consistent through the entire 2014 growth season (Table 3).  The average 

temperature conditions were also similar for both years with slightly warmer conditions and 

an earlier onset of cooling in 2015 (Table 3; Figure 6).  The nature of Bunya trees also needs 

to be considered.  While A. bidwillii trees produce nuts every year they are known to produce 

a bumper crop every three years.  As there is only two years of dendrometer data currently 

available we cannot rule out an effect of this three year nut cycle as a possible cause for the 

discrepancy in growth between 2014 and 2015.   

 

Growth 

Year 

Rainfall full season 

(Nov 1 – May 31) 

Rainfall 1
st
 half season 

(Nov 1 – Feb 14) 

Minimum 

Temperature 

Maximum 

Temperature 

2014 510.7mm 259.1mm 15.5⁰C 30.0⁰C 

2015 502.0mm 353.6mm 15.8⁰C 30.9⁰C 

Table 3: Climate conditions during the 2014 and 2015 growth season in Bunya Mountains National 

Park.  
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Growth 

Year Tree Rainfall 

Minimum 

Temperature 

Maximum 

Temperature 

2014 BM1 0.04 -0.53 -0.60 

2014 BM2 0.03 -0.47 -0.54 

2014 BM3 0.06 -0.46 -0.56 

2014 BM4 0.03 -0.52 -0.58 

2015 BM1 0.11 0.12 -0.12 

2015 BM2 -0.05 -0.06 -0.13 

2015 BM3 0.07 -0.11 -0.30 

2015 BM4 -0.02 -0.27 -0.36 

2015 Lam1 0.17 0.74 0.51 

2015 Lam2 0.15 0.72 0.52 

2015 Lam3 0.22 0.76 0.48 

Table 4: The correlations (r values) between growth and the variables used in the multiple regression 

analysis for the four Bunya Mountains and three Lamington dendrometer trees during the 2014 and 

2015 growth seasons.  Values indicate the amount of variance explained by the given variable for the 

given tree and year with values significant at 95% shown in bold and those significant at 90% shown 

in italics. 

 

 In order to determine if there was a statistical relationship between growth of the A. 

bidwillii trees and climate variables, multiple regression analysis was performed.  Table 4 

demonstrates the r-values and significant correlations between tree growth and each climate 

variable for the growth seasons.  In 2014 it is clear that both temperature variables are 

important drivers of growth in this species however, the situation for 2015 was more 

complicated.  Due to the observations that in 2015 growth seemed to stop much earlier in the 

year (see Figure 6) multiple regression was also run based on the October 10
th

, 2015 to 

January 5
th

, 2016 period where definite growth is observed in the Bunya Mountains trees.  

When analysed on this shorter timescale temperature variables once again show significant 

correlations with tree growth (Table 5).  Analysis of the temperature conditions observed in 

Figure 6 suggests that when minimum temperatures reach around 20⁰C growth begins in the 

A. bidwillii trees, additionally, growth cessation occurs when minimum temperatures drop to 

about 0⁰C.  This would account for the significant correlations observed between the seasonal 

dendrometer growth data and temperature variables.  At this time such an observation is 

speculative with only two years of growth data available.  However, based on these  
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Growth 

Year Tree Rainfall 

Minimum 

Temperature 

Maximum 

Temperature 

2015 BM1 0.23 0.47 -0.07 

2015 BM2 0.14 0.44 0.01 

2015 BM3 0.26 0.50 -0.11 

2015 BM4 0.18 0.52 0.02 

Table 5: The correlations (r values) between daily growth and the variables used in the multiple 

regression analysis for the four Bunya Mountains dendrometer trees during the partial 2015 growth 

season from 10/10/2015 to 05/01/2016.  Values indicate the amount of variance explained by the 

given variable for the given tree with values significant at 95% shown in bold and those significant at 

90% shown in italics. 

 

preliminary results and Ash’s (1983b) observations that growth in some Araucariaceae trees 

appear correlated to rainfall and temperature this relationship should be considered for future 

monitoring of subtropical trees of this species. 

 Surprisingly the multiple regression analysis did not show strong connections between 

growth and precipitation (Tables 4 and 5) even through both Ash’s (1983b) observations and 

the pattern of growth seen in Figure 6 would suggest this to be the case.  However, regression 

analysis takes into account full seasonal data in the analysis and since rainfall is event based 

and does not occur on every day it is possible that multiple regression analysis on its own 

does not give the entire picture of how A. bidwillii tree growth is responding to rainfall.  To 

get a better understanding of how precipitation effects tree growth SEA was run for the 2014 

and 2015 growth and 2015 dormant seasons.  Figure 7 shows there is a definite relationship 

between rainfall events and tree growth in the four Bunya Mountains dendrometer trees.  

During all seasons the rainfall events do show bark exaggeration but the trees only show 

growth after the bark swelling retreats during the growth seasons.  The 2014 and 2015 growth 

seasons show two and three rainfall events respectively that demonstrate a loss of growth one 

week after the event (Figure 7).  This is due to the fact that these rainfall events followed 

closely after another rainfall event and so the growth here is cumulative with trees having 

biological limits on how much material they can add within a short timeframe.  In each 

season evaluated there are rainfall events that continue to day 5 or 6 and the effect of bark  
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Figure 7: Epoch analysis plots of the ten largest rainfall events during each of the 2014 growth, 2015 dormant, 

and 2015 growth seasons for the four Bunya Mountains dendrometer trees.  Each plot represents one week of 

dendrometer recordings from the start of the rainfall event.  Days with rain are shown as a dark blue diamond 

and days without rain as light blue diamonds. 

 

 

swelling is still observed after one week from the onset of the rainfall event (Figure 7).  Each 

of these events were monitored for an additional week and growth in the trees was observed 

during the growth seasons but not during the dormant season which matches the observations 

from the other events.  As such it becomes clear that both rainfall and temperature are related 

to the growth of A. bidwillii trees. 

 The dendrometers at the LBB site have only been recording data through one growth 

season at this stage; however, the results seem to show similar relationships to what is 

observed at the BDT site.  Multiple regression analyses demonstrated that temperature 

variables were significantly correlated to growth for the three LBB dendrometer trees (Table 

4).  Growth at the LBB site appears to begin in mid-August and continues until the end of 

March which matches with temperature variables that show increases beginning in mid-

August and decreases in mid-March.  Again rainfall was not found to show a significant 

correlation based on the multiple regression analysis but a SEA examination of the largest  
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Figure 8: Epoch analysis plots of the ten largest rainfall events during the 2015 dormant and growth seasons for 

the three Lamington dendrometer trees.  Each plot represents one week of dendrometer recordings from the start 

of the rainfall event.  Days with rain are shown as a dark blue diamond and days without rain as light blue 

diamonds. 

 

rainfall events showed similar results to the BDT analysis (Figure 8).  In Figure 8 three 

dormant season events appear to show growth after one week of study but in these cases 

rainfall had continued for the entire 7 day period.  Continued analysis for another week after 

the onset of the rainfall events showed no growth associated with these events for any of the 

LBB dendrometer trees.  The 2015 growth season demonstrates sustained growth for most of 

the rainfall events with only those that are concurrent rain events having little or negative 

growth.  The results of this analysis clearly demonstrates that the A. cunninghamii trees at the 

LBB site and the A. bidwillii trees at the BDT site both show growth in relation to seasonal 

temperature and event based rainfall conditions indicating similar climate responses in these 

two subtropical species. 

  

5.0 Conclusion 

 Australian tropical and subtropical regions experience multi-decadal periods of 

drought and flood. These regions often lack the annually-resolved long-term (multi-decadal 
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to centennial scale) instrumental climate records needed to understand these patterns of 

climate variability.  This study has demonstrated that trees from the Araucariaceae family 

can be used to develop long-term records of past-climate, but there are challenges.  We 

showed that the trees grow in relation to climate, with temperature affecting onset and 

conclusion of the growth season, and the amount of annual growth being driven by rainfall.  

Distinct growth and dormant seasons are observed allowing for annually resolved ring dating 

and dendroclimatic analysis.  

There are however, several growth anomalies associated with these species including 

pinching, locally absent, false, and faint rings, all of which must be accounted for in 

chronology development.  We found that most ring anomalies can be identified and in most 

cases ring series are dateable regardless of the presence of such anomalies.  We noted three 

types of tree classifications that can be applied to trees of these species: Category A, those 

with narrow ring series that regularly present locally absent rings; Category B, those with 

many false ring boundaries due to both climatic (B1) and growth (B2) conditions; and 

Category C, those with some form of localized effect on the tree that makes the ring series 

unsuitable for chronology development.  We found several means to increase the success of 

building a master chronology with Araucariaceae trees.  Site and tree selection were found to 

be very important in limiting ring anomalies, especially for trees in Categories B2 and C, so 

extra care is needed in the field analysis stage in tropical and subtropical environments. 

Selecting cross-sections where possible and using multiple cores from around the entire 

circumference of the tree, laying them out as they related to each other and dating these cores 

all at the same time in small blocks (ie. decades) helps to deal with core level (localized) ring 

anomalies.  Bomb-pulse radiocarbon dating is also necessary for tropical/subtropical 

dendrochronology.  The prevalence of ring anomalies in these species requires confirmation 

of the visually assigned dates which 
14

C analysis can provide.  The long held belief that 
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tropical/subtropical tree species are unsuitable for dendroclimatic analysis can be overcome 

by the application of dendroecological study of species and the use of multiple analysis 

techniques, as was undertaken here.  For subtropical Australia the use of Araucariaceae trees 

to develop long-term rainfall reconstructions can be undertaken to provide much needed 

information on climatic variability.  
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Table S1: All radiocarbon dates for the LBB site indicating their assumed and actual dates and 

detailing their calibration information.* Age calibration was performed using SH1-2 data set (Hua et 

al., 2013) extended back in time using SHCal13 (Hogg et al., 2013), and CALIBomb program 

(Reimer and Reimer, 2004).** Southern Hemisphere trees assigned year of growth is that in which 

growth begins. 

  

Tree Lab Code Assumed 

Year of 
Growth 

14C content ± 

1σ  (pMC) 

Calibrated 14C age 

(95% confidence)* 

Actual 

Year of 
Growth** 

Errors on 

Ring Counts 

Interpretation 

LBB-009 OZS710 1960 97.45 ± 0.38 1652-1884 

1925-1955 

1925-1955 -5 to -35 18-35 missing 
rings 

OZS711 1973 97.44 ± 0.38 1652-1883 

1925-1955 

1925-1955 -18 to -48 

LBB-002 OZS712 1961 137.58 ± 0.45 1963.8-1963.89 

1974.38-1976.53 

1973-1976 +12 to +15 12 false rings 

OZS713 1967 131.25 ± 0.44 1963.32-1963.54 

1977.43-1979.90 

1976-1979 +9 to +12 

LBB-001 OZS714 1964 127.30 ± 0.38 1962.66-1963.27 

1979.78-1982.26 

1962 -2 2 missing rings 

OZS715 1967 159.23 ± 0.37 1964.50-1965.24 

1966.44-1968.33 

1965-1967 -2 to 0 

LBB-027 OZS716 1965 142.25 ± 0.44 1963.68-1964.11 

1973.45-1974.85 

1972-1974 +7 to +9 7-8 false rings 

OZS717 1968 137.38 ± 0.36 1963.48-1963.89 

1974.39-1976.54 

1973-1976 +5 to +8 

LBB-015 OZS718 1961 97.11 ± 0.28 1659-1809 

1950-1954 

1950-1954 -7 to-10 7 missing rings 

OZS719 1970 141.23 ± 0.51 1963.67-1963.94 

1973.63-1975.46 

1963 -7 

LBB-007 OZT257 1962 162.93 ± 0.35 1964.67-1967.70 1964-1967 +2 to +5 2 false rings 

OZT258 1970 148.65 ± 0.33 1963.92-1964.79 

1969.91-1972.88 

1969-1972 -1 to +2 

LBB-018 OZT266 1962 142.13 ± 0.51 1963.68-1964.10 

1973.46-1875.14 

1971-1973 +1 1 false ring 

OZT267 1970 145.72 ± 0.53 1963.76-1964.23 

1972.26-1973.99 

1971-1973 +1 to +3 

LBB-016 OZT268 1964 96.84 ± 0.33 1636-1800 

1950-1955 

1950-1955 -14 to -9 9 missing rings 

OZT269 1972 152.43 ± 0.32 1963.94-1964.82 

1968.63-1971.41 

1963-1964 -9 to -8 

LBB-028 OZT270 1960 97.64 ± 0.25 1667-1881 

1925-1955 

1925-1955 -5 to -35 16 -19 missing 
rings 

OZT271 1971 96.79 ± 0.24 1639-1797 

1952-1955 

1952-1955 -16 to -19 

LBB-020 OZT272 1960 97.83 ± 0.24 1671-1893 

1921-1955 

1921-1955 -39 to -5 11-39 missing 

rings 

OZT273 1966 97.74 ± 0.26 1669-1891 

1923-1955 

1923-1955 -11 to -43 
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Chapter 5: A new tree-ring dating methodology using the Itrax 

core scanner to develop paleoclimate reconstructions in trees 

with faint, indeterminate ring boundaries 

 

 
 
Foreword: This chapter builds upon the results of Chapter 4 where A. cunninghamii trees 
were determined to have dendroclimatic potential and the connection between growth and 
rainfall was identified.  Here a collection of A. cunninghamii trees were cored from a site in 
D’Aguilar National Park based on the results of Chapter 3 that indicated this site was within 
the regional grouping where rainfall would match with Brisbane city.  Unfortunately the trees 
at this site were found to have a major issue with faint ring boundaries making them 
unsuitable for traditional visual dating.  Further analysis of the samples using an Itrax core 
scanner allowed for the development of a new technique using x-radiography and density 
measurements to identify the ring boundaries and measure their widths.  This new technique 
applied along with bomb-pulse radiocarbon dating to confirm ring ages allowed for the 
development of the first tree-ring chronology and subsequent climate reconstruction from an 
Australian Araucariaceae species.  Climate response function analysis is presented for the 
chronology which led to the development of an annual rainfall reconstruction for Brisbane 
from the trees collected in D’Aguilar National Park. 
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Abstract:   

Eastern Australia experiences multi-decadal periods of alternating floods and droughts.  

Subtropical Southeast Queensland frequently experiences the effect of these extreme events 

yet there is no instrumental or historical climate data of sufficient length to enable the 

temporal pattern to be explored and understood.  Tree-rings are a potential source of long-

term proxy rainfall information but suitable forest stands are sparsely scattered due to 

extensive land clearing.  Another factor deterring tree-ring use is that longer-lived species, 

such as those in the Araucariaceae family, frequently suffer from anomalous ring issues, 

particularly faint ring boundaries, hindering their use for paleoclimate study.  Here we 

present a method to help overcome the problems of identify faint ring boundaries in trees 

using X-radiographs and density patterns developed on the Itrax core scanner.  We analysed 

39 tree cores from 20 trees at a site in D’Aguilar National Park located just north of Brisbane 

city in Queensland, Australia.  Each core had a 2mm lath cut perpendicular to its rings which 

was then passed through an Itrax core scanner.  The tree-ring boundaries were identified on 

the image by both the visual features in the radiograph and by the change in density observed 

between rings.  From this information we developed a tree-ring chronology.  Independent 

verification of the chronology was done using bomb-pulse radiocarbon dating on five trees to 

verify the annual nature of the rings and to confirm and/or improve the chronology.  Climate 

response function analysis showed Austral annual rainfall (June-May) was the dominant 

environmental variable driving tree growth.  Finally, a 69-year statistically significant 

reconstruction of Brisbane precipitation was produced showing that this non-destructive Itrax 

ring identification technique is useful for dendroclimatological studies of trees with faint ring 

boundaries.   
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1. Introduction 

Many tropical and subtropical regions of the world are lacking in long-term (>100 

year) instrumental and historical climate records.  These regions are also categorized as 

having highly variable climates with some areas such as the east coast of Australia known to 

experience multi-decadal periods of drought as well as extreme floods (Warner, 1997; 

Erskine and Warner, 1998; Rustomji et al., 2009).  Longer proxy records are needed in such 

regions to understand these climate patterns.  Dendroclimatology has been shown to be a 

viable proxy technique for developing long-term climate reconstructions in these 

environments (Haines et al., 2016) yet few tree-ring based studies have been carried out on 

Australia’s east coast (Heinrich et al., 2008; 2009).  The main deterrent to such studies is the 

long-held belief that issues with ring anomalies in tropical tree species make them unsuitable 

for dendroclimatological investigation (see Ogden, 1978).  However, recent reviews 

demonstrate potential to use a multi-technique approach when working with tropical species 

to allow for both chronology development and climate reconstructions (Heinrich and Allen, 

2013; Haines et al, 2016).   

 One subtropical Australian environment that would benefit from a long-term, tree-

ring rainfall reconstruction is Southeast Queensland (SEQ), and more specifically Brisbane 

which is the major urban centre of this region.  SEQ and Brisbane are characterized by a 

pattern of major flood and drought events related to interannual rainfall variability (Kiem et 

al., 2003; Rustomji et al., 2009, van den Honert and McAneney, 2011; Haines and Olley, in 

press).  Such extreme events are known to have major environmental and economic costs 

with the recent Millennium Drought (1996-2010) causing billions of dollars in loss across the 

country and heavily affecting Queensland’s agricultural sector (Bond et al., 2008; ABS, 

2011; van den Honert and McAneney, 2011; Heberger, 2012; BoM, 2015a).  Understanding 

the prevalence of such events is a priority for climate scientists.  Recent rainfall analysis by 
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Haines and Olley (in press) has indicated that rainfall is highly variable across SEQ and that 

in order to develop the strongest possible precipitation reconstruction for Brisbane tree-ring 

sites in close proximity to the city should be selected.  Urban settlement, land clearing, and 

logging have made such sites difficult to locate (Kemp et al., 2015) but D’Aguilar National 

Park located directly to the north of the city does fall within Brisbane’s rainfall zone and is 

known to contain species which can be used for precipitation reconstruction.  One of these 

species is Araucaria cunninghamii (Mudie) which was shown by Ash (1983) to produce 

annual growth rings which are limited by, and therefore have the potential to reconstruct, 

precipitation.  Unfortunately, coring of A. cunninghamii trees within D’Aguilar National Park 

demonstrated that the wood properties of these trees produced rings which are too faint to 

visually identify the ring boundaries for conventional dendrochonological dating.  However, 

previous studies in tropical environments have used density patterns in the wood to indicate 

ring boundaries and develop annual patterns (Worbes et al., 1995; Tomazello et al., 2000).   

 Wood density variation was first used as a dating method for tree-ring analysis by 

Polge (1970) and is based upon the rate of change in density between latewood and 

earlywood as seen through X-ray densitometric scanning (as detailed in Polge, 1966).  Many 

improvements have been made since this work on the X-ray scanning techniques but the 

principles in density analysis have remained the same.  The A. cunninghamii samples taken 

from D’Aguilar National Park demonstrate typical densitometric patterns where ring 

boundaries can be determined by the rapid change in density between the end of one ring’s 

latewood and the beginning of the next ring’s earlywood.  Here we first date the core samples 

taken from A. cunninghamii trees in D’Aguilar National Park using X-radiographs and wood 

density patterns.  From this, we develop a precipitation reconstruction for Brisbane, Australia 

and report on the usefulness of this method for wider paleoclimatic study in instances where 

wood properties do not allow for easy visual ring identification. 
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Figure 1: Map out Southeast Queensland with urban areas including Brisbane marked in grey and 

National Parks in green. The location of the DMA site is indicated in yellow, the three rainfall stations 

used in this analysis in blue, and the temperature station in red 

 

2. Regional setting 

 Southeast Queensland, Australia is located along the Queensland-New South Wales 

border and extends from the coast on the east, to the Great Dividing Range to the west, and 

north to the Sunshine Coast region (Fig. 1).  Brisbane is located midway up the east coast and 

is the most populous urban region in subtropical Australia (ABS, 2016).  Annual precipitation 

is around 1020mm with the majority falling between November to March while average 

minimum and maximum temperatures range from 10⁰C to 21⁰C and 22⁰C to 30⁰C 
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respectively (BoM, 2017).  Directly to the north of the city is the South D’Aguilar section of 

D’Aguilar National Park which contains a variety of forest environments including 

subtropical rainforest in large extents through the central and northern parts of this park 

section (QDNPSR, 2015a).  Based on work by Haines and Olley (in press) it was determined 

that the rainfall variability seen in Brisbane will be closely correlated to the rainfall 

variability observed within this park.   

 As with much of SEQ, Brisbane and its surrounding areas have been heavily modified 

since European settlement in the 1820s which included widespread logging activities (Horne 

and Hickey, 2001; Kemp et al., 2015).  In subtropical Queensland most of the rainforest has 

been removed with the majority of remnant rainforest vegetation stands found in State Forest 

and National Parks (Horne and Hickey, 2001).  This makes the connection between Brisbane 

and D’Aguilar National Park important as there are few other locations within SEQ that a 

tree-ring based rainfall reconstruction can be developed for the city.   

 D’Aguilar National Park was developed as a series of small national parks that were 

joined together under one title in 2009 (QDNPSR, 2015b).  The subtropical rainforest in the 

Maiala section was the first region preserved in 1930 and was an area that had been logged 

and replanted with Araucaria cunninghamii trees (QDNPSR, 2015b).  The Maiala section 

was further developed for visitor use in the early 2000s when a parking area to access trails, a 

picnic shelter with barbeque facilities, and a toilet block were added.  This location is similar 

to other rainforest settings in SEQ as the Maiala A. cunninghamii site (referred to herein as 

DMA) sits on a hillslope where a thin layer of soil covers a volcanic bedrock material.  The 

vegetation in the Maiala rainforest is similar in composition to other rainforest stands across 

subtropical eastern Australia but the understory, composed of vines and smaller plant species, 

is less dense than unlogged rainforest stands such as the World Heritage Protected rainforest 

in Lamington National Park.  A. cunninghamii is the dominant species in the Maiala 
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rainforest with few trees of other species reaching canopy height at this location (Fig. 2).  It is 

unclear if the dominance of A. cunninghamii at this site and/or the light understory cover is 

due to previous logging activity or if this is the natural vegetation condition found at this 

location.  However, these conditions are beneficial as this is a prime location for an A. 

cunninghamii tree-ring study due to a lack of competition for resources between species. 

 
Figure 2: The DMA site: Subtropical rainforest with minimal understory vegetation 

 

3. Materials and methods 

3.1 Tree-ring chronology development 

 Trees selected for this study (n = 27) needed to meet the following criteria: to have 

reached canopy height, represent a dominant or subdominant tree in the stand, not have 

another dominant or subdominant tree located within 2m of the base (and therefore be 

competing for resources), and appear on visual inspection to not be affected by localized 

factors such as insect infestation or heavy vine coverage.  Two 12mm diameter cores were 
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taken from each tree in the study (n = 54) at a minimum of 90⁰ apart.  Each sample was 

labelled and placed in vented plumbers piping for transport back to the lab. 

 Samples were air dried for 3-5 days in the lab before being placed in a drying oven at 

40⁰C for 4-6 hours to remove any remaining moisture.  Each sample was mounted using non-

toxic acid free glue and cut using a twin-bladed saw (Dendrocut 2003, Walesch Electronics).  

This cutting procedure provided three sections for each sample: the bottom section of the core 

remained glued into the mount, the middle section is a lath that is a consistent 2mm depth, 

and the top section of remaining sample can potentially be used for any destructive analysis 

(Fig. 3).  The mounted portions of all samples were progressively sanded with 400, 800, and 

1200 grit sandpaper to attempt to bring out any visual wood properties.  Some features were 

identifiable but little variation could be observed relating to ring boundaries making 

traditional visual ring counting impossible.  The 2mm lath from each core was analysed for 

density pattern and an X-radiograph developed at a 20μm scale using the Itrax core scanner 

(Cox Analytical Systems) located at the Australian Nuclear Science and Technology 

Organisation (ANSTO) in Sydney, NSW, Australia.  This scanning method is non-destructive 

but needs to be undertaken before the lath is used for any type of analysis that could interfere 

with the results (eg. resin removal).   

 
Figure 3: Sample DMA026E after being cut with a twin-bladed saw.  Each core is comprised of A) 

the bottom section of the core which is glued into the base, B) a lath of 2mm depth for scanning on 

the Itrax core scanner, and C) the remaining portion of the core which can be used for destructive 

analysis such as radiocarbon dating.  While some evidence of ring boundaries are present in the DMA 

samples there are large parts of the cores where such boundaries cannot be identified as evidenced by 

the central portion of DMA026E 
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Figure 4: Sample DMA012F for the period 1991-2000 showing the Itrax Radiograph image 

overlayed with density pattern (blue line), actual ring boundaries (red line) and fake ring boundary 

(white line) occurring during the year 2007.    Ring 2000 is in the far left of the figure identified with 

four red dots; ring 1991 is in the far right of the figure. 

 

3.1.1 Use of the Itrax x-radiograph and density pattern for dating A. cunninghamii 

samples 

 The Itrax Core scanner produced radiographic images of the A. cunninghamii trees 

that allowed for ring boundaries not seen by the naked eye to be identified (Fig. 4).  The 

black and white radiographic images show numerous features in the wood not just the 

latewood/earlywood boundaries that represent rings.  Previous work by Ogden (1978), and 

Ash (1983) indicated that false rings are prevalent in samples from Araucariaceae species 

and these also appear as potential rings in the radiographic images.  Therefore, we also used 

the density pattern produced by the Itrax scan to identify the true ring boundaries (see Fig. 4).  

The density pattern was overlayed on the X-radiograph using the program ReDiCore (Cox 

Analytical Systems) and the image was transferred into Adobe Illustrator where ring 

boundaries were visually identified and marked on the image.  The ring widths were then 

measured in micrometers and ring width series created for each core using the program 

TELLERVO (Brewer et al., 2010).  It should be noted that any program where the image can 

be analysed and the ring boundaries measured could be used for this analysis; Adobe 

Illustrator was selected in this instance due to its availability to the authors. Dating of this 

Southern Hemisphere tree-ring series was undertaken using the Schulman (1956) convention 

with the year assigned to the ring being the one in which growth began.    
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 As with visual dating of this species it can, in some instances, be difficult using the 

density pattern to determine the difference between true and false ring boundaries.  This is 

because false rings also show a change in density but the magnitude of change is lower than a 

true ring boundary.  To validate the dating, five trees from the DMA chronology had their 

ring ages dated through bomb-pulse radiocarbon analysis on two single rings from one core 

of each tree (Biondi et al., 2007; Pearson et al., 2011).  This analysis is based on the 

atmospheric 
14

C bomb curve for Southern Hemisphere mid-latitudes resulting from 

aboveground nuclear testing mostly in the 1950s and 1960s (see Hua and Barbetti, 2004). 

Because bomb radiocarbon delivers two possible calendar ages for each specimen 
14

C value, 

two single rings from each core were collected for radiocarbon measurement.   These 

specimens were wide rings formed in years close to the 1963-1967 bomb peak period to 

allow for the best possible calendar age resolution (Hua and Barbetti, 2004; Hua, 2009).  All 

ten specimens were pre-treated to alpha-cellulose (Hua et al., 2004) and then combusted and 

converted to graphite (Hua et al., 2001) for accelerator mass spectrometry (AMS) 
14

C 

analysis using the STAR Facility at ANSTO (Fink et al., 2004).  

 Once the 
14

C results were available to help determine the difference between true and 

false rings the dating of the DMA chronology was revised to remove ring anomalies.  Not all 

cores were included in the DMA master chronology as localized influences on individual 

trees cause some samples to not match the overall site pattern that is related to the regions 

climate.  Quality control was conducted on the DMA master chronology using COFECHA to 

ensure crossdating and measurement accuracy (Holmes, 1983; Grissino-Mayer, 2001).  Mean 

series inter-correlation and mean sensitivity were evaluated to determine the common signal 

within the chronology and the response to climate respectively.  Next, the series was power 

transformed and detrended in ARSTAN (Cook and Holmes, 1985) using a Friedman super 

smoother set at a high sensitivity (level 3 within the ARSTAN program); this form of 
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detrending best represented the variability between extreme wet and dry conditions observed 

at this location without modifying the overall series pattern.  It should be noted that we 

evaluated other ARSTAN detrending options and found little variation in the results from the 

different index series.  The standard output chronology was selected for use in climate 

analyses as autocorrelation was determined to be below the level of significance, removing 

the need for autoregressive modelling.  The EPS (expressed population signal) value was 

used to determine the acceptable level of commonality within the data series.  For tropical 

species an EPS value at or above 0.80 is typically considered representative of a common 

signal and so only the period above EPS = 0.80 was used in this chronology (Baker et al., 

2008).  Correlation statistics were developed for the DMA chronology using the dplR 

package (Bunn et al., 2014). 

 

3.2 Climate response 

 The DMA chronology was compared to monthly precipitation, minimum temperature, 

and maximum temperature variables to determine climate response at this site.  The climate 

data was sourced from the Bureau of Meteorology historical climate database (BoM, 2015b) 

which provides quality controlled data series.  For Brisbane rainfall the 1940-2015 period 

from the Toowong Bowls Club (station 40245) was used as it is one of the longest and most 

complete records for Brisbane city.  To fill in missing data rainfall values were used from 

Ashgrove Bowls Club and Brisbane Botanic Gardens Mt Coot-tha (stations 40326 and 40976 

respectively); statistical analysis demonstrated these three rainfall station datasets were 

homogenous.  The SEQ temperature network is sparse compared to the rainfall data, 

however; the temperature conditions are much more uniform across the region (BoM, 2015b).  

As such, the Amberley AMO (Station 40004) minimum and maximum temperature data, 

which has no missing values for the period of 1940-2015, was used in this study.  Rainfall 
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data were also evaluated seasonally and annually by summing the monthly variables together.  

Seasons are delineated as follows: winter = June, July, August; spring = September, October, 

November; summer = December, January, February; and autumn = March, April, May.  

Annual rainfall represents winter through autumn precipitation and is allocated to the year 

where the annual period commenced. 

 DendroClim2002 (Biondi and Waikul, 2004) was used to evaluate correlation and 

response coefficients between the climate and growth variables.  The annual DMA site index 

was compared to monthly, seasonal, and annual precipitation as well as monthly minimum 

and maximum temperatures.  Temporal response was tested with forward evolutionary 

modelling using a 24 year base window.  Pearson correlation analysis was undertaken to 

analyse for statistical significance at the 95% confidence level (p < 0.05) for all static and 

temporal correlation and response variables. 

 Based on the results of the climate response analysis it was determined that a rainfall 

reconstruction of Brisbane precipitation could be developed using the DMA chronology.  The 

program PCReg (http://www.ldeo.columbia. edu/tree-ring-laboratory/resources/software) was 

used to develop a point to point linear regression model of annual rainfall.  Calibration and 

verification analysis was undertaken using a split period method for the part of the record 

prior to site disturbance which occurred in 2002 (Fritts, 1976).  Verification statistics were 

utilized to test the reconstructed output for robustness.  The reconstruction presented is based 

upon the full 1946-2001 calibration period.  

 

4. Results  

4.1 DMA chronology development 

 Ring boundary identification was completed by analysing both the radiographic 

images and the density pattern produced by the Itrax core scanner.  Features that appeared in 
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the radiograph to be ring boundaries were then compared to the density pattern changes 

between latewood and earlywood.  Boundaries were determined to be true only if the visual 

feature on the radiograph correlated with a significant change in the density plot.  Once the 

boundaries were identified each of the fifty-four cores were dated and comparisons made 

between the two cores from each tree to compensate for any locally absent rings which are 

known to be common in these species (Ash, 1983).  To account for false ring boundaries 

dating verification was undertaken using bomb-pulse radiocarbon dating. 

In order to develop the master chronology five trees were dated using bomb-pulse 

radiocarbon and the results are presented in Table 1.  In all but one of the ten rings dated the 

original age given to the ring was incorrect.  This is unsurprising for trees of the 

Araucariaceae species as they are known to have many issues with ring anomalies (Ogden, 

1981; Ash, 1983).  Dating was off by 0-6 years and in most cases false rings were the  

Tree 

Sample 

Code 

Assumed 

Year of 

Growth 

14
C content ± 1σ  

(pMC) Calibrated 
14

C age 

(95% confidence)* 

Actual Year 

of Growth** 

DMA006 

OZU612 1962 159.57±0.38 

1964.50-1965.24 

1966.42-1968.33 1966 

OZU622 1970 139.41±0.36 

1963.51-1963.93 

1973.90-1976.20 1975 

DMA010 

OZU614 1964 150.29±0.43 

1964.01-1964.39 

1969.88-1972.23 1970 

OZU615 1967 142.68±0.38 

1963.69-1964.06 

1973.31-1974.83 1973 

DMA012 

OZU616 1964 152.46±0.36 

1963.94-1964.82 

1968.62-1971.41 1964 

OZU617 1968 149.72±0.41 

1963.98-1964.37 

1969.90-1972.25 1970 

DMA014 

OZU618 1964 120.42±0.31 

1960.07-1963.22 

1984.69-1988.12 1961 

OZU619 1967 160.82±0.39 

1964.64-1965.65 

1966.35-1968.30 1964 

DMA025 

OZU620 1963 162.27±0.41 1964.66-1967.73 1964 

OZU621 1967 151.77±0.37 

1963.94-1964.82 

1969.42-1971.84 1969 

*Age calibration was performed using SH1-2 data set (Hua et al., 2013) extended back in time using SHCal13 

(Hogg et al., 2013), and CALIBomb program (Reimer and Reimer, 2004). **Actual ages given are those 

determined through redating the tree cores after radiocarbon analysis. 

 

Table 1: The assumed & actual dates of 10 radiocarbon samples obtained from 5 DMA trees. 
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prominent ring anomaly although missing rings were seen in sample DMA014.  By 

undertaking bomb-pulse radiocarbon dating and applying the results to an analysis of the 

Itrax radiograph and density dating method false ring identification became possible by 

looking at the level of change in density observed which was different between true and false 

rings.  The missing rings in tree DMA014 occurred at the outer most portion of the core 

where the image was unclear due to some damage to the wood lath that made ring boundary 

identification problematic.  This issue arose in two other trees in the series and was easily 

corrected due to the knowledge gained from bomb-pulse radiocarbon dating tree DMA014.  

All series were redated after 
14

C verification was completed to reflect the improved 

awareness of what constituted an annual ring using the radiograph and density dating method.   

Quality control was undertaken on all redated tree cores and samples that were overly 

influenced by localized factors were removed.  Crossdated tree-ring measurements developed 

from twenty trees extended from 1941-2014, however the DMA chronology was truncated at 

1945 based on an EPS values of 0.80, as before this year the common signal strength 

weakens and becomes more representative of variability within individual trees and therefore 

does not provide a robust representation of environmental variables (Fig. 5, Table 2).  

Individual tree ages were fairly consistent with maximum and minimum tree series length of 

74 and 32 years respectively and a mean series length of 56 years.  While the oldest tree in 

the series dated to 1941, the youngest started growing in 1968; all trees in the series were 

living when they were cored in 2014.  This dataset is representative of a single age cohort of 

tree growth which was to be expected as the site was planted after being completely cleared 

by logging and was not of sufficient age for a second younger cohort to have developed.  

 The DMA chronology has a mean ring width of 0.419mm, a median ring width of 

0.357mm, and a skew of 1.20 (Table 2).  These values show that the individual series within 

the chronology are not highly variable but agreement between cores is demonstrated.  Several  
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Figure 5: The raw ring width series (A) and STD chronology from ARSTAN overlaid on sample 

depth (B) for the DMA data. 

 

correlation statistics were also calculated to determine the environmental sensitivity of the 

chronology (Table 2; see Biondi and Qeadan, 2008).  While there is some contribution from 

previous years to each rings growth the Gini value of 0.292 indicates that year to year 

variability is not low and therefore the chronology is of sufficient strength to be considered a 

robust representation of environmental conditions.  Narrow rings are found to be consistent 

between most tree series in the chronology (Fig. 5A) with evidence of drought events, 

especially the Millennium drought from 1996-2010, observable in the record.  Wide rings 

appear to be in agreement across some series in the chronology (Fig. 5A) but evidence of 

heavy rainfall associated with known floods in the Brisbane region, such as the major floods 

of 2011 and 1974 (see BoM, 2016), do not appear to be captured here. 
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Chronology Length  1945-2014 

No. of trees 20 

No. of cores 39 

Mean ring width (mm) 0.419 

Standard deviation (mm) 0.232 

Median Ring Width (mm) 0.357 

Skew 1.20 

Correlation statistics  

Gini 0.292 

AR1 0.460 

Rho 0.477 

Table 2: Summary Statistics for the DMA Master Series. 

 

4.2 Correlations with climate 

 Analysis of the DMA chronology climate response to Brisbane rainfall and regional 

temperature variables demonstrate that precipitation is more closely connected to ring growth 

than temperature (Fig. 6).  Seasonal and annual precipitation conditions are more strongly 

correlated to growth than individual monthly variables (Fig. 6A).  The significant 

relationships between rainfall and growth are positive indicating that growth is reduced in 

years with little rainfall.  No significant relationships were found between tree growth and 

maximum temperatures (data not shown) and only November minimum temperature 

conditions were seen to be significant (Fig. 6B).  This correlation is negative and indicates 

that lower minimum temperatures during the start of the growth season could affect tree 

growth.  This matches with observations of climate-growth relationships made using 

dendrometers in other areas of SEQ on Araucariaceae species that demonstrated minimum 

temperatures influence the commencement and conclusion of the growth season.  Our 

observations match those found by Ash (1983) indicating that precipitation was the climate 

variable most strongly connected to A. cunninghamii growth but that temperature variables 

also had an observable effect.  However, in line with Ash’s (1983) conclusions, it is annual 

Brisbane precipitation that the DMA chronology can be used to reconstruct.   
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Figure 6: Climate response values for the DMA chronology series and both the Brisbane rainfall and 

SEQ temperature data.  Correlation coefficients are given for monthly, seasonal, and annual 

precipitation (A) and average monthly minimum temperature (B) for the year prior to growth 

(lowercase), the year of growth (uppercase).  Correlations are significant when they surpass the 

dashed lines. 
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4.3 Rainfall reconstruction 

 Linear regression analysis between the DMA tree-ring chronology and Brisbane 

annual precipitation was performed over split calibration and verification periods of 1946-

1971 (early calibration) and 1972-2001 (late calibration).  Additionally, calibration only was 

run over the entire 1946-2001 period (Table 3, Fig. 7).  Correlations for all the calibration and 

verification periods were statistically significant.  There is little variation between the 

statistics for the two split calibration/verification periods indicating that the relationship 

observed between the chronology and rainfall remains steady over time.  Reduction of error 

(RE) and coefficient of efficiency (CE) values were all positive (Table 3) indicating that the 

developed model is a robust (albeit modest) representation of annual rainfall.  However, the 

correlation, RE, and CE values are low which suggests that while rainfall is the 

environmental variable most influencing growth of the DMA A. cunninghamii trees there are 

other significant localized influence(s) affecting this site.  Nevertheless, the developed 

reconstruction can still be considered sound due to the statistical validity of the analysis. 

 
Figure 7: Reconstructed (black line) and instrumental (grey line) annual precipitation for Brisbane 

over the calibration period 1946-1972 and verification period 1973-2001.  The precipitation records 

are extended through the Maiala post-construction period for reference.  The Millennial Drought 

occurrence in eastern Australia is indicated by the light grey background.   
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 Calibration Verification 

Time Span First Last r C-RE First Last V-RE V-CE 

Full 1946 2001 0.377 0.111     

Early 1946 1971 0.413 0.170 1972 2001 0.118 0.107 

Late 1972 2001 0.345 0.119 1946 1971 0.155 0.111 

Table 3: Calibration and verification statistics for the Brisbane annual rainfall reconstruction. 

 

5. Discussion 

 The DMA chronology and climate reconstruction presented herein is the first 

developed using an Australian Araucariaceae species.  This chronology is robust and well 

replicated as the thirty-nine cores used show coherent ring width patterns through the entire 

record (Fig. 5, Table 2).  Narrow rings representative of low rainfall conditions, such as 1952, 

1968, and 1990, appear in most cores across the entire series.  Ring width analysis is well 

known as being representative of low rainfall conditions in trees sensitive to moisture.  The 

fact that the DMA chronology also shows this is another indication that the ring width pattern 

developed using the radiograph and density ring boundary identification method is 

appropriate for use in dendroclimatological studies.  The period of the Millennium Drought 

(1996-2010) also appears uniform with ring widths below the mean for most cores during this 

period with the exception of 2002 (discussed below).  While ring width studies are good at 

representing low rainfall conditions they do struggle to properly characterize years with 

heavy rainfall.  Trees are biologically limited in how much material they can build up within 

a period of time.  In the DMA chronology some wide tree-ring widths do appear to match 

well with years where rainfall was found to be above the mean, such as 1949, 1966, 1970, 

and 1989.  In other instances, such as 1973 and 1995, the heavy rainfall which occurred is not 

captured in the tree-ring record.  However, a detailed analysis of the daily rainfall occurring 

during these years explains why this has occurred.  In 1973 and 1995 the majority of rainfall 

occurred during a few short events.  For example in 1973 over a third of the growth season 

rainfall occurred during one event and 50% of this year’s rainfall occurred over only six days, 
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which represented 1973’s three largest precipitation events.  The rainfall during years where 

wider rings occur tends to be spread more evenly throughout the growth season.  For 

instance, in 1966 the three largest rainfall events occurred over a total of nine days and did 

not even represent a third of the rainfall that fell during the growth season.   

Another issue that needs to be considered when looking at this rainfall reconstruction 

is alternative, specifically localized, influences on tree growth.  Annual rainfall accounts for 

17% of growth variability in this series which is low even for tropical/subtropical 

reconstructions (see Shah et al., 2007; Heinrich et al., 2008; 2009).  However, the trees at this 

site are all from one individual cohort which is less than 100 years old.  Communication with 

the D’Aguilar park rangers and staff during site visits suggested that the trees at this site had 

been planted in the mid to late 1800s.  However, the chronology suggests that the trees were 

in fact planted in the 1930s or 1940s around the time that the Maiala region became a 

National Park.  Due to the young age of the trees the DMA chronology was not as lengthy as 

we had originally hoped.  Nevertheless, it still represents a significant overlap with reliable 

Brisbane precipitation data and therefore provides an opportunity to apply the Itrax ring 

boundary identification technique.  The documentation of significant relationships between 

tree growth and climate (Fig. 6) as well as the development of a statistically valid rainfall 

reconstruction (Fig. 7) regardless of the low variability represented suggest that this 

technique is in fact appropriate for use in dendroclimatology.  Climate response analysis 

demonstrated that even though this is a short tree-ring record there is a significant observable 

influence of annual rainfall on tree growth.  Nevertheless, this 69-year reconstruction 

developed from one cohort of trees is not of sufficient length or diversity to account for all 

growth trends related to resource competition and tree aging.  Standardization has greatly 

reduced these trends, but not to the same degree as would occur over a long-term chronology 

record developed from multiple cohorts.  This is a bias caused by the site and tree selection 
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which is unavoidable in SEQ as there are so few locations remaining with tree species useful 

in climate studies.   

Other localized effects may also be contributing to the low percentage of 

reconstruction variance explained by the rainfall data.  Aerial photographs of the Maiala 

visitors area indicate that it was developed from a simple unpaved carpark to a multi-purpose 

area with barbecue and toilet facilities and a paved carpark in the early 2000s.  The major 

work conducted for the burying of the septic system and building of the amenity block was 

undertaken in 2002.  The septic system is located directly uphill from the A. cunninghamii 

tree stand.  This could account for the wide 2002 ring observed in the DMA trees during a 

year with little rainfall as conditions at the site would have been heavily influenced by the 

ongoing construction.  Beyond 2002 there is a period of eight years with little variability in 

ring width which occurs during the Millennium Drought where narrow ring widths would be 

expected.  This could be a lasting effect of the amenity block construction as the septic 

system could be providing nutrients uphill of the DMA site that are cancelling out the 

environmental growth requirements of the trees.  However, this period of muted variability in 

the record seems to begin prior to 2002.  This may be an artefact of the Millennium Drought 

itself.  While most of SEQ was suffering from low moisture conditions the high elevation 

DMA site located within a small catchment may have had moisture available than on the 

agricultural valley plains.  In order to further investigate this change, a 26-year moving 

window analysis of the correlation values between the chronology and the instrumental 

rainfall was undertaken for the entire 1946-2015 period (Fig. 8).  In this a drastic decrease in 

the correlation between variables is evident in the early 2000s, in line with the disturbance at 

the Maiala site.  This would suggest that it is the localized influence of the work occurring at 

the site that is influencing the low variability in ring-widths and that any analysis of rainfall 

based on the DMA reconstruction should be truncated in 2001.  However, both Figures 7 and  
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Figure 8: Moving window of correlation values for 26-year calibration periods (black line) over the 

entire 1946-2014 reconstruction.  The mean values (grey dashed line) and ±1 standard deviation 

(dotted lines) are given for the period up to 2001 and from 2002 onwards.  

 

8 appear to show that in the last few years of the record the tree-ring pattern is again 

matching well with rainfall and that the correlation between the variables is increasing.  This 

may suggest that the localized influence of the construction is limited and that environmental 

conditions may again be driving tree growth.   

 Other long-term rainfall studies that have been undertaken in southeastern Australia 

have investigated the low-frequency variability related to phenomena such as the El Niño 

Southern Oscillation (ENSO) and the Interdecadal Pacific Oscillation (IPO) (Chiew et al., 

1998; Verdon et al., 2004; Heinrich et al., 2009; Gergis et al., 2012).  Such an undertaking 

would provide a better understanding of how climatic conditions are influencing the tree-ring 

data at the DMA research site.  However, the short duration record produced here precluded 

such analysis from being performed.  Preliminary spectral wavelet analysis demonstrated no 

significant relationships.  For such a low-frequency analysis to be performed a longer 

chronology from the SEQ region, such as the one developed by Heinrich et al. (2009) would 

be required.  As the majority of the Araucariaceae trees within D’Aguilar National Park were 
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logged and those in existence now represent a replanting program after National Park status 

was granted, it is unlikely that an extension to the current DMA chronology is possible. 

Regardless of length, the creation of this ring width chronology, from a site with non-visual 

ring boundaries, is a very important development for tropical dendrochronology.  Faint ring 

boundaries are very common in tropical species. Here we have demonstrated that tree ring 

boundaries can be clearly identified using the radiographic images and the density pattern 

generated by the Itrax core scanner. This technique is non-destructive and while used here on 

a tropical/subtropical species it can be applied to any environment or species as long as the 

researcher has access to an Itrax core scanner, or equivalent technology, to produce both 

radiographs and density patterns for comparative analysis. 

 

6. Conclusions 

 Long-term understanding of extreme climatic events along the tropical/subtropical 

east coast of Australia cannot be developed from historical and instrumental data and 

therefore must be reconstructed through the use of proxy datasets.  Within Southeast 

Queensland there are tree species such as A. cunninghamii that can be used to develop rainfall 

reconstructions but ring anomalies, including faint, indeterminate ring boundaries, can make 

analysis problematic.  This issue can be overcome by the method presented here where true 

ring boundaries are identified, dated, and widths measured through the use of radiographic 

images and density patterns developed on the Itrax core scanner and verified through bomb-

pulse radiocarbon dating.  Our results from applying this method to trees at the DMA site in 

D’Aguilar National Park demonstrated i) that a robust chronology can be created, ii) that tree 

growth response to climate is strong at this location, and iii) that a statistically sound rainfall 

reconstruction can be developed using this method.  While the reconstruction indicates that at 

the DMA site tree growth is highly dependent on localized influences the analysis does show 
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that annual rainfall is the driving factor for tree growth at this site.  By selecting a tree-ring 

site where a longer, multi-cohort record can be developed there is a high probability that a 

long-term record of Brisbane precipitation can be reconstructed.  The results clearly 

demonstrate the usefulness of the Itrax dating method.   

 

Acknowledgments 

The authors would like to thank Jack Coates-Marnane, Tanya Ellison, and Dr Craig 

Woodward for assistance in the field and both the Queensland Government Parks and 

Wildlife Service and the Queensland Department of Environment and Heritage Protection for 

allowing permitted access to the field site.  Thanks also to ANSTO for H.A. Haines’ access to 

the radiocarbon lab and assistance in preparing and analysing samples for radiocarbon dating.  

We acknowledge the financial support from the Australian Government for the Centre for 

Accelerator Science at ANSTO through the National Collaborative Research Infrastructure 

Strategy (NCRIS).  The authors appreciated comments from Dr Craig Woodward on an early 

draft of this manuscript.   

 

Funding source 

This work was supported by an Australian Research Council Linkage Grant (LP120200093) 

and an Australian Institute of Nuclear Science and Engineering Postgraduate Research Award 

(ALNSTU11387).  Heather A. Haines received PhD scholarships from Griffith University, 

the Australian Research Council, and the Australian Institute of Nuclear Science and 

Engineering.   

 

Declaration of interest 

The authors declare no conflicts of interest. 



101 

 

References 

 

Ash, J., 1983.  Growth rings in Agathis robusta and Araucaria cunninghamii from Tropical Australia.  

Australian Journal of Botany 31, 269-275. doi: 10.1071/BT9830269 

 

Australian Bureau of Statistics (ABS). 2011. Australian Bureau of Statistics 

 

Australian Bureau of Statistics (ABS). 2016. Australian Bureau of Statistics 

 

Baker, P.J., Palmer, J.G., D’Arrigo, R., 2008.  The dendrochronology of Callitris intratropica in northern 

Australia: Annual ring structure, chronology development and climate correlations.  Australian Journal of 

Botany, 56, 311-320. doi: 10.1071/BT08040 

 

Biondi, F., Qeadan, F., 2008. Inequality in Paleorecords. Ecology, 89(4), 1056–1067.  doi: 10.1890/07-0783.1 

 

Biondi, F., Waikul, K., 2004.  DENDROCLIM2002: A C++ program for statistical calibration of climate signals 

in tree-ring chronologies.  Computers & Geosciences, 30, 303-311.  doi: 10.1016/j.cageo.2003.11.004 

 

Biondi, F., Strachan, S., Mensing, S., Piovesan, G., 2007. Radiocarbon analysis confirms the annual nature of 

sagebrush growth rings. Radiocarbon 49, 1231-1240. doi: 10.1017/S0033822200043149 

 

Bond, N.R., Lake, P.S., Arthington, A.H., 2008.  The impacts of drought on freshwater ecosystems: an 

Australian perspective.  Hydrobiologia, 600, 3-16. doi: 10.1007/s10750-008-9326-z 

 

Brewer, P.W., Sturgeon, K., Madar, L., Manning, S.W., 2010.  A new approach to dendrochronological data 

management.  Dendrochronologia, 28 (2), 131-134.  doi: 10.1016/j.dendro.2009.03.003 

 

Bunn, A., Korpela, M., Biondi, F., Campelo, F., Mérian, P., Mudelsee, M., Qeadan, F., Schulz, M., Zang, C., 

2014.  dplR: Dendrochronology Program Library in R. R package version 1.6.0. http://CRAN.R-

project.org/package=dplR  

 

Bureau of Meteorology (BoM), 2015a.  Recent rainfall, drought and southern Australia’s long-term rainfall 

decline.  http://www.bom.gov.au/climate/updates/articles/a010-southern-rainfall-decline.shtml (accessed 

March 2017) 

 

Bureau of Meteorology (BoM), 2015b.  Climate Data Online.  http://www.bom.gov.au/climate/data/ (accessed 

October 2016) 

 

Bureau of Meteorology (BoM), 2016.  Known Floods in the Brisbane and Bremer River Basin.  

http://www.bom.gov.au/qld/flood/fld_history/brisbane_history.shtml (accessed March 2017) 

 

Bureau of Meteorology (BoM), 2017.  Climate Statistics for Australian Locations: Brisbane.  

http://www.bom.gov.au/climate/averages/tables/cw_040913.shtml (accessed March 2017). 

 

Chiew, F.H.S., Piechota, T.C., Dracup, J.A., McMahon, T.A., 1998.  El Nino/Southern Oscillation and 

Australian rainfall, streamflow and drought: Links and potential for forecasting.  Journal of Hydrology 204, 

138-149. doi: 10.1016/S0022-1694(97)00121-2 

 

Cook, E.R., Holmes, R.L., 1985.  Program ARSTAN and user’s manual.  Laboratory of Tree Ring Research, 

University of Arizona, Tuscon, AZ.   

 

Erskine, W.D., Warner, R.F., 1998.  Further assessment of flood‐ and drought‐ dominated regimes in south‐
eastern Australia. The Australian Geographer 29, 257-261. doi: 10.1080/00049189808703218 

 

Fink, D., Hotchkis, M., Hua, Q., Jacobsen, G., Smith, A.M., Zoppi, U., Child, D., Mifsud, C., van der Gaast, H., 

Williams, A., Williams, M., 2004. The ANTARES AMS Facility at ANSTO. Nuclear Instruments and 

Methods in Physics Research Section B 223-224, 109-115. doi:10.1016/j.nimb.2004.04.025 

 

Fritts, H.C., 1976.  Tree Rings and Climate.  Academic Press Inc. (London) Ltd., London, 567 pages. 

http://dx.doi.org/10.1038/scientificamerican0572-92. 



102 

 

 

Gergis, J., Gallant, A.J.E., Braganza, K., Karoly, D.J., Allen, K., Cullen, L., D’Arrigo, R., Goodwin, I., 

Grierson, P., McGregor, S., 2012.  On the long-term context of the 1997-2009 ‘Big Dry’ in South-Eastern 

Australia: insights from a 206-year multi-proxy rainfall reconstruction.  Climatic Change 111(3-4), 923-944.  

doi: 10.1007/s10584-011-0263-x 

 

Grissino-Mayer, H.D., 2001. Evaluating crossdating accuracy: a manual and tutorial for the computer program 

COFECHA. Tree-Ring Research 57(2): 205-221.  

 

 Haines, H.A., Olley, J.M., in press.  The implications of regional variations in rainfall for reconstruction rainfall 

patterns using tree rings.  Hydrological Processes. doi: 10.1002/hyp.11238 

 

Haines, H.A., Olley, J.M., Kemp, J., English, N.B., 2016. Progress is Australian dendroclimatology: Identifying 

growth limiting factors in four climate zones.  Science of the Total Environment 572, 412-421. doi: 

10.1016/j.scitotenv.2016.08.096 

 

Heberger, M., 2012. Australia’s millennium drought: impacts and responses. In The world’s water (pp. 97-125). 

Island Press/Center for Resource Economics.  doi: 10.5822/978-1-59726-228-6_5 

 

Heinrich, I., Allen, K., 2013.  Current issues and recent advances in Australian dendrochronology: Where to 

next?  Geographical Research, 51(2), 180-191. doi: 10.1111/j.1745-5871.2012.00786.x. 

 

Heinrich, I., Weidner, K., Helle, G., Vos, H., Banks, J.C.G., 2008.  Hydroclimatic variation in Far North 

Queensland since 1860 inferred from tree rings.  Palaeogeography, Palaeoclimatology, Palaeoecology, 270, 

116-127.  doi: 10.1016/j.palaeo.2008.09.002 

 

Heinrich, I., Weidner, K., Helle, G., Vos, H., Lindesay, J., Banks, J.C.G., 2009.  Interdecadal modulation of the 

relationship between ENSO, IPO and precipitation: insights from tree rings in Australia.  Climate Dynamics 

33, 63-73. doi: 10.1007/s00382-009-0544-5 

 

Hogg, A.G., Hua, Q., Blackwell, P.G., Niu, M., Buck, C.E., Guilderson, T.P., Heaton, T.J., Palmer, J.G., 

Reimer, P.J., Reimer, R.W., Turney, C.S.M., Zimmerman, S.R.H., 2013. SHCal13 Southern Hemisphere 

calibration, 0-50,000 cal yr BP. Radiocarbon 55, 1889-1903, doi:10.2458/azu_js_rc.55.16783. 

 

Holmes, R., 1983. Computer-assisted quality control in tree-ring dating and measurement. Tree-Ring Bulletin 

43, 69–75. 

 

Horne, R., Hickey, J., 2001.  Ecological sensitivity of Australian rainforests to selective logging.  Australian 

Journal of Ecology 16(1), 119-129. doi:10.1111/j.1442-9993.1991.tb01487.x 

 

Hua, Q., 2009. Radiocarbon: A chronological tool for the recent past. Quaternary Geochronology 4, 378-390, 

doi:10.1016/j.quageo.2009.03.006. 

 

Hua, Q., Barbetti, M., 2004.  Review of tropospheric bomb radiocarbon data for carbon cycle modelling and age 

calibration purposes.  Radiocarbon 46, 1273-1298. doi:10.2458/azu_js_rc.46.4182 

 

Hua, Q., Jacobsen, G.E., Zoppi, U., Lawson, E.M., Williams, A.A., Smith, A.M., McGann, M.J., 2001. Progress 

in radiocarbon target preparation at the ANTARES AMS Centre. Radiocarbon 43, 275-282. 

doi:10.1017/S003382220003811X 

 

Hua, Q., Barbetti, M., Zoppi, U., Fink, D., Watanasak, M., Jacobsen, G.E., 2004. Radiocarbon in tropical tree 

rings during the Little Ice Age. Nuclear Instruments and Methods in Physics Research Section B 223-224, 

489-494. doi:10.1016/j.nimb.2004.04.092 

 

Hua, Q., Barbetti, M., Rakowski, A.Z., 2013. Atmospheric radiocarbon for the period 1950-2010. Radiocarbon 

55, 2059-2072, doi:10.2458/azu_js_rc.v55i2.16177. 

 

Kemp, J., Olley, J.M., Ellison, T., McMahon, J., 2015. River response to European settlement in the subtropical 

Brisbane River, Australia. Anthropocene 11, 48-60. doi: 10.1016/j.ancene.2015.11.006 

 



103 

 

Kiem, A.S., Franks, S.W., Kuczera, G., 2003. Multi-decadal variability of flood risk.  Geophysical Research 

Letters 30(2). doi: 10.1029/2002GL0159992 

 

Ogden, J., 1978.  On the dendrochronological potential of Australian trees.  Australian Journal of Ecology 3, 

339-356. doi:10.1111/j.1442-9993.1978.tb01184.x 

 

Ogden, J., 1981.  Dendrochronological studies and the determination of tree ages in the Australian tropics.  

Journal of Biogeography, 8, 405-420. doi: 10.2307/2844759 

 

Pearson, S., Hua, Q., Allen, K., Bowman, D.M.J.S., 2011. Validating putatively cross-dated Callitris tree-ring 

chronologies using bomb-pulse radiocarbon analysis. Australian Journal of Botany 59, 7-17, 

doi:10.1071/BT10164. 

 

Polge, H., 1966.  Établissement des courbes de variation de la densité du bois par exploration desitométrique de 

radiographies d’échantillons prélevés à la tarière sur des arbres vivants.  Annales des Sciences Forestieres 

Vol23, EDP Sciences, pp. 1-206.  (In French) 

 

Polge, H., 1970.  The Use of X-Ray Desitometric Methods in Dendrochronology.  Tree-Ring Bulletin 30, 1-10.  

 

Queensland Department of National Parks, Sport and Racing (QDNPSR), 2015a.  D’Aguilar National Park: 

About D’Aguilar National Park [online]. Available from 

http://www.nprsr.qld.gov.au/parks/daguilar/about.html (Accessed September 2015). 

 

Queensland Department of National Parks, Sport and Racing (QDNPSR), 2015b.  D’Aguilar National Park: 

Nature, culture, history [online]. Available from http://www.nprsr.qld.gov.au/parks/daguilar/culture.html 

(Accessed September 2015). 

 

Reimer, P., Reimer, R., 2004. CALIBomb radiocarbon calibration. Interactive program available on-line at: 

http://intcal.qub.ac.uk/CALIBomb/frameset.html (Accessed March 2016) 

 

Rustomji, P., Bennett, N., Chiew, F., 2009. Flood variability east of Australia’s Great Dividing Range.  Journal 

of Hydrology 374, 196-208.  doi: 10.1016/j.jhydrol.2009.06.017 

 

Schulman, E., 1956.  Dendroclimatic change in semiarid America.  University of Arizona Press, Tuscon, AZ, 

142 pp. 

 

Shah, S.K., Bhattacharyya, A., Chaudhary, V., 2007.  Reconstruction of June-September precipitation based on 

tree-ring data of teak (Tectona grandis L.) from Hoshangabad, Madhya Pradesh, India.  Dendrochronologia 

25, 57-64. 

 

Tomazello, M., Botosso, P.C., Lisi, C.S., 2000. Potencialidade da familia Meliaceae para dendrocronologia em 

regiões tropicais e subtropicais. In: Roig, F.A. (ed.), Dendrocronología en América Latina (pp 381-434). 

EDIUNC, Mendoza. (In Portuguese). 

 

van den Honert, R.C., McAneney, J., 2011, The 2011 Brisbane Floods: Causes, Impacts and Implications.  

Water 3, 1149-1173. doi: 10.3390/w3041149 

 

Verdon, D.C., Wyatt, A.M., Kiem, A.S., Franks, S.W., 2004.  Multidecadal variability of rainfall and stramflow: 

Eastern Australia.  Water Resources Research 40, W10201.  doi:10.1029/2004WR003234. 

 

Warner, R.F., 1997. Floodplain stripping: another form of adjustment to secular hydrologic regime change in 

Southeast Australia.  Catena 30, 263-282. doi: 10.1016/S0341-8162(97)00014-3 

 

Worbes, M., Klosa, D., Lewark, S., 1995. Rohdichtestruktur von Jahresringen tropischer Hölzer aus 

zentralamazonischen Überschwemmungswäldern. European Journal of Wood and Wood Properties 53, 63–

67. (In German) 



 

104 

 

Chapter 6: Annual rainfall variability for the period 1850-2014 

in subtropical Southeast Queensland, Australia, 

reconstructed from tree rings 

 

 
 

 
Foreword: This chapter presents a 166-year rainfall reconstruction developed from A. 
cunninghamii tree rings from Lamington National Park.  The results from Chapter 3 indicating 
that tree-ring rainfall reconstructions in SEQ were best correlated to rainfall stations located in 
close proximity to them are considered in the development of this reconstruction. Climate 
response function analysis is undertaken on precipitation from both a local station and 
Brisbane which is located about 100km from Lamington.  Results indicate that Austral annual 
precipitation at the local rainfall station was the highest correlated climate variable.  This 
allowed for a reconstruction of annual local rainfall which was a significant extension of the 
instrumental record.  Correlation analysis presented shows that ENSO has been driving 
rainfall at this location since the 1940s. 
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Abstract 

Tropical and subtropical regions of Australia lack long-term instrumental climate records.  Proxy climate 

reconstructions are needed in these regions and in Southeast Queensland tree-rings are one of the few options 

available to extend the climate record.  Araucaria cunninghamii trees which grow in response to rainfall are 

found in old-growth forest stands in this region.  Here we developed a ring-width chronology from a stand of A. 

cunninghamii trees located in Lamington National Park.  Anomalous rings are known to be prevalent in this 

species and this was found to be the case in the samples collected for this study.  A sampling strategy that used 

multiple cores collected from each tree and comparison with bomb-pulse radiocarbon dating allowed for annual 

ring identification.  Precipitation was confirmed to be driving growth at this site, with annual rainfall within the 

area local to Lamington National Park more closely related to the chronology than the regional rainfall signal.  

A 164-year annual rainfall reconstruction for the Lamington area was then developed.  Drought conditions were 

well represented in the chronology and ENSO was found to be significantly correlated to rainfall at this site but 

only since the 1940s.   

 

Keywords 

 

dendroclimatology, Araucaria cunninghamii, Southern Oscillation Index (SOI), precipitation, Lamington 

National Park, rainforest 
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1 Introduction 

 The climate of Australia is known to be highly variable with multi-decadal periods of floods and 

droughts (Erskine and Warner, 1998; Pittock, 2003; Rustomji et al., 2009).  These extreme events cause 

significant economic and environmental losses (Queensland Government, Office of the Chief Scientist, 2011; 

Heberger, 2012).  Environmental devastation to the land occurs both directly, as with flood waters, and 

indirectly, through events such as bush fires and cropland damage (BoM, 2014a; 2014b).  Understanding pattern 

of these events is a major concern in Australia yet this task is made difficult due to a lack of historical and 

instrumental data.  In most regions instrumental climate records extend back for less than 100 years and detailed 

historical accounts are only available for the past two centuries (BoM, 2001).  This is especially true for the 

tropical and subtropical environments where European occupation extends back less than 200 years and in many 

areas habitation has been heavily concentrated along the coastal fringe (Kemp et al., 2015).  This habitation 

concentration is evident in the distribution of climate recording stations from the Bureau of Meteorology (BoM, 

2015) which, while useful for reporting daily weather to Australia’s inhabitants, impacts the understanding of 

long-term, regional climatic conditions as very little of the continents area is covered.    

 Southeast Queensland (SEQ), the most populous area in the Australian subtropics, has been 

significantly affected by both extreme droughts and floods.  In January 2011 one of the largest floods on record 

swept through the region causing the loss of 35 lives and damaging public infrastructure to a cost of between $5-

$6 billion dollars across the state (Queensland Government, Office of the Chief Scientist, 2011; Queensland 

Flood Commission, 2012).  This followed on from several other major floods which had hit the region in the last 

century (BoM, 2016).  Droughts too have taken their toll with major Australian wide events such as the 

Federation Drought (1895-1903), the World War II Drought (1939-1945), and the Millennium Drought (1996-

2010) all causing significant agricultural losses in the region (Heberger, 2012; BoM, 2014a; 2014b).   

While it is obvious that floods and droughts are a common occurrence in SEQ their frequency and 

magnitude remain unclear.  The lack of long-term instrumental data makes it necessary to use environmental 

proxies to develop long-term climate histories.  However, SEQ is also lacking in proxy data sources as there are 

no large lakes or cave systems and coral beds off the coast are small and unsuitable for long-term studies 

(Haines and Olley, in press).  Trees are one proxy resource that can be found with remnant old growth forest 

stands located within the National Parks of SEQ.  Few tropical/subtropical Australian tree species have been 

evaluated for their dendroclimatological potential however, as the long standing belief that ring anomalies 

present in these species make them unsuitable for climate reconstruction (Ogden, 1978; Worbes, 2002; Haines et 



109 
 

al., 2016).  One species that is present in SEQ and has been identified as having dendroclimatic potential is 

Araucaria cunninghamii (Mudie).  Ash (1983) showed that A. cunninghamii trees were longer-lived than most 

tropical species, and they developed annual rings in relation to climate, specifically rainfall.  He also pointed out 

that false and missing rings were commonly produced in trees from the Araucariaceae species leading to issues 

in traditional visual ring-width dating.  Detailed work by Haines et al. (submitted) analysed the ring anomalies 

present in A. cunninghamii tree cores from several locations in SEQ and determined that while false, faint, and 

locally absent ring anomalies were all present in the tree cores the use of a modern multi-technique approach, as 

suggested by Heinrich and Allen (2013), enable the annual ring-width chronologies to be developed.  Here we 

present the first long-term rainfall reconstruction developed from A. cunninghamii trees in subtropical Australia 

and discuss the implications this has for understanding the extreme event history for the region. 

 

 
Figure 1: Map out Southeast Queensland with National Parks in marked in green and urban areas shown in 

grey. The location of the Lamington National Park (LBB) tree-ring site is indicated in yellow.  The Brisbane 

(40214) and Numinbah (40550) rainfall stations are shown in blue, and the Lismore (58037) temperature station 

in red.   
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2 Regional Setting 

 Subtropical Southeast Queensland (SEQ), on the eastern side of Australia, ranges from about S28.5⁰ to 

S26.0⁰ and E151.5⁰ to E153.5⁰ (Figure 1).  The elevational gradient changes from sea level on the eastern coast 

to around 1360m asl in the Great Dividing Range to the West.  The region contains the city of Brisbane, which 

is the largest urban area in subtropical Australia (ABS, 2016), and is also home to many agricultural 

communities.  The region has been heavily modified since European settlement which began in the 1820s 

(Kemp et al., 2015).  Land clearing has been extensive, not only to make room for farmland, but also from 

logging of species that are held in high regard for wood products (Lamb and Lawrence, 1993; Horne and 

Hickey, 2001; Kemp et al., 2015). Over the region about 60% of the original vegetation has been cleared 

(Saxton et al., 2012).  

 From a dendrochronological perspective the loss of over 60% of native vegetation creates difficulties in 

locating sites to develop long-term tree-ring records..  However, there are still some remnant stands of old 

growth rainforest found predominantly in the regions National Parks (Horne and Hickey, 2001).  These areas are 

typically at higher elevations, with the remnant forest stands found on steeper hillslopes that were not easily 

accessible for logging (Horne and Hickey, 2001).  One National Park that provides opportunities for 

dendrochronological research is Lamington National Park located in the south of SEQ along the Queensland-

New South Wales border.   

 Lamington National Park was formed in 1915 and in 1994 was added to the Gondwana Rainforests of 

Australia World Heritage Area (QDNPSR, 2016; 2017a).  This World Heritage Area is home to the most 

extensive region of subtropical rainforest anywhere in the world (QDNPSR, 2016).  The climate of the region 

sees around 1450mm of rain annually, with the majority falling between December and March. Temperatures 

range on average from 13⁰C to 22⁰C, but have been as high as 37⁰C and as low as -2⁰C (BoM, 2015).  The 

bedrock of the Lamington range contains a mixed basaltic and rhyolitic base which is covered in a shallow layer 

of organic matter (Strong et al., 2011).  Steep sided gorges of this composition are a prime location for 

Araucaria cunninghamii trees, a species known to be one of the world’s oldest conifers (QDNPSR, 2017b).  A 

remnant stand of A. cunninghamii is located in the Binna Burra section of Lamington National Park on a portion 

of east facing hillslope at an elevation of about 670m asl.  The majority of the valley that this stand overlooks 

was logged in the 1800s, but the very steep slope below the site and the fact that it is a small area backing onto 

another steep slope likely made the effort needed to access these trees too great for the small amount of wood 

available.  Today this patch of A. cunninghamii dominated forest lies within a predominantly Eucalypt 
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rainforest, but there is evidence of younger A. cunninghamii trees expanding downslope indicating that 

environmental conditions at this site are still appropriate for conifer dominated rainforest to grow.  As it is 

moisture conditions that are known to drive growth in this species (Ash, 1983), and this site is on a slope with 

shallow ground cover leaving little ability for the trees to draw water from ground or surface sources, the 

conditions are excellent for undertaking a rainfall reconstruction.  Additionally, as the area has not been logged 

a record from this site should permit a long-term extension of the short instrumental rainfall history currently 

available for this part of SEQ. 

 

3 Methods 

3.1 Tree-ring chronology development 

 The trees selected for use in this study (n = 28)  were dominant or subdominant trees, which reached 

canopy height, appeared on visual inspection to not be heavily influenced by localized effects, and not located 

within 2m of another dominant or subdominant A. cunninghamii tree.  Normally trees would not be selected for 

a dendroclimatological study if they showed any potential of being influenced by localized effects such as insect 

infestation, vine coverage, epiphyte presence, or dense brush around the base.  In this study however, the criteria 

for excluding a tree had to be loosened slightly as there were so few dominant and subdominant trees at the 

study location.  Trees with a vine surrounding/draped on it but not appearing to have a strangling effect, and 

trees with dense brush as the base that did not appear to be impeding growth were selected as it was felt that 

these localized effects would be minimal and not likely to be overriding climate influences on tree growth.  The 

sampling site was given the designation LBB. 

 Up to six tree cores were collected from each study tree.  Four 4mm diameter cores were taken from 

the upslope, downslope and across-slope sides of each tree.  In some cases fewer cores were collected due to 

heart-rot, fire scars, or an inability to safely access one side of a tree.  Two 12mm cores were taken from twenty-

three of the study trees in positions located approximately 45⁰ around the circumference of the tree from the 

4mm coring locations.  All cores were collected between 1.0-1.3m above the ground at the side of the tree being 

cored, in some cases due to the steep slope there was considerable offset between the height the tree was cored 

on the up and downslope sides.  In the field, diameter breast height (DBH), slope, aspect, and condition of each 

tree were recorded and the location of each tree mapped.  Tree core samples were placed in vented plastic straws 

(4mm samples) or plumpers piping (12mm samples) and transported back to the lab.   
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 All cores were air dried in the lab for 3-5 days before being placed in a drying oven at 40⁰C for 4-6 

hours to remove all moisture.  All samples were mounted on wooden blocks using non-toxic acid free glue.  The 

12mm cores were cut using a twin bladed saw (Dendrocut 2003, Walesch Electronics) that left half the sample 

glued into the mount with the remaining sample cut into a 2mm lath, and a top portion which in some cases 

would be used for destructive radiocarbon analysis.  The laths were set aside for use in future study, while all 

4mm cores and mounted 12mm core sections were sanded with progressively finer grade sandpaper, up to 1200 

grit, in order to polish the samples so that all ring boundaries could be identified.  An 8-64x magnification 

microscope and a Velmex measurement slide system accurate to 0.001mm resolution were used to count and 

measure the ring-widths of all cores.  Measurements were recorded using the program TELLERVO, which 

allowed for the creation of ring-width series (Brewer et al., 2010).  As this research site is in the Southern 

Hemisphere the Schulman (1956) dating convention was applied where the year assigned to a ring is the year in 

which the growth commenced.   

 Previous analysis on tropical and subtropical trees indicated that ring anomalies are quite common in 

this species (Ogden, 1981; Worbes, 2002; Heinrich and Allen, 2013).   As such bomb-pulse radiocarbon dating 

was undertaken on ten trees from the LBB site, with the results presented in Haines et al. (submitted) 

demonstrating that both false and locally absent rings were common in these samples.  As the preliminary 

Haines et al. (submitted) study only looked at the most recent 100-years the dating for the tree cores used in that 

study was extended to their full length.  Each LBB tree not included in the preliminary study was then dated and 

a master chronology developed from all trees at the LBB site.  This chronology was quality controlled using the 

program COFECHA which confirms accuracy in measurement and cross-dating (Holmes, 1983; Grissino-

Mayer, 2001).  The common signal found in the chronology as well as the response to climate were confirmed 

through analysis of the mean series inter-correlation and mean sensitivity values presented in COFECHA 

respectively.  The program ARSTAN (Cook and Holmes, 1985) was then used to power transform and detrend 

the data.  Several detrending methods were evaluated within ARSTAN and little variability was found between 

the index series.  A Friedman super smoother set for high sensitivity, at level 3 within the ARSTAN program, 

was selected as the best detrending option as it allowed for extreme wet and dry conditions common in SEQ to 

be represented without overriding the general climate pattern of the area.  Autocorrelation was seen to be below 

the level of significance so the standard output chronology was selected for use in climate analysis.  The 

expressed population signal (EPS) value is commonly used to determine an acceptable level of commonality 

within a tree-ring series; it relies heavily on sample size and replication.  In tropical regions an EPS value at or 
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above 0.80 has been designated as appropriately representing the common signal (Baker et al., 2008), so this 

was adopted here and the time period for climate reconstruction was only that where the chronology met the 

EPS=0.80 cutoff. 

 

3.2 Climate response 

 To determine the effect climate conditions had on the trees at the LBB site the chronology was 

compared to monthly regional maximum and minimum temperatures as well as monthly, seasonal, and annual 

precipitation variables from both Brisbane city and a station local to the site.  Climate data for this analysis came 

from the quality controlled Bureau of Meteorology historical climate database (BoM, 2015).  Monthly regional 

temperature variables from ‘Lismore (Centre street)’ (station 058037) are available from 1907-2003.  No values 

were missing from the maximum temperature dataset with three instances of missing values found in the 

minimum temperature dataset; November 1921, June 1923, and April 1947.  To fill in the blank values an 

average of the missing months values from ten years prior and ten years after the missing year was taken.  In all 

cases the skew of the twenty averaged years was calculated and found to be close to zero indicating little 

asymmetry and a homogenous series to use in replacing the missing value.  Monthly precipitation variables were 

used from ‘Numinbah’ (station 040550) from 1928-2014 which is located approximately 7.5km from the LBB 

site and is at an elevation of 355m asl which is higher than most stations in the region.  The monthly 

precipitation values for Brisbane were used from the ‘Brisbane Regional Office’ (station 040214), which is the 

longest continuous instrumental rainfall record in SEQ running from 1860-1993.  The Brisbane Regional Office 

is located about 100km from the LBB site at an elevation of 38m asl.  Both monthly precipitation datasets had 

no values missing for the period used in analysis.  Seasonal and annual precipitation values were determined by 

summing the monthly values for the respective periods.  Annual values were considered from June-May with 

seasonal values calculated as: winter = June, July, and August; spring = September, October, and November; 

summer = December, January, and February; autumn = March, April, and May.  The year assigned to an annual 

or seasonal value was again determined based on the Schulman (1956) convention assigning each annual and 

the corresponding seasonal values to the year in which annual precipitation calculations began. 

 DendroClim2002 (Biondi and Waikul, 2004) was used to perform climate response function analysis 

between the LBB site and the four climate variables.  Here the monthly, seasonal, and annual climate variables 

were compared to the standard LBB annual index chronology over the period of record available for the 

respective climate dataset.  Forward evolutionary modelling over a 24-year base window was used to test the 
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temporal stability of the observed relationships.  Correlation analysis is performed in DendroClim2002 to report 

those relationships that are significant at the 95% (p<0.05) level for all static and temporal relationships.   

 Based on the results of the correlation response function analysis it was determined that the 

environmental variable that could best be reconstructed from the LBB series was annual Numinbah 

precipitation.  The program PCReg (http://www.ldeo.columbia. edu/tree-ring-laboratory/resources/software) 

was used to undertake point to point linear regression modelling of Numinbah annual rainfall.  A 50:50 split 

period method was used for calibration and verification analysis (Fritts, 1976) for the 1928-2014 period of 

record overlap between annual Numinbah precipitation and the standard LBB index chronology.  The 

reconstruction is developed based on a full 1928-2014 calibration period which was evaluated for robustness 

based on verification statistics. 

 The rainfall reconstruction was then smoothed using a 13-year Henley smoother.  Both the Numinbah 

annual rainfall reconstruction, and the 13-year smoothed series for the period 1850-2014, are compared to large-

scale Australian droughts (as defined by Whetton, 1997), and both major SEQ flood events, and flood events 

more local to the rainfall site (BoM, 2016).  Comparisons were also made between both the annual 

reconstruction and smoothed series to the Southern Oscillation Index (SOI) which is a representation of the El 

Niño Southern Oscillation (ENSO) variability.  Additionally, the Tripole Index (TPI), a representation of the 

Interdecadal Pacific Oscillation (IPO) was assessed for relationships with the rainfall reconstruction, through 

comparison to both the annual TPI values for the period from 1870 (when the TPI begins) to 2014, but also to 

the epochs of the IPO as determined by Henley et al. (2015). Both the SOI and TPI are available for free 

download from the NOAA ESRL Physical Sciences Division webpages 

(http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/).  Several options of these indices are available from 

NOAA, and in this instance the SOI data was created by the Climate Research Unit at the University of East 

Anglia, and is defined as the normalized pressure difference between Tahiti and Darwin.  The development 

methods for this SOI are described in Ropelewski and Jones (1987), Allan et al. (1991), and Können et al. 

(1998).  The TPI selected is determined from the differences in averaged sea surface temperature anomalies 

from the central equatorial Pacific compared to the Northwest and Southwest Pacific.  Henley et al. (2015) 

indicates that this version of the TPI is representative of climate variability in Eastern Australia making it 

relevant for this study.  Both the SOI and TPI are provided as monthly values and, for consistency in this study, 

the annual value is determined by averaging the values from June to May with the Schulman (1956) dating 

convention once again applied. 
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4 Results and Discussion 

4.1 LBB chronology development 

 Preliminary analysis undertaken on ten trees from this site was presented in Haines et al. (submitted).  

In that study the last 100-years of record was dated for those ten trees and bomb-pulse radiocarbon dating 

undertaken on two rings from each tree to validate the visual ring boundary dating.  In the case of all twenty 

rings the original dating was incorrect as the anomalous ring boundaries common to the subtropical A. 

cunninghamii trees had not yet been accounted for (see Table S1 in Haines et al., submitted for a full accounting 

of these radiocarbon dates).  After the preliminary analysis conducted in Haines et al. (submitted) ring 

anomalies, such as faint, false, and locally absent rings, were identified and the dating corrected for the ten trees 

that had been radiocarbon dated.  This preliminary work allowed for an understanding of what anomalous ring 

boundaries would be present in the rest of the A. cunninghamii samples from the LBB site and how to identify 

them.  This knowledge was applied in the current study to all cores from the LBB site allowing for them to be 

dated, measured and developed into a master chronology.   

The mean series length of the LBB trees was 106 years, while the shortest series used was 56 years, 

and the longest 208 years.  In most cases cores were truncated due to a variety of issues.  One common issue 

seen in all trees were juvenile growth effects.  Worbes (2002) reported that in dense understory rainforest 

conditions, which are commonly found in tropical and subtropical environments, the competition effects 

override any environmental influences on growth in the early part of a tree-ring record.  This seems to be 

occurring in the LBB A. cunninghamii trees as the inner 15-30 years of most cores were truncated as they did 

not match the growth pattern observed in the master chronology.  Localized influences also caused the 

truncation of several records.  In some instances the outer half-century to century of record clearly represented 

environmental growth conditions before an abrupt change was observed in the cores of a tree.  The cause of 

these localized effects can only be speculated on however, comparison with some modern conditions suggests 

some possible causes.  Tree LBB005 had a strangler vine wrapped loosely around it.  Field observations from 

this site over the three years since coring showed that the vines in this rainforest grow and change very rapidly, 

and that what appeared in 2013 to be a loose wrapping was in 2015 much tighter. The cores from this tree 

demonstrated decades of very narrow rings in the outer half-century suggesting the vine had compressed growth 

in this tree several times.  Compared to LBB005, trees LBB016 and LBB017 appear to match well with 

environmental conditions until the early 1900s, then in both LBB016 and LBB017 decades of narrow rings 

appear that are remarkably similar to what is currently observed in tree LBB005.  This suggests that perhaps 
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almost a century ago stranger vines had wrapped themselves around these trees and caused localized influences 

to tree growth.  This is purely speculation as there is no visual evidence of damage but there has been nearly 100 

years of growth since this time and, unlike in the temperate zone, tropical/subtropical rainforest changes rapidly 

leaving no evidence of vine coverage.   

Another issue that arose which caused localized effects was completion between trees.  When the LBB 

site was cored trees were selected that were thought to be a suitable distance away from each other to eliminate 

competition effects.  However, as this is the first study to look at subtropical Australian A. cunninghamii trees it 

appears that the distance selected was not always sufficient to eliminate resource competition.  In Haines et al. 

(submitted) a category system was applied to the trees at the LBB site with Category C representing trees that 

had many pinching and locally absent rings.  An examination of all tree core series and of the field site after the 

preliminary Haines et al. (submitted) study indicated that trees which fell within Category C such as LBB009 

and LBB020 were located within a few meters of another dominant, canopy reaching tree (in some cases an A.  

Figure 2: (A) Tree-ring width chronology for the LBB Araucaria cunninghamii tree-ring site.  Annual values 

are plotted in grey and a 5-year moving window is shown in black.  (B) RBar and EPS values calculated over a 

50 year window moving in 5-year blocks.  (C) Sample depth over time.   
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cunninghamii tree as with LBB009 and in others another species as with LBB020).  The competition for 

resources occurring between these proximal trees was likely the cause for the pinching rings observed.  This 

suggests that in future field studies in tropical/subtropical rainforest working with Araucariaceae species a 

greater non-competition distance between dominant/subdominant trees should be applied than the 2m used in 

this study 

The total period of the developed LBB chronology ran from 1805 to 2014 and was made from 62 cores 

from 18 trees (Figure 2). Quality control analysis indicated series inter-correlation of 0.597 and mean sensitivity 

of 0.569 which is better than or consistent with other tropical and subtropical tree-ring chronologies (Shah et al., 

2007; Heinrich et al., 2008; 2009), indicating a robust representation of environmental conditions at the LBB 

site.  However, prior to 1850 only 7 cores from 5 trees made up the chronological record and the EPS value 

dropped below the 0.80 threshold (Figure 2).  Therefore, only the 1850-2014 period was used in climate analysis 

and reconstruction development. 

 
Figure 3: Statistically significant climate response function correlation values for the LBB chronology.  (A) 

Monthly, seasonal, and annual precipitation correlations for Numinbah (dark) and Brisbane (light).  (B) Monthly 

temperature correlations for regional maximum (dark) and minimum (light) temperatures.  Note: the y-axis are 

different for plots A and B. 
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4.2 Correlations with climate 

 Analysis of the climate response of the LBB series indicated that both precipitation and temperature 

conditions are effecting tree growth at this site (Figure 3).  The clearest connections are observed with rainfall, 

which is expected based on previous studies by Ash (1983) and Haines et al. (submitted) that showed A. 

cunninghamii tree growth is related most strongly to precipitation.  Specifically in this analysis the local 

Numinbah precipitation was found to be highly correlated to LBB tree growth.  We chose to evaluate the rainfall 

record in relation to both the local Numinbah site and the further Brisbane site due to the results presented in 

Haines and Olley (in press).  In that study it was demonstrated that rainfall within SEQ is non-uniform and that 

the rainfall of the region could be classified into spatially cohesive groups.  However, groups that were located 

at distance to each other were found to have rainfall patterns that were poorly correlated.  Haines and Olley (in 

press) compared their rainfall groupings to the only tree-ring rainfall reconstruction previously in existence for 

SEQ which was also developed in Lamington National Park by Heinrich et al. (2009) using Toona ciliata M. 

Roem tree rings.  In this instance it was found that the record presented by Heinrich et al. (2009), which was a 

reconstruction of Brisbane precipitation, did correlate well with the Brisbane rainfall pattern but was slightly 

better correlated with the rainfall pattern surrounding the study site. Therefore, in our study we utilized both 

precipitation records and, as observed in Figure 3, the connection to local conditions is stronger than to Brisbane 

rainfall.  In fact during the A. cunninghamii growth season (August – March, see Haines et al., submitted) local 

rainfall in all months but February show a significant relationship to the LBB chronology, while only three 

months showed significant correlations to Brisbane precipitation.  Additionally, the connection between annual 

rainfall at Numinbah and tree growth is greater than any other correlation observed.  This makes sense when you 

consider both the correlations to individual months /seasons and the fact that during the 1928-2014 study period 

an average of 74% of the Numinbah annual rainfall fell between August and March. 

To verify out results temporal stability analysis was conducted on all significant correlations to 

determine if they were representative of the entire period of record.  The Numinbah annual precipitation 

relationship was found to be temporally stable through most of the period of data overlap with tree growth 

(Figure 4). On the other hand Brisbane precipitation relationships were not temporally stable as in some 

instances no temporal connection were observed at all and in all cases no connections were observed in the first 

half of the 1883-1993 analysis period (Figure 4).   Due to the results presented in Figures 3 and 4 local 

(Numinbah) annual precipitation is was determined to be the variable that could best be reconstructed from the 

LBB chronology. 
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Figure 4: 24-year Forward evolutionary modelling correlation values for (1) Numimbah and (2) Brisbane 

precipitation, for those months, seasons, and annual periods that showed a significant correlation for the entire 

series of record. 

 

While precipitation is seen to have the strongest connection to LBB growth, temperature conditions are 

also shown to have an effect (Figure 3).  Previous studies on A. cunninghamii trees also indicated that 

temperature does affect growth in this species to a lesser degree than precipitation (Ash, 1983; Haines et al., 

submitted).  Haines et al. (submitted) found that trees from the Lamington series were correlated with minimum 

temperatures at the beginning and end of the growth season.  This was because when minimum temperature rose 

above or dropped below a certain level the A. cunninghamii trees commenced and concluded growing, 

respectively (Haines et al., submitted).  Figure 3 reflects this situation as it is the early and late portions of the 

growth season that show positive correlations between regional minimum temperature conditions and tree 

growth.  However, unlike previous studies where only minimum temperatures were connected to growth (Ash, 

1983; Haines et al., submitted) Figure 3 shows a negative correlation to regional maximum temperatures during 

the heart of the subtropical summer.  This likely relates to drought years as when rain is absent during the 

summer it can cause higher temperature conditions since there is less moisture in the environment to cool the air 

through evapotranspiration.  As tree growth is negatively affected by drought, the negative correlation to high 

summer maximum temperatures is likely a reflection of this situation. 

 

 

 Calibration Verification 

Time Span First Last r C-RE First Last V-RE V-CE 

Full 1929 2014 0.528 0.262     

Early 1929 1971 0.397 0.157 1972 2014 0.337 0.335 

Late 1972 2014 0.639 0.408 1929 1971 0.079 0.076 

Table 1: Calibration and verification statistics for the Numinbah annual rainfall reconstruction. 
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Figure 5: Reconstructed (black line) and instrumental (grey line) Numinbah annual precipitation for the 1928-

2014 period of analysis.  Calibration and verification was conducted using a 50:50 split record approach. 

 

4.3 Rainfall reconstruction 

 Point to point linear regression was performed between the LBB standard index chronology and 

Numinbah annual precipitation.  Split calibration and verification was undertaken over the 1929-1971 (early 

calibration) and 1972-2014 (late calibration) periods as well as for the entire 1929-2014 period of record (Table 

1, Figure 5).   For all calibration and verification periods the correlations were found to be statistically 

significant at the 95% level.  Reduction of error (RE) and coefficient of efficiency (CE) statistics were positive 

for all calibration periods (Table 1) indicating that the reconstruction presented is a sound but modest 

representation of rainfall with 28% of the variability in growth explained by this climate parameter.   The 

calibration over the early period is not as strong for the late or full period (Table 1) however, these values and 

the variability explained are similar to those observed in other tropical and subtropical climate reconstructions 

(Shah et al., 2007; Heinrich et al., 2008; 2009).  Tropical trees are known to be highly affected by localized 

influences.  This is reflected in the low calibration and verification values of the rainfall reconstruction as not all 

the growth occurring in these trees are as a result of environmental conditions.  As the correlations were found 

to be statistically significant the reconstruction can still be considered a robust representation of rainfall.  Figure 

5 shows that the pattern of low and high rainfall, reconstructed with the LBB chronology, matches the actual 

rainfall pattern quite closely.  Tree-rings are known to be better at representing years with low rainfall as they 

commonly underestimate years with high rainfall, yet in this reconstruction there appears to be a good match in 

both situations (Figure 5).  Data presented in Figure 6 indicates that the tree-ring reconstruction is better at 

representing drought conditions than flood events.  Droughts typically occur over an entire year or, as is 

common in Australia, several years which is well reflected in rainfall records.  The three major Australian 

droughts occurring during the last two centuries are all clearly represented in the LBB record (Figure 5).   
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Figure 6: Reconstructed Numinbah annual precipitation (grey line) overlaid with the 13-year smoothed series.  

The Millennium Drought (1996-2010), World War II Drought (1939-1945), and Federation Drought (1885-

1903) are indicated by grey bands.  All major Australian droughts (lower black boxes) and floods occurring in 

regional SEQ (upper black boxes) and local to the LBB site (upper grey boxes) are shown (Whetton, 1997; BoM 

2016). Note: the drought record from Whetton (1997) only extends back to 1880. 

 

Several other droughts known to be wide-ranging across Australia (see Whetton, 1997) are also observed in the 

LBB record (Figure 5).  Yet there are many years with narrow rings that are not correlated to a large-scale 

drought (Figure 6).  However, many of these years with low rainfall are also seen in the Numinbah instrumental 

records (Figure 5) so the fact that this is a local rainfall reconstruction accounts for this variability.  

Nevertheless, the fact that so many large scale droughts are present indicates just how large an effect drought 

has on eastern Australian rainfall. 

 In the case of floods, tree-ring widths are known to not represent this type of extreme event well, as 

flooding is generally a result of a large amount of rain falling within a short amount of time.  Trees are living 

things with biological restrictions on how much wood material they can add to themselves within a short 

amount of time.  Once a certain amount of water from rainfall has been taken up by a tree it will be ‘full’ and 

unable to absorb anymore nutrients regardless of the amount of water available.  However, in subtropical 

Australia there are instances of flooding events that arise from rainfall occurring over weeks and even as a result 

of numerous large rainfall events following on from each other over the course of months (BoM, 2016).  A year 

where rainfall is heavy and continuous is well represented in the tree-ring record, regardless of if it causes a 

flood or not.  Since rainfall is known to be spatially variable throughout SEQ (Haines and Olley, in press) and 

the region is made up of a detailed river network (Saxton et al., 2012) the effect of flooding can occur well 

downstream of where the rainfall occurred.  In such situations evidence of large scale floods may not be found 

in the LBB rainfall records as the water causing the flooding fell in another part of the catchment.  As such, we 

compared our rainfall reconstruction not only to the major floods that have occurred in SEQ, but also to floods  
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Mean rainfall 2434mm 

+1 standard deviation 3221mm 

Number of years above 1 standard deviation pre / post 1940 7 / 14 

Mean rainfall during large events pre / post 1940 3323mm / 3621mm 

Table 2: Rainfall statistics for the 1850-2014 LBB rainfall reconstruction. 

 

observed on rivers local to, and fed by rainfall from, the LBB site (BoM, 2016).  Figure 6 indicates that there are 

some years of heavy rainfall that correspond with a flood event, both local and regional, but in most instances 

there is little relationship between floods and years of heavy rainfall.  Figure 6 does however, show an 

interesting relationship between floods and the LBB rainfall pattern.  There are considerably more floods 

occurring in the second half of this 1850-2014 record than in the first half.  As the Bureau of Meteorology 

(BoM, 2016) record from which the flood instances are taken is compiled from both instrumental and historical 

accounts, and the area has been settled since before this time (Kemp et al., 2015), this observed increase in 

floods cannot be considered an artefact of record keeping.  Some flooding can be attributed to an increase in 

urbanization but as there are more than 2.5 times the number of years where floods are occurring since 1940, 

and urbanization was well established by this time, urbanization cannot account for all flood incident increases.  

The pattern of rainfall in the LBB reconstruction also shows a change since 1940 which is best observed in the 

13-year smoothed series.  Prior to this time the record shifted between low and heavy rainfall on an almost 

annual basis, but after 1940 the periods of high and low rainfall begin to occur over several consecutive years.  

Additionally, the large rainfall events, here delineated as those over one standard deviation greater than the 

1850-2014 mean, are more common and on average about 300mm greater post-1940 (Table 2).   This suggests a 

definite change in environmental conditions in the southern coastal part of SEQ starting in the 1940s.   

 To help explain the shifts in variability we compared our rainfall reconstruction to the SOI and TPI to 

analyse if ENSO or the IPO were having an impact on rainfall at our study site.  Numerous papers have reported 

on the connection between these two large-scale atmospheric phenomena and hydroclimate in eastern Australia; 

indicating a greater effect on rainfall when the ENSO and IPO conditions were in phase (Kiem et al., 2004; 

Murphy and Ribbe, 2004; Verdon et al., 2004).  Table 3 indicates that while there is a significant correlation 

between the LBB reconstruction and SOI, it is quite low at r = 0.24, and there is no correlation observed for the 

TPI.  Data presented in Figure 7 also show a poor TPI connection as no changes are evident in the LBB record 

Period SOI TPI  

1866/1870-2014* 0.24 -0.03 

1866-1939 0.04  

1940-2014 0.38  

Table 3: Correlation (r) statistics for the entire period, first half, and second half of record overlap.  Statistically 

significant correlations are given in bold.  *Note the SOI index begins in 1866 while the TPI index begins in 

1870.   
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Figure 7: The 13-year smoothed Numinbah annual rainfall reconstruction (black line) shown with the SOI 

Index (grey line) and the IPO Epochs (dashed lines marking boundaries).  The phase of the IPO epochs are 

indicated as negative (-), positive (+), or neutral (/). 

 

in relation to the IPO phase shifts.  However, the 13-year smoothed series does appear to match well with the 

SOI especially post-1940 (Figure 7).  A correlation analysis between the LBB annual rainfall data and the SOI 

over the first and second halves of the record indicates that while there is no correlation observed during the 

1866-1939 period, there is a significant correlation of r = 0.38 from 1940-2014.  This suggests that ENSO is 

affecting rainfall in the study region but the relationship is not permanent.  Several papers have suggested that 

the SOI predicting power for rainfall in eastern Australia is not stable through time and that this stability is 

dependent on the IPO phase (Power et al., 1999; Cai and Whetton, 2001).  Additionally, Murphy and Ribbe 

(2004) reported that SEQ was the region in Australia where the SOI-hydroclimate connection was most likely to 

break down.  For the southern SEQ region the disconnect between rainfall and SOI does appear to be occurring, 

however our results do not indicate that the loss of relationship has anything to do with the IPO phase.  SOI-

precipitation correlations were evaluated for the different IPO phases with no correlations observed in all phases 

prior to 1924, and significant correlations observed in all phases since 1924 (data not shown).  These results 

suggest that ENSO alone is driving rainfall in the southern part of SEQ since 1940 but not prior to this time.  

While the IPO has been eliminated as the cause of this change the actual reason for the 1940 shift cannot be 

determined from the data available.  Regardless the 164-year annual rainfall reconstruction is a robust 

representation of long-term climate conditions in the southern portion of SEQ and we can conclude that for the 

period from 1940 to present rainfall at this location is being driven by ENSO.  
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5 Conclusions 

 This study has demonstrated that A. cunninghamii trees can be used to create rainfall reconstructions in 

Southeast Queensland that extend beyond the instrumental record.  While anomalous rings were identified in the 

A. cunninghamii tree cores from Lamington National Park, the use of multiple cores from each tree and bomb-

pulse radiocarbon dating to verify the visual dating allowed for a robust annual chronology to be developed.  

When the LBB chronology was compared with climate variables it was clear that i) precipitation was the 

environmental variable driving tree growth, ii) temperature conditions did play a role in tree growth, specifically 

in relation to the onset and conclusion of the growth season, and iii) that in SEQ where rainfall variability is 

spatially non-homogenous the local precipitation near the LBB site could be reconstructed better than a regional 

precipitation signal.  This last point has important implications on developing a regional rainfall network for the 

SEQ area.  While the need to understand the long-term rainfall across the catchment is great, the use of 

biological proxies like tree rings can only allow for smaller parts of the entire catchment to be represented.  A 

network of tree-ring sites will be needed for a regional rainfall assessment.  This connection to local conditions 

for single site chronologies is likely applicable in tropical and subtropical regions worldwide, where there is a 

high degree of variability in precipitation over small spatial areas. 

 While the LBB rainfall reconstruction is representative of a small spatial area it still allows for a 

significant increase in the knowledge of rainfall trends for the region.  Correlations for the Numinbah annual 

rainfall reconstruction show that 28% of the variability in tree growth is explained by rainfall.  In subtropical 

environments with a great deal of localized influence on tree growth 28% variability as a result of rainfall is a 

strong outcome.  The rainfall extremes are well represented in the reconstruction, with both Australian wide and 

more localized droughts clearly evident. Floods, as expected, are not well represented, but the rainfall 

reconstruction does not severely under represent years with heavy rainfall which is a common issue in 

dendroclimatology.  A change in rainfall pattern at the site clearly occurred around the 1940s, where a shift to a 

multi-year pattern of high and low rainfall that follows closely to the variability of the SOI is observed.  Since 

the 1940s this pattern of rainfall is significantly correlated with the SOI.  It is common for long-term rainfall 

records in eastern Australia to fall in and out of phase with the SOI but unlike other studies from this area the 

LBB reconstruction has no relationship to TPI.  The entire period since 1940 correlates well with the SOI, 

regardless of if it is a positive or negative phase of the IPO and the entire period before 1940 shows no 

correlation whatsoever.  A major finding of this paper is that ENSO is driving the localized rainfall in the 

southern portion of SEQ only since 1940.  This warrants further extension of the rainfall record as there appears 
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to be a longer-term periodicity causing the 1940 shift that cannot be identified since the current record is likely 

of insufficient length.  Regardless, at present it is ENSO which is responsible for rainfall variability and is 

driving the extreme events occurring in this part of SEQ.    
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Chapter 7: Summary 

 

 

7.1 Introduction 

 Early studies indicated that dendroclimatology could not be successfully 

applied in the tropical and subtropical regions of Australia (Ogden, 1978; 1981).  

However, through time the development of new more comprehensive analytical 

techniques allowed for suggestions that tree-ring climate reconstructions could be 

developed in tropical environments using a multi-technique approach (Worbes, 2002; 

Heinrich and Allen, 2013).  Little knowledge existed to direct researchers as to what 

species to target in subtropical and tropical environments, as few dendroecological 

studies had been undertaken in these regions deemed unsuitable for long-term 

climate study.   

The need to start applying dendroclimatological studies in the Australian 

tropics and subtropics increased as the economic and environmental costs of 

extreme events affecting these regions grew.  The short-term (<100 year) 

instrumental rainfall records available along the eastern coast of Australia are not of 

sufficient duration to understand the climate variability that has caused the multi-

decadal pattern of flood and drought events which dominate the regional climate 

(Erskine and Warner, 1998; Pittock, 2003; Rustomji et al., 2009).  In many regions 

like Southeast Queensland (SEQ) there are few proxies available for use in 

developing long-term climate reconstructions (Haines and Olley, in press).  

Extension of the instrumental rainfall record is a necessity and old-growth forest 

stands are one of the few options available for proxy rainfall reconstructions.  In SEQ 

the desire to understand long-term rainfall variability is great due to devastating 
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extreme events like the 2011 Queensland floods and The Millennium Drought (1996-

2010) which have had a major effect on the region’s economy (Queensland Office of 

the Chief Scientist, 2011; Heberger, 2012).   

This thesis was undertaken with the intention of developing a long-term record 

of rainfall variability within SEQ to increase the knowledge of the regional rainfall 

pattern.  The primary goals of this work was to (i) determine which species and 

regions could be targeted for long-term dendroclimatological studies in 

tropical/subtropical Australia, (ii) develop an understanding of the growth-climate 

relationships of the target species, and (iii) develop a rainfall reconstruction for SEQ.  

This chapter summarizes the key findings of this study in relation to achieving these 

research goals.  Additionally, the implications for tropical dendroclimatology are 

highlighted as it was hoped that the results of this thesis would encourage other 

researchers to begin undertaking more studies in tropical regions worldwide.  

Recommendations for future work are also discussed.  

 

7.2 Key Findings and Implications of this Research 

7.2.1 Dendroclimatology in tropical and subtropical Australia 

 The review of the dendroclimatological literature across Australia presented in 

Chapter 2 indicated that not only was this proxy methodology highly 

underrepresented in all but the temperate zone of this continent, but that there were 

numerous species that could be used for dendroclimatic studies in regions outside 

the temperate zone.  Within the tropical and subtropical regions species in the 

Araucariaceae, Callitris, Eucalypus and Toona families had all previously been 

identified as demonstrating growth in relation to climate (Mucha, 1979; Ash, 1983a; 

1983b; Baker et al., 2008; Heinrich et al., 2008; 2009).  All studies indicated that ring 
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anomalies were present in these tropical species, but that an underlying annual 

pattern of ring growth in relation to environmental conditions was present.  While in 

the 1970s and 1980s the ability to create annual ring-width chronologies from these 

species was problematic, new analytical techniques have allowed for the successful 

development of rainfall reconstructions from one of these species, Toona ciliata (M. 

Roem; Heinrich et al., 2008; 2009).   Most of the success of this analysis stems from 

a detailed application of dendrochonological principles and the use of multiple 

techniques, involving assessing tree anatomy and growth patterns. The ecology and 

wood properties of T. ciliata was investigated in detail to allow for connections 

between growth and climate to be observed (Heinrich and Banks, 2005a; 2005b’ 

2006).   

Overall the outcomes of this literature review suggested several species that 

were found in subtropical SEQ would be suitable for use in the development of a 

rainfall reconstruction.  Three species in the Araucariaceae family are found in SEQ 

and Ash (1983a) demonstrated that they were longer lived than many other species 

found in the tropics and subtropics.  As such two Araucariaceae species, Araucaria 

cunninghamii Mudie and Araucaria bidwillii Hook, were selected to investigate for 

use in creating rainfall reconstructions for SEQ.  Based on the findings of the many 

studies reviewed in Chapter 2 a traditional ring-width dating and measurement 

approach was likely not going to be successful on its own.  As such a multi-

technique approach that identified and accounted for anomalous rings, and 

confirmed the annual nature of the target trees to allow for the best chance at 

creating a robust long-term subtropical climate reconstruction was applied in this 

thesis.   
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7.2.2 Spatial rainfall variability and its relationship to dendroclimatology 

 Regional rainfall groupings were developed in Chapter 3 to help determine 

what areas to target for the development of a rainfall reconstruction that best 

represented the regional variability in precipitation across SEQ.  Instrumental rainfall 

data was utilized for the 1908-2007 period and correlations between the deviation 

from the mean values were determined for 140 instrumental rainfall stations across 

the catchment.  The results of this analysis demonstrated cohesive spatial groups 

that were correlated at r = 0.80, 0.85, and 0.90 levels while all 140 stations combined 

had an r value of 0.24.  This assessment showed that rainfall was not spatially 

uniform across the entire catchment.  Multi-decadal periods of wet and dry phases 

were observed in all rainfall groupings but their temporal patterns varied across the 

catchment.  The boundaries of this spatial variability were not just major physical 

landforms, such as the Great Dividing Range, which would be expected to cause 

variability in rainfall.  There were also gradients of change over both a coastal to 

inland scale and a north-south range. 

The temporal rainfall patterns within each group were combined into deviation 

from the mean values.  Each groups deviation from the mean was then correlated to 

the Lamington National Park (LNP) T. ciliata tree-ring reconstruction developed by 

Heinrich et al. (2009).  This showed a strong connection to the rainfall groups within 

which the LNP site was located with slightly better relationships with the higher 

correlated groups (r = 0.90 group correlated at 0.768, r = 0.80 group correlated at 

0.755).  However, when the LNP record was compared to rainfall groups located at 

distance from the LNP site little to no correlation was observed.  This showed that a 

single-site rainfall reconstruction could not be considered representative of the entire 

SEQ region and should only be utilized as a valid rainfall proxy for the spatial 
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groupings it resides within.  Site selection for the development of rainfall 

reconstructions in this thesis was then undertaken based on the results of this spatial 

analysis.  In order to develop the most comprehensive understanding of SEQ rainfall 

it was concluded that sites needed to be chosen from locations that fell within 

different rainfall groups.   

While the results of Chapter 3 show that any rainfall reconstructions 

developed in SEQ needed to be applied to smaller areas and not indicated as 

representative of regional conditions this paper has implications beyond this one 

catchment.  As tropical dendrochronology is a new discipline the network of tree-ring 

chronologies is very sparse.  Researchers are often forced to work with fewer field 

sites than they would have preferred, or with locations further from their targeted 

location for a reconstruction.  However, little thought is usually given into the spatial 

variability of rainfall networks when creating a proxy climate series in such limiting 

conditions.  The method presented in Chapter 3 is one that can be duplicated in 

many regions worldwide (not just the tropics) to assess the spatial extent over which 

site based rainfall records can be extrapolated.   

 

 7.2.3 Determining annual ring boundaries and growth-climate relationships in 

Araucariaceae species in subtropical Australia 

 As previous research had indicated that species in the Araucariaceae family 

presented issues with anomalous ring boundaries (Ogden, 1981; Ash 1983a) in 

Chapter 4 target samples from SEQ were assessed to see what anomalies were 

present.  The three sites chosen were from different SEQ regional rainfall groups, 

with cores collected from two stands of A. cunninghamii trees and one stand of A. 

bidwillii trees.  Faint rings were found to be a major issue with the entire set of 
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samples from the A. cunninghamii site in D’Aguilar National Park making it 

unsuitable for visual analysis.  Faint rings were also found in a few samples from 

each of the other two sites but in no instances were entire trees removed from 

analysis due solely to faint ring boundaries.  The trees from the A. cunninghamii site 

in Lamington National Park were visually dated for the last 100 years and developed 

into a master chronology, which was then verified using bomb-pulse radiocarbon 

dating on ten trees.  Applying this technique showed that the dating undertaken 

using visual analysis alone was incorrect in every tree.  While this was unsurprising 

based on the results of previous studies it was disappointing.  However, it allowed for 

a more guided analysis of the tree cores to determine how to identify different types 

of ring anomalies in the samples.   

Categorization of the radiocarbon dated trees based on what anomalies they 

presented was undertaken with three categories created.  Category A samples 

demonstrated locally absent rings in some cores but all rings could be located by 

applying a whole tree approach; using all cores from a tree and working decade by 

decade to identify the annual rings.  This allowed for the cores from a tree to be 

dated correctly even when each individual core was missing several rings.  Category 

B trees demonstrated false rings; bands that had been identified as being a ring but 

were in fact just an artefact of either environmental or localized factors.  By studying 

the cores with false rings under higher magnification and assessing the cells of the 

latewood/earlywood boundaries the true ring boundaries could be identified.  

Category C trees proved more problematic as they showed numerous missing rings 

revealed by the radiocarbon dating.  These trees had pinching rings; where series of 

several sequential rings were missing for a large part of the circumference of a tree.  

Typically more than one pinching series was observed in each Category C tree and 
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they were unsuitable for dendrochronological study as too many rings were missing 

to properly date the cores.  The remaining trees from the Lamington site as well as 

those from the Bunya Mountains A. bidwillii site all demonstrated similar anomalous 

rings to those that were radiocarbon dated.  The knowledge gained in examining the 

radiocarbon dated cores allowed identification of ring anomalies permitting the 

remaining trees to be categorized through visual inspection.  It also became obvious 

when developing the series between the ten radiocarbon dated trees that narrow 

marker rings and anomalies like false bands due to environmental factors are 

common between trees.  This permitted the development of a marker ring pattern, as 

is commonly done during visual ring assessment on temperate tree series, which 

made dating and chronology development easier for the non-radiocarbon dated 

trees. 

Competition and localized factors were identified as the main reasons trees 

demonstrated a high presence of anomalous rings.  Due to these findings a more 

detailed sampling strategy for future field research undertaken in tropical and 

subtropical environments is suggested.  Attention needs to be paid to attempt to 

eliminate trees that could potentially be influenced by localized effects such as 

strangler vines and competition with other dominant trees.  Additionally, a minimum 

of four cores should be taken per tree from around the entire circumference to try 

and eliminate issues with locally absent rings.   Without the use of radiocarbon 

dating the identification and understanding of the anomalous rings in the 

Araucariaceae trees would not have been possible.  Chapter 4 recommends that 

radiocarbon dating is a necessity when working with tropical and subtropical species.  

This was a vital technique in allowing for the development of the chronologies 

presented in this thesis.   
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 Once it was clear that the rings in the subtropical Araucariaceae species were 

annual in nature a detailed analysis of their growth-climate relationships was 

required to determine if rainfall could be reconstructed from these trees as 

suggested by Ash (1983a).  By installing dendrometers at the Lamington A. 

cunninghamii site and at the A. bidwillii site in Bunya Mountains National Park it was 

confirmed that climate was driving growth in the target trees.  Both growth and 

dormant seasons were observed in all study trees with the main driver for the 

amount of growth a tree underwent being rainfall.  This provided definitive proof that 

subtropical Australian Araucariaceae trees were a viable proxy for long-term rainfall.   

As suggested by Ash (1983a) temperature relationships were also observed 

in these species as the onset and conclusion of the growth season was found to be 

dependent on minimum temperatures.  When temperatures were consistently above 

20⁰C at the Bunya Mountains site growth appeared to commence and when the 

night-time conditions dropped below freezing growth ceased.  With only two years of 

data available it cannot be conclusively stated that this is the exact temperature 

range required for growth to occur but the data was consistent for all trees over both 

years.  Since the minimum temperatures at this site have an annual range that 

greatly exceeds 0⁰C - 20⁰C it is clear that both a growth and dormant season should 

be observed annually.   Similar correlations to minimum temperatures were observed 

at the Lamington site but as there was only one year of data available a temperature 

range for optimal growth cannot yet be determined.  Based on the results of the 

dendrometer analysis it appears as if trees grow at the higher elevation (~1050m) 

Bunya Mountains site from the start of November to the end of May and trees at the 

Lamington site, located around 670m elevation, grow from mid-August until the end 

of March.  The evidence presented in Chapter 4 permitted the development of A. 
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cunninghamii rainfall reconstructions in SEQ since it had been proven that the rings 

were annual in nature and that growth occurred as a result of rainfall.  

 

7.2.4 Tree-ring rainfall reconstructions in Southeast Queensland 

 Two A. cunninghamii rainfall reconstructions for subtropical Southeast 

Queensland are presented in Chapters 5 and 6 of this thesis.  This is the first time 

that an Australian Araucariaceae species has been used in a dendroclimatic 

reconstruction.  The first reconstruction found in Chapter 5 is of annual Brisbane 

rainfall developed for 1946-2014 using trees from the D’Aguilar National Park site.  

While this 69-year record does not extend the climate history of the region beyond 

instrumental data it was the application of a new method that made this 

reconstruction so important.  This reconstruction was created from the set of tree 

rings found in the previous chapter to have faint, indeterminate ring boundaries and 

initially thought useless for dendroclimatic study.  The loss of this set of samples 

would have been disappointing for two reasons.  Scientifically the regional rainfall 

groupings indicated that D’Aguilar National Park was one of the few locations where 

a tree-ring site could be found that would represent rainfall conditions occurring in 

Brisbane city.  Secondly, the collection of tree cores uses up funds, is time 

consuming to plan and undertake, and is quite difficult when working with hardwood* 

species so the loss of an entire sites data is frustrating.  However, the collection of 

these samples ended up providing a unique opportunity.  The development of this 

new method came about by chance as the cores were scanned on the Itrax initially 

for elemental analysis.  When the results from the x-radiograph and density patterns 

                                                           
*
 Trees in the Araucariaceae family are considered softwood lumber in Australia.  However, from a 

dendrochronological perspective they need to be cored with a hardwood corer.  Coring of these species is 
more comparable to working with a hardwood Quercus (Oak) species rather than a softwood Pinus (Pine) 
species. 
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were reviewed it became clear that there was potential for ring boundary 

identification.  Discussions surrounding these results led to further analysis and the 

development of this new dating technique.  Not only did this allow for a (modest) 

rainfall reconstruction to be made for Brisbane city but this method can be applied to 

trees from other species, in any environment worldwide, which also demonstrate 

visually unidentifiable ring boundaries.  While this methodology may not work in 

every case, and should be applied only to species where an annual growth season is 

known, the Itrax, and other radiographic scanners similar to it, present a non-

destructive form of analysis so there is no harm in attempting to apply this method to 

tree-ring series. 

In this case the Itrax core scanner was used to develop x-radiographs and 

densitometric measurements for each of the 12mm tree cores collected from the 

D’Aguilar site.  While tree rings have been assessed on the Itrax for elemental and 

density analysis in numerous studies the results had never previously been applied 

to date tree-ring samples.  Densitometry had been used to in dendrochronology for 

decades (see Polge, 1970) and is known as a method of identifying ring boundaries 

but this was the first time in the literature that it had been applied to a set of samples 

where annual rings were unidentifiable due to faint wood properties.  The new 

method of dating was verified using bomb-pulse radiocarbon analysis and once 

again false rings were shown to be present in A. cunninghamii cores.  The method 

was then refined so that the level of change between latewood and earlywood 

boundaries that represented a true annual ring was defined.  To prove the dating 

method was correct quality control was undertaken on the chronology and 

agreement observed for annual growth between cores indicating a robust series for 

use in climate reconstruction.  Climate response function analysis showed a 
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statistically significant correlation between ring width and annual (June-May) 

precipitation for Brisbane indicating the validity of the new method.  The 69-year 

rainfall reconstruction that was developed was found through split series calibration 

and verification to be statistically sound.  However, the model showed only 17% of 

the variability in ring-width was explained by rainfall.  The analysis in Chapter 4 

indicated a strong prevalence of localized influences on the study site trees 

suggesting a cause for the low variability related to precipitation conditions.  The 

more localized influences affecting a region the less environmental variability will be 

contributing to the growth of the trees.  Since tropical and subtropical tree species 

are known to have high instances of localized growth impacts the variability 

explained by climate reconstructions will be lower than the values seen in temperate 

environments where less localized influences are present.  Nevertheless, the 

development of a statistically sound rainfall reconstruction from this tree-ring 

chronology proved that the new method, when combined with radiocarbon dating 

verification, was useful for dendroclimatic analysis.   

The second rainfall reconstruction developed in this study and found in 

Chapter 6 is an extension of the instrumental record.  In this case the A. 

cunninghamii site from Lamington National Park was used to reconstruct annual 

(June-May) Numinbah rainfall from 1850-2014.  The chronology developed for this 

site was based around the preliminary 100-year chronology and radiocarbon dating 

that were presented in Chapter 4.  All of the cores for the Lamington site were dated 

and measured over their entire length which allowed for the development of a 209-

year master chronology.  Due to the small sample size in the early part of the record 

only the period from 1850 was of high enough replication to be statistically 

representative for environmental variability.  
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 Climate response function analysis performed on this series showed that not 

only was precipitation the variable most strongly affecting growth in these trees but 

precipitation from a local station (Numinbah), within the r = 0.90 rainfall grouping of 

the tree-ring site, was better correlated to growth than a station from Brisbane city 

(about 100km away). While a rainfall reconstruction could have been made for 

Brisbane from this location (found in the tree-ring sites r = 0.85 rainfall group) the 

climate analysis results reflected that reconstructing the local rainfall would provide a 

stronger long-term record.  This local connection furthered the results presented in 

Chapter 3 that indicated spatial variability of rainfall should be considered when 

undertaking single site studies.  

While precipitation showed the strongest connection to the Lamington A. 

cunninghamii chronology a positive correlation was found to minimum temperatures.  

This was similar to the results of the dendrometer data from Chapter 4.  The months 

where response function correlation is statistically significant are those where 

Chapter 4 predicts growth onset and cessation occur.  Maximum temperatures also 

showed a negative correlation during the middle of the growth season which can be 

related to drought conditions since years with no rainfall will tend to have no 

evapotranspiration leading to higher summer temperatures. 

 The rainfall reconstruction for this site was statistically significant during 

correlation and verification periods undertaken as a 50:50 split period analysis and 

over the full 1928-2014 period where instrumental data was available.  In this 

instance rainfall explained 28% of tree growth presented in the model.  The amount 

of variance explained here is still low and reflective of the large amount of localized 

influences on tropical/subtropical trees.  However, this percentage is similar or better 

than the variance explained in other tropical climate reconstructions (Shah et al., 
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2007; Heinrich et al., 2008; 2009).  These results strengthen the need to remove as 

much localized influence as possible during filed sampling to provide the best 

understanding of long-term climate in these regions. 

 Since many of the studies of hydroclimate across Australia’s east coast have 

suggested that the El Niño Southern Oscillation (ENSO) and the Interdecadal Pacific 

Oscillation (IPO) have a strong connection to rainfall variability (Kiem et al., 2003; 

Murphy and Ribbe, 2004; Verdon et al., 2004) it was important to look for these 

connections in the SEQ rainfall reconstructions.  The 69-year Brisbane annual 

rainfall reconstruction was too short to find any statistical links between rainfall, 

ENSO, and the IPO.  The 164-year Numinbah annual rainfall reconstruction did allow 

for analysis of connections between rainfall and these atmospheric oscillations.  The 

results however, were surprising as many studies had suggested that while a 

connection between rainfall and ENSO would move in and out of phase in SEQ 

(Murphy and Ribbe, 2004) that this would be based around the shifts in the IPO 

(Power et al., 1999; Cai and Whetton, 2001).  In the Lamington chronology a 

significant correlation is observed between the reconstructed rainfall and the 

Southern Oscillation Index (SOI) which is a measure of ENSO variability.  While this 

correlation is significant for the entire period of comparable record, 1866-2014, there 

is a change observed around 1940.  When correlations are analysed for the 1866-

1939 and 1940-2014 periods separately there is no correlation seen in the first half 

of the series and the second half shows statistically significant correlation.  When 

compared to the Tripole Index (TPI) a measure of IPO variability and the IPO phase 

shifts no relationship is found to the rainfall reconstruction or the connection to 

ENSO as would be expected based on the literature.  After 1940 a change is 

observed in the rainfall record where years of heavy rainfall consistently show more 
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rain than fell in heavy rainfall years prior to 1940, more flooding is seen in the region 

after this shift, and consecutive years of heavy and low rainfall show a pattern similar 

to the SOI.  This demonstrates that in the southern portion of SEQ, ENSO is driving 

rainfall variability after 1940 and can be used for predicting future conditions.  

However, more analysis is needed to determine the exact cause of the 1940 change.  

 

7.3 Conclusions and Recommendations for Future Work 

 This thesis clearly demonstrates that long-term dendroclimatic analysis in 

tropical and subtropical Australia is viable.  While this study focused on species in 

the Araucariaceae family there are several others already identified which show 

growth-climate relationships, and many more that have not been assessed for 

dendroclimatic potential.   The research presented provides a good starting point to 

developing long-term climate reconstructions across the tropics and subtropics of 

Australia.  Proxy methods like dendroclimatology are vital to extending the 

instrumental records so that climate variability can be understood and mitigation 

plans enacted for the extreme events prevalent in these areas. 

 The examination of ring anomalies and growth-climate relationships were 

central to the ability to create a master ring-width chronology and subsequently a 

rainfall reconstruction for A. cunninghamii tree cores.  This thesis benefited by 

funding being available through grants awarded to Heather Haines and Prof Jon 

Olley so that radiocarbon dating and dendrometers were affordable methods of 

analysis.  Not every study will be so lucky.  The analytical process and results of this 

thesis relied heavily on radiocarbon dating.  It would be very difficult to undertake 

analysis on Araucariaceae species, and likely most tropical species from this region, 

without using a form of dating verification.  Radiocarbon dating is the most widely 



143 

 

used option for this verification in dendrochronology.  For researchers hoping to 

undertake tropical and subtropical dendrochronological studies it would be beneficial 

to invest in radiocarbon dates as the rewards far outweigh the costs.   

 The dendrometer analysis presented here to determine growth-climate 

relationships is not the only way to achieve these aims.  The work undertaken by 

Heinrich and Banks (2005a; 2005b; 2006) provides another method of analysing the 

dendroecology of a tropical/subtropical species.  The results from both this thesis 

and that by Heinrich et al. (2008; 2009) show that some form of  study on what is 

driving tree growth should be applied when a new species is being assessed for use 

in climate reconstructions.  Dendrometers have an advantage of being something 

that can allow for long-term assessment.  Within the course of this PhD only two 

years of data could be used within Chapter 4.  However, greatest benefit would arise 

from continuing to collect data from this equipment as there is more information to 

learn from these sites.  Additional years of data will allow for a better assessment of 

what temperatures are required for growth to start and stop, narrowing down the 

growth season range.  Should a drought or a flood event occur in the catchment 

during the monitoring period then the effect of these extreme events on the study 

trees could be assessed.    

The development of the D’Aguilar and Lamington rainfall reconstructions were 

possible due to the application of a combination of traditional visual 

dendrochronological techniques, dendroecological studies, and modern analysis.  

Without the use of the Itrax core scanner the D’Aguilar reconstruction would not 

exists.  While this thesis has made good use of the Itrax data there is much more 

that can be achieved from the elemental analysis which it provides.  The time 

constraints on this PhD did not allow for the examination of this elemental data which 
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exists for both the D’Aguilar and Lamington sites.  As annual ring series have now 

been determined for both locations future work can focus on the rest of the Itrax 

information to learn more about the environmental conditions that have existed at 

these sites through time. 

 The Lamington reconstruction also gives an insight into the relationships (or 

lack thereof) between rainfall, ENSO, and the IPO in Southeast Queensland.  These 

connections should to be investigated further.  There are three approaches that will 

aid in this analysis; (1) undertake spectral analysis to see if there is another level of 

variability that relates to the 1940 shift, (2) look at other records for the southern part 

of SEQ for evidence of these connections, and (3) extend the Lamington record 

which would best be done prior to spectral analysis.  There is potential to add 

another 100-150 years onto the Lamington record but detailed radiocarbon wiggle 

matching to the Southern Hemisphere calibration curve will be required.  

Additionally, while rainfall was the focus of this PhD thesis the strong connections to 

drought suggest that an analysis of the correlations with the Palmer Drought Severity 

Index (PDSI) would be beneficial.  This becomes tricky as PDSI is usually analysed 

over large spatial areas from grid point data and it is unclear if the spatial 

disconnections determined in Chapter 3 would apply to PDSI.  The Australia wide 

scale of the Federation, World War II, and Millennium droughts would indicate that 

this should not be the case.  Therefore, future analysis will also be run to compare 

PDSI as a climate variable potentially influencing the 164-year Lamington 

chronology. 

 The overall aim for this thesis when it began in 2013 was to understand the 

long-term regional rainfall variability across Southeast Queensland using 

dendroclimatology.  While this thesis represents a good starting point by proving that 
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tree-ring rainfall reconstructions can be developed across the region, by determining 

the non-uniform nature of rainfall spatially across the catchment, and by creating two 

rainfall reconstructions, one of which extends the instrumental record, the overall 

goal has not been achieved.  Longer-term records are needed as is a regional 

network of proxy rainfall reconstructions.  The spatial rainfall network presented in 

Chapter 3 allows for a good map of where reconstructions should to be developed to 

represent the entire catchment 

The development of a tree-ring network across not only SEQ but the tropical 

and subtropical east coast of Australia is something that this thesis proves is 

possible and would be highly beneficial to the region.  It is hoped that the research 

begun both in this thesis and by others (eg. Heinrich et al., 2008; 2009) can continue 

so that the tropical regions are as well represented in proxy climate studies as the 

temperate zones in the Northern Hemisphere.  
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Appendix A: Papers published and submitted during my PhD 

candidature that were not part of the research included in my thesis 

but represent work that I undertook during this time 

 

 
 
During my PhD candidature I was a co-author on the publication of three papers that were not directly 
related to the work presented in my PhD.  The full manuscripts of these published and submitted 
papers follow in this Appendix. 
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Appendix A1: Flow variability and channel forms in southeast 

Queensland 

 
 
 
Foreword: This paper was a collaborative effort between myself and two of my supervisors Dr 
Justine Kemp and Prof Jon Olley.  It relates to Chapter 3 of my thesis as the work presented 
here utilizes the regional rainfall patterns observed in SEQ that I developed.  This work is part 
of an ongoing series of research and publications in development between myself, Prof Olley, 
and Dr Kemp.  This work was presented by Dr Kemp at the 8

th
 Australian Stream 

Management Conference and is included as a paper in the subsequent proceedings from that 
event.  

 
 
The full bibliographic details of the co-authored paper, including all authors, are: 

 
Kemp, J., Olley, J.M., Haines, H.A., 2016.  Flow variability and channel forms in southeast 
Queensland.  Proceedings of the 8th Australian Stream Management Conference.  Leura, 
NSW, 31st July – 3rd August. 

My contribution to the paper involved: 

Discussions around the conceptual design of this paper, the undertaking of the regional 
rainfall pattern analysis, and reading and commenting on drafts of the paper. 
 

(Signed)        (Date)  15/6/17 
Heather Haines
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Appendix A2: Reconstructing a millennial-scale record of 

flooding in a single valley setting: the 2011 flood-affected 

Lockyer Valley, south-east Queensland, Australia 

 
 
 
Foreword: This paper was an outcome of the work that I undertook as an RA to A/Prof Jacky 
Croke during the first two years of my PhD candidature.  This is part of the ARC Linkage: The 
Big Flood Will it Happen Again? project that my PhD is associated with.  However, none of 
the work that I undertook as an RA related to dendrochronology or my PhD research but was 
associated with A/Prof Croke’s component of the ARC project to develop a long-term flood 
history of Southeast Queensland. 

 
 
The full bibliographic details of the co-authored paper, including all authors, are: 

Croke, J.C., Thompson, C., Denham, R., Haines, H.A., Sharma, A., and Pietsch, T., 2016.  
Reconstructing a millennial-scale record of flooding in a single valley setting: the 2011 flood-
affected Lockyer Valley, Southeast Queensland, Australia.  Journal of Quaternary Science, 
31(8), 936-952. http://dx.doi.org/10.1002/jqs.2919/full 

My contribution to the paper involved: 

Discussions around the conceptual design of this paper, analysis of the stratigraphy of the 
field sites, analysis of the OSL data as provided by A. Sharma and T. Pietsch into probability 
density functions, development of some figures, and reading and commenting on several 
drafts of the manuscript as well as revision after reviewers comments.   
 

(Signed)         (Date)  15/6/17 
Heather Haines 
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Appendix A3: Growth Patterns and Climate Response of Four 

Co-occurring Pinus Species on Norumbega Mountain, Acadia 

National Park, Maine, U.S.A. 

 
 
 
Foreword: This paper was the final product from my appointment as a Graduate Fellow for the 
Dendroclimatology II Group at the North American Dendroecological Fieldweek (NADEF) 
2015.  NADEF is designed as a 10 day training course for dendrochronologists which is 
conducted annually.  Each group undertakes field and lab analysis on a project and then 
presents a final paper and presentation at the end of the 10 days.  A Graduate Fellow is then 
selected for each group and that person continues the research after the NADEF fieldweek 
culminating in the development of a publishable manuscript.  This paper has been developed 
for submission to the journal Tree-Ring Research.  However, it is currently under review with 

the U.S. Forest Service (USFS) as one of the co-authors, Bethany Muñoz, is a member of the 

USFS and detailed technical review by her institution is required for her to be listed as a co-
author. 
 

 
 
The full bibliographic details of the co-authored paper, including all authors, are: 

 
Haines, H.A., Muñoz, B.L., Rooney, M., Foard, M.B., Stotts, S.N., van Akker, L., Brown, P.M., 

Grissino-Mayer, H.D., under review.  Growth patterns and climate response of four co-
occurring Pinus species on Norumbega Mountain, Acadia National Park, Maine, U.S.A..  
Target journal: Tree-Ring Research.  Currently under review with the USFS. 
 

My contribution to the paper involved: 

Collection of field samples, development of the four Pinus chronologies, and preliminary 
analysis as part of the Dendroclimatology II team at NADEF 2015.  After NADEF 2015 I 
revised and extended the climate analysis, developed the first draft of the manuscript, made 
revisions to the manuscript based on co-authors comments, and prepared the documentation 
for USFS review. 
 

(Signed)         (Date)  4/7/17 
Heather Haines 
 
 
 
***Please note that this paper is not included in full in the catalogued version of this PhD 
thesis due to the fact that it is still undergoing review process.  Should you wish to view a 
copy of this paper please contact Heather Haines for the most up to date version.*** 
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Appendix B: Bibliographic details and abstracts of conference 

presentations given about my PhD research during my PhD 

candidature 

 

During my PhD candidature I attended several conferences and symposiums where I presented oral 

and poster presentations.   
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Haines, H.A. “The Implications of Regional Variability in Rainfall on Tree-Ring Precipitation 

Reconstructions.”  Australia Rivers Institute, Higher Degree by Research Student Symposium, 

Brisbane, Australia, July 13
th
, 2017. Oral Presentation 

 
In the tropical and subtropical regions of the word long-term instrumental precipitation records are 
lacking and the availability of proxy data to reconstruct such records is sparse.  The subtropical region 
of Southeast Queensland (SEQ) is one such area where this lack of data is problematic.  A need 
exists to develop a regional understanding of long-term rainfall due to the prevalence of extreme 
floods and droughts in SEQ.  However, the regional area that can be represented by single site proxy 
records is not well understood.  In this study we apply a temporal and spatial analysis to determine 
the variability in rainfall across Southeast Queensland by analysing the patterns found in 140 
instrumental rainfall stations.  Pearson correlation analysis between stations is determined to 
categorize them into r= 0.80, 0.85, and 0.90 correlated groups.  For each group annual deviations 
from the mean are developed for the 1908-2007 period and above and below average rainfall phases 
determined and their patterns analysed.  These patterns indicate that rainfall is not uniform across 
SEQ but in fact can be broken into several well correlated spatially distinct areas.  The only currently 
available proxy rainfall reconstruction for the region, a 140-year Toona ciliata tree-ring width record 
from Lamington National Park developed by Heinrich et al. (2009), is then compared to the rainfall 
groups across the study region.  The correlation between the reconstruction and the rainfall station 
groupings improves as the r value of the associated group increases and all three groups show 
slightly greater correlations than that observed to Brisbane City, although all four correlations are 
significant.  Correlation with groups further away from the tree-ring site shows no correlation between 
tree growth and rainfall records.  This indicates that a single site reconstruction of precipitation is not 
representative of the entire Southeast Queensland region but is significantly representative of a 
smaller spatial area around the site location.  The implications that this case study has on regional 
proxy rainfall representation worldwide will be discussed. 
 
Heinrich, I., Weidner, K., Helle, G., Vos, H., Lindesay, J., & Banks J. C. G., 2009.  Interdecadal modulation of the relationship 
between ENSO, IPO and precipitation: insights from tree rings in Australia.  Climate Dynamics, 33, 63-73.  
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Haines, H.A., Olley, J.M.. “The Effect of Regional Variations in Rainfall on Reconstructing 

Precipitation Using Tree Rings.”  Australasian Quaternary Association Biennial Conference, Auckland, 

New Zealand, December 5
th
-9

th
, 2016. Oral Presentation 

 
Long-term instrumental precipitation records for Southeast Queensland are not available making a 
study of rainfall variability difficult without the use of proxy precipitation records.  However, the 
regional area represented by proxy records is not well understood.  Here the spatial variability in 
rainfall across Southeast Queensland is investigated using 140 instrumental rainfall stations.  Pearson 
correlation analysis between stations is determined to categorize them into 80%, 85%, and 90% 
correlated groupings.  For each group annual deviations from the mean are developed for the 1908-
2007 period and above and below average rainfall phases determined and their patterns analysed.  
These patterns indicate that rainfall is not uniform across Southeast Queensland but in fact can be 
broken into several well correlated instrumental groups.  The only currently available proxy rainfall 
reconstruction for the region, a 140-year Toona ciliata tree-ring width record from Lamington National 
Park developed by Heinrich et al. (2009), is then compared to instrumental station groupings to which 
it belongs spatially as well as to Brisbane City rainfall.  The correlation between the reconstruction 
and the rainfall station groupings improves as rainfall group correlation increases and all three groups 
show slightly greater correlations than that observed to Brisbane City, although all four correlations 
are significant.  Correlation with groups further away from the tree-ring site shows no correlation 
between tree growth and rainfall records.  This indicates that a single site reconstruction of 
precipitation is not representative of the entire Southeast Queensland region but is significantly 
representative of a smaller spatial area around the site location. 
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Haines, H.A., Gadd, P., Heijnis, H., Olley, J.M.. “Using the ITRAX Core Scanner to Develop a Ring-

Width Chronology from Subtropical Australian Araucaria cunninghamii Trees with Faint, Unidentifiable 

Ring Boundaries.”  Australasian Quaternary Association Biennial Conference, Auckland, New 

Zealand, December 5
th
-9

th
, 2016. Poster Presentation 

 

Subtropical Australian Araucaria cunninghamii (Hoop Pine) trees in Southeast Queensland (SEQ) 

have been found to produce annual ring patterns that can be used to develop ring-width chronologies.  

However, while at some locations the trees sampled have displayed rings that are capable of being 

identified visually, trees at other locations have displayed wood properties that are too faint for ring 

boundaries to be recognized.  Previously, trees with such characteristics would be excluded from ring-

width chronology development.  The ITRAX X-Ray Fluorescence (XRF) core scanner has provided an 

alternate option to developing these ring-width chronologies.  The core scanner produces high 

resolution optical images as well as an X-radiograph image and density information.  The ring 

boundaries in A. cunninghamii trees from a site in D’Aguilar National Park, Southeast Queensland, 

Australia, which cannot be visually identified, were analysed using the ITRAX core scanner.  On the 

20μm X-radiograph image the ring boundaries become clearly identifiable with confirmation of these 

boundaries provided by the density information.  By overlaying the optical image, X-radiograph, and 

density pattern a ring-width chronology has being developed for this location which would not have 

been possible using traditional dendrochronological methods.  Additionally, information provided by 

the XRF elemental analysis, specifically for calcium (Ca) and strontium (Sr), is being evaluated by 

also overlaying these elemental patterns on the X-radiography image.  The elemental analysis will be 

used to assist in the development of a rainfall reconstruction for the SEQ region. 
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Haines, H.A., Gadd, P., Heijnis, H., Olley, J.M.. “Using the ITRAX Core Scanner to Develop a Ring-

Width Chronology from Subtropical Australian Araucaria cunninghamii Trees with Faint, Unidentifiable 

Ring Boundaries.”  3
rd

 AmeriDendro Conference, Mendoza, Argentina, March 28
th
 – April 1

st
, 2016. 

Poster Presentation 

 

Subtropical Australian Araucaria cunninghamii trees in Southeast Queensland (SEQ) have been 

found to produce annual ring patterns that can be used to develop ring-width chronologies.  However, 

while at some locations the trees sampled have displayed rings that are capable of being identified 

visually, trees at other locations have displayed wood properties that are too faint for ring boundaries 

to be recognized.  Previously, trees with such characteristics would be excluded from ring-width 

chronology development.  The ITRAX X-Ray Fluorescence (XRF) core scanner has provided an 

alternate option to developing these ring-width chronologies.  The core scanner produces high 

resolution optical images as well as an X-radiograph image and density information.  The ring 

boundaries in Araucaria cunninghamii trees from a site in D’Aguilar National Park, Southeast 

Queensland, Australia, which cannot be visually identified, were analysed using the ITRAX core 

scanner.  On the 20μm X-radiograph image the ring boundaries become clearly identifiable with 

confirmation of these boundaries provided by the density information.  By overlaying the optical 

image, X-radiograph, and density pattern a ring-width chronology is being developed for this location 

which would not have been possible using traditional dendrochronological methods.  Additionally, 

information provided by the XRF elemental analysis, specifically for calcium (Ca) and strontium (Sr), is 

being evaluated by also overlaying these elemental patterns on the X-radiography image.  The 

elemental analysis will be used to assist in the development of a rainfall reconstruction for the SEQ 

region. 
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Haines, H.A., English, N., Olley, J.M., Hua, Q., Heijnis, H., Gadd, P., and Palmer, J. “Identifying flood 

and drought events using a 500-year reconstruction of rainfall in the Australian subtropics as 

determined from Hoop Pine (Araucaria cunninghamii) tree rings.”  19
th
 International Union for 

Quaternary Research (INQUA) Congress, Nagoya, Japan, July 26
th
 – August 2

nd
, 2015. Oral 

Presentation 

 
Subtropical Australia is highly susceptible to extreme events like the catastrophic floods that occurred 

in Southeast Queensland (SEQ) in 2011.  This event was suggested to be a 1 in 1000 year flood, 

however, preliminary research of past flood deposits has indicated that a similar sized event occurred 

about 200 years ago.  Our understanding of the past frequency of these types of events is limited 

because there are few long-term climate records available for this region.  Historical precipitation 

records extend back to the 19
th
 century, which is not of a sufficient duration to understand extreme 

event frequencies.  Other annual proxy methods of rainfall reconstruction are needed to better 

understand the flood and drought history of this area. 

 

Tree rings provide an annual record of past conditions based on a single environmental variable that 

is limiting tree growth.  Here we present the first long-term (>150 years) Australian subtropical tree 

ring reconstruction of rainfall from Lamington National Park, a natural area of rainforest on the 

southern boundary of SEQ.  Hoop Pine (Araucaria cunninghamii) trees were used as they are one of 

the longest lived tree species in subtropical Australia, they grow in response to precipitation 

conditions, and they put on a visible annual ring that can be measured.  This record was developed 

using a multi-technique approach where traditional ring width measuring, X-ray densitrometry, and 

radiocarbon dating were combined to create a robust chronology that was then used to reconstruct 

rainfall.  Years with major rainfall events are confirmed through Calcium and Strontium signals 

identified in the tree rings using ITRAX XRF trace elements.  Climate conditions for years with known 

flood and drought events were then compared to our reconstruction to identify potential extreme 

events in SEQ beyond the period of instrumental record.  The methodology, results, and future 

directions of this research will be discussed. 
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Haines, H.A., English, N., Olley, J.M., Saxton, N., Croke, J., and Palmer, J. “The process of 

determining 500-years of rainfall in the Australian Subtropics from Hoop Pine tree-rings.”  16
th
 Biennial 

Australia and New Zealand Geomorphology Group (ANZGG) Conference, Mount Tamborine, 

Australia, November 30
th
 – December 3

rd
, 2014. Poster Presentation.  

 
Subtropical Australia is highly susceptible to extreme events like the catastrophic floods that occurred 

in Southeast Queensland (SEQ) in 2011 where 38 lives were lost and $2.3 billion dollars of damage 

was recorded.  This event was suggested to be a 1 in 1000 year event, however, preliminary research 

using optically-stimulated luminescence dating of past flood deposits has indicated that a similar sized 

event occurred about 200 years ago.  Our understanding of the past frequency of these types of 

events is limited because there are very few long-term climate records available for this region.  

Historical precipitation records extend back to the 19
th
 century, which is not of a sufficient duration to 

understand extreme event frequencies.  Other proxy methods of climate reconstruction are needed.  

Tree rings have been used to reconstruct past climate elsewhere in Australia, and provide a good 

opportunity to extend the historical precipitation records in subtropical Queensland.  

 

 Tree rings provide an annual record of past conditions based on a single environmental variable that 

is limiting tree growth.  Little research has been conducted on the use of tree ring reconstructions in 

subtropical and tropical Australia; nevertheless, those few studies that have been undertaken suggest 

that precipitation is the growth limiting variable in trees in this region.  It is for this reason that a tree-

ring based reconstruction of rainfall is being undertaken in Lamington National Park, a natural area of 

rainforest on the southern boundary of SEQ.  This study is using Hoop Pine (Araucaria cunninghamii) 

trees as they are one of the longest lived tree species in subtropical Australia and are known to put on 

a visible annual ring that can be measured.  A stand of Hoop Pine has been located in Lamington 

National Park that appears to have been missed in the logging boom of the 19
th
 and 20

th
 centuries. 

These trees have up to 536 rings.  If these rings prove to be annual and a rainfall reconstruction can 

be developed it will be the first long-term (>150 years) tree-ring precipitation reconstruction ever 

developed in subtropical Australia.  Here we present preliminary analysis results and describe some 

of the challenges of working with this tropical tree species. We also describe our intended future 

research.   

 

*Awarded Best Poster by a PhD Student  
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Haines, H.A. “Putting the 2011 “Big Flood” Into Context: Using tree rings to understand patterns of 

flood and droughts in Southeast Queensland, Australia.”  Australia Rivers Institute, Higher Degree by 

Research Student Symposium, Brisbane, Australia, August 1
st
, 2014. Oral Presentation 

 

The 2011 “Big Flood” was a catastrophic event that caused 2.3 billion dollars in damage and took 38 

lives.  This flood was thought to be a 1 in 1000 year event however, preliminary research using 

optically-stimulated luminescence dating of past flood deposits has indicated that similar sized events 

could in fact occur much more frequently.  Current historical flood records for Southeast Queensland 

(SEQ) extend into the 18
th
 century but are only of significant strength and accuracy over the past 40 

years.  In order to understand the patterns of floods and droughts in SEQ a more detailed proxy 

historical record of rainfall is required.  My research will use dendrochronology, tree-ring science, to 

develop a long-term rainfall record reconstructed from Araucaria cunninghamii (Hoop Pine) and 

Araucaria bidwillii (Bunya Pine) trees from several sites across SEQ.  This rainfall reconstruction will 

then be used to determine a long-term flood and drought pattern for the region which will be the first 

long-term (>150yrs) reconstruction of its kind in subtropical Australia.  Preliminary results from my first 

year of study along with future research directions using a multiple technique approach will be 

presented. 

 

*Awarded the Dr Christy Fellows Award for Best 15 Minute Presentation 
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Haines, H.A., Olley, J.M., Palmer, J., Croke, J., and Saxton, N. “Putting the 2011 “Big Flood” Into 

Context: Using tree rings to understand patterns of floods and droughts in Southeast Queensland, 

Australia.”  Canadian Association of Geographers (CAG) Congress, St Catherines, Ontario, Canada, 

25-30
th
 May, 2014. Oral Presentation 

 

In Southeast Queensland (SEQ), Australia rainfall has been proven to play a major role in extreme 

climatic events.  The catastrophic Lockyer Creek flood of 2011 cost $2.3 billion and took 38 lives.  

This flood was thought to be a 1 in 1000 event however, preliminary research using optically-

stimulated luminescence  dating of past flood deposits has indicated that similar sized events could in 

fact occur much more frequently.  In order to determine the accuracy of these recurrence intervals a 

better understanding of the flood and drought patterns of SEQ is needed.  Current flood records 

extend historically into the 18
th
 century but are only of significant strength and accuracy over the past 

40 years.  This project uses dendrochronology, tree-ring records, to develop a long-term rainfall 

record from Araucaria cunninghamii trees from a site at Lamington National Park in SEQ.  This rainfall 

reconstruction will be used to determine a long-term flood and drought pattern for the region which will 

be the first long-term (>150yrs) of its kind in subtropical Australia.  Preliminary results of this 

reconstruction using ring widths will be presented along with strategies for future research using a 

multiple technique approach. 
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Haines, H.A. “Dendrochronology in Southeast Queensland:  The difficulties encountered when 

working in and with the trees of subtropical Australia.” 9
th
 International Conference on 

Dendrochronology, Melbourne, Australia, 13-17
th
 January, 2014. Oral Presentation 

 

Undertaking dendrochronological studies in subtropical and topical Australia has long been 

considered a difficult and relatively fruitless exercise (Ogden, 1978).  Trees in these regions were 

deemed to produce poor annual ring growth and, where rings were present, difficulties were 

encountered in crossdating within and between trees by the presence of wedging, missing, and false 

rings.  However, more recent applications in tropical environments have found that it is possible to 

develop chronological based studies with some of the species available in these regions.  New 

techniques and methodological improvements have resulted in successful crossdating achievements.  

Very few studies however have included sites in subtropical regions with minimal work undertaken in 

Southeast Queensland.  Research to develop chronologies to fill this gap has recently begun with 

collections from Toona ciliata, Callitris columellaris, Agathis robusta, Araucaria cunninghamii, and 

Araucaria bidwilli trees.  The selected species have shown annual ring patterns either in Southeast 

Queensland or elsewhere in Australia with some known to crossdate better than others.  This 

presentation focuses on reviewing some of the difficulties encountered when sampling in these dense 

subtropical rainforest environments and the issues arising from crossdating using the selected tree 

species. 

 
Ogden, 1978.  On the dendrochronological potential of Australian trees.  Australian Journal of Ecology, 3, 339-356. 
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ADDRESS 

 

 

 

 

 

 

 

 

EDUCATION 

 

 

 

 

 

 

 

 

 

Australian Rivers Institute 

Griffith University 

170 Kessels Rd 

Nathan, QLD 

AUSTRALIA, 4111 

 

Mobile: +61-(0)4-2828 0606 

Email: h.haines@griffith.edu.au Web: http://www.rivers.edu.au 

 

Griffith University, Australian Rivers Institute 

PhD in Environmental Science, Current 

The University of Western Ontario 

MSc in Geography, 2012 

Thesis: “Changes in the hydrological regime in the Upper Bow and 

Upper Athabasca Watersheds in the 20th century” 

BSc (Honours) in Geography: Environment and Resource 

Management, 2007 

Science specialization: Chemistry, Earth Science 

 

RESEARCH GRANTS 

 

A. George, H.A. Haines, P.S. Gadd, Q. Hua; Australian Nuclear Sciences and 

Technology Organization (ANSTO), Research Portal Proposal 11016;  Jul 2017-

Jun 2018 

“Confirming tree ring dates in Eucalyptus camaldulensis (River red gum) and E. 

largiflorens (Black box) from the Lower Murray river “ 

$13,720 of analysis costs for use of ANSTO radiocarbon and Itrax facilities 

J.M. Olley, H.A. Haines, N.B. English, Q. Hua; Australian Nuclear Sciences and 

Technology Organization (ANSTO), Research Portal Proposal 10711; Jan-Dec 

2017 

“Radiocarbon dating of Araucaria cunninghamii (Hoop Pine) tree-ring samples from 

Hidden Valley Queensland for bomb pulse identification and chronology confirmation” 

$13,400 of analysis costs for use of ANSTO radiocarbon facilities 

H.A. Haines; North American Dendroecological Fieldweek (NADEF), Graduate 

Research Fellowship; 2015-2016 

“Growth and climate responses of four Pinus species on Norumbega Mountain, Acadia 

National Park” 

$3,000 dependent on completion and publication/presentation of the research project 

H.A. Haines, N.B. English, J.M., Olley; Wet Tropics Management Authority, Student 

Research Grant; 2015-2017 

“Reconstructing rainfall in the Wet Tropics from Hoop Pine (Araucaria cunninghamii) tree 

rings” 

mailto:h.haines@griffith.edu.au
http://www.rivers.edu.au/
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$2,500 plus $500 fund-matching grant from the School of Environment, Griffith University 

H.A. Haines; Australian Institute of Nuclear Sciences and Engineering, 

Postgraduate Research Award; 2014-2017 

“Developing the first long-term (>150 years) rainfall record for Southeast Queensland” 

$17,500 per annum plus travel costs for 4 weeks annually of study at the Australian 

Nuclear Science and Technology Organization in Lucas Heights, NSW 

H.A. Haines, N.B. English, J.M. Olley; Wet Tropics Management Authority, Student 

Research Grant; 2014-2016 

“Linking climate and growth in tropical and subtropical Queensland” 

$3,000 plus $1,500 fund-matching grant from the School of Environment, Griffith 

University 

 

 

AWARDS 

 

Australian Institute of Nuclear Sciences and Engineering, Student Travel Award of $710 to 

attend the 2016 Australasian Quaternary Association (AQUA) Biennial Conference, 2016 

Australian Rivers Institute, Conference Funding Award of $1000 to attend the 3rd 

AmeriDendro Conference, 2016 

Australian Institute of Nuclear Sciences and Engineering, Student Travel Award of $900 to 

attend the 2015 International Union for Quaternary Research (INQUA) Congress, 2015 

Australia and New Zealand Geomorphology Group Best Poster by a PhD Student Award, 16th 

Biennial Australia and New Zealand Geomorphology Group Conference, 2014 

Dr Christy Fellows Award for the Best Student 15-Minute Presentation, Australian Rivers 

Institute, Higher Degree by Research Student Symposium, 2014 

Australian Rivers Institute, Conference Funding Award of $2000 to attend the 2014 

Canadian Association of Geographers Congress, 2014 

Canadian Association of Geographers, Student Travel Grant of $700 (CAD) for travel to the 

2014 Canadian Association of Geographers Congress, 2014 

Griffith University, School of Environment $1,500 Student Travel Grant for travel to the 9th 

International Conference on Dendrochronology, 2014 

9th International Conference on Dendrochronology, Student Conference Support of $500, 

2014 

Australian Rivers Institute, Higher Degree by Research Student Symposium 3-Minute 

Presentation, 1st Place Award, 2013 

Asia Oceania Geosciences Society, 2013 Annual Meeting Presenting Student Fee Waiver 

Grant, 2013 

Griffith University, Deputy Vice Chancellor (Research) International PhD Research 

Scholarship with a Vice Chancellor Stipend Scholarship, 2013-2016 

Girl Guides of Canada, Isabel Kerr Scholarship, 2010 

Department of Geography, The University of Western Ontario, E.G. Pleva Fellowship Fund, 

2008 

The University of Western Ontario, Masters Entrance Scholarship, 2007-2009 
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POSITIONS HELD 

 

Lab Manager, Australian Rivers Institute Dendrogeomorphology (ARID) Laboratory, 

Australian Rivers Institute, Griffith University, 2013-current 

Research Assistant to A/Prof Jacky Croke, The University of Queensland, formerly of the 

Australian Rivers Institute, Griffith University, 2013-2014 

Field Research Assistant, Department of Geography Planning and Environmental 

Management, The University of Queensland, 2010-2012 

Field and Laboratory Research Assistant, Dendrogeomorphology Lab, The University of 

Western Ontario, 2007-2010 

Teaching Assistant, Department of Geography, The University of Western Ontario, 2007-

2010 

 

 

PUBLICATIONS 

 

Haines, H.A., Gadd, P.S., Palmer, J., Olley, J.M., Hua, Q., Heijnis, H. (in review).  A new 
tree-ring dating methodology using the Itrax core scanner to develop paleoclimate 
reconstructions in trees with faint, indeterminate ring boundaries.  Palaeogeography, 
Palaeoclimatology, Palaeoecology. 

Haines, H.A., Muñoz, B.L., Rooney, M., Foard, M.B., Stotts, S.N., van Akker, L., Brown, 

P.M., Grissino-Mayer, H.D. (in review).  Growth patterns and climate response of four co-
occurring Pinus species on Norumbega Mountain, Acadia National Park, Maine, U.S.A..  In 
review with USFS. 

Haines, H.A., Olley, J.M., English, N.B., Hua, Q. (in review).  Anomalous ring identification 
in two Australian subtropical Araucariaceae species permits annual ring dating and 
growth-climate relationship development.  Dendrochronologia. 

Haines, H.A., Olley, J.M., (2017).  The implications of regional variations in rainfall for 
reconstructing rainfall patterns using tree rings.  Hydrological Processes, 31(16), 2951-
2960. 

Croke, J.C., Thompson, C., Denham, R., Haines, H.A., Sharma, A., and Pietsch, T. (2016).  

Reconstructing a millennial-scale record of flooding in a single valley setting: the 2011 

flood-affected Lockyer Valley, Southeast Queensland, Australia.  Journal of Quaternary 

Science, 31(8), 936-952. Citations: 4 

Haines, H.A., Olley, J.M., Kemp, J., English, N.B. (2016).  Progress in Australian 

dendroclimatology: Identifying growth limiting factors in four climate zones.  Science of 

the Total Environment, 572, 412-421. Citations: 2 

Kemp, J., Olley, J.M., Haines, H.A. (2016).  Flow variability and channel forms in southeast 

Queensland.  Proceedings of the 8th Australian Stream Management Conference.  Leura, 

NSW, 31st July – 3rd August.  Citations: 1 

 

PRESENTATIONS / INVITED TALKS 

 

Haines, H.A., Olley, J.M.. “The Effect of Regional Variations in Rainfall on Reconstructing 

Precipitation Using Tree Rings.”  Australasian Quaternary Association Biennial Conference, 

Auckland, New Zealand, December 5th-9th, 2016. 
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Haines, H.A., Gadd, P., Heijnis, H., Olley, J.M.. “Using the ITRAX Core Scanner to Develop 

a Ring-Width Chronology from Subtropical Australian Araucaria cunninghamii Trees with 

Faint, Unidentifiable Ring Boundaries.”  Australasian Quaternary Association Biennial 

Conference, Auckland, New Zealand, December 5th-9th, 2016. 

Haines, H.A. “Applications of the ITRAX Core Scanner in Dendrochronology.”  University of 

Auckland ITRAX Core Scanner Workshop, Invited Talk, December 2nd, 2016.   

Haines, H.A. “Dendroclimatology in Tropical Australia: How research in this field is relevant 

to ANSTO.”  Australian Nuclear Sciences and Technology Organization, Environment 

Research Group Invited Talk, July 14th, 2016.   

Croke, J.C., Thompson, C., Denham, R., Haines, H.A., Sharma, A., Pietsch, T. “Millenial 

scale changes in flood magnitude and frequency and the role of changes in channel 

adjustment.” European Geosciences Union General Assembly 2016, Vienna, Austria, April 

17th-22nd, 2016. 

Haines, H.A., Rooney, M., Muñoz, B.L., Foard, M.B., Stotts, N., van Akker, L., Brown, P.M., 

Grissino-Mayer, H.D. “Growth and climate response of four Pinus species on Norumbega 

Mountain, Acadia National Park, Maine, U.S.A.”  3rd AmeriDendro Conference, Mendoza, 

Argentina, March 28th – April 1st, 2016. 

Haines, H.A., Gadd, P., Heijnis, H., Olley, J.M.. “Using the ITRAX Core Scanner to Develop 

a Ring-Width Chronology from Subtropical Australian Araucaria cunninghamii Trees with 

Faint, Unidentifiable Ring Boundaries.”  3rd AmeriDendro Conference, Mendoza, 

Argentina, March 28th – April 1st, 2016. 

Haines, H.A. “Using Tree-Rings to Reconstruct Rainfall in the Australian Subtropics: A 

Multi-Technique Approach.” Australian Institute of Nuclear Sciences and Engineering, 

Early Career Researcher Invited Talk, February 16th, 2016. 

Haines, H.A., “Effective Poster and Oral Presentations” Australian Institute of Nuclear 

Science and Engineering, PGRA O-Week Invited Talk, October 21st, 2015. 

Haines, H.A., English, N., Olley, J.M., Hua, Q., Heijnis, H., Gadd, P., and Palmer, J. 

“Identifying flood and drought events using a 500-year reconstruction of rainfall in the 

Australian subtropics as determined from Hoop Pine (Araucaria cunninghamii) tree rings.”  

19th International Union for Quaternary Research (INQUA) Congress, Nagoya, Japan, July 

26th – August 2nd, 2015. 

Haines, H.A. and Luckman, B.H. “The effect of glacial cover on 20th century hydrological 

variability in a Canadian high alpine watershed.”  19th International Union for Quaternary 

Research (INQUA) Congress, Nagoya, Japan, July 26th – August 2nd, 2015.   

Haines, H.A., English, N., Olley, J.M., Saxton, N., Croke, J., and Palmer, J. “The process of 

determining 500-years of rainfall in the Australian Subtropics from Hoop Pine tree-rings.”  

16th Biennial Australia and New Zealand Geomorphology Group (ANZGG) Conference, 

Mount Tamborine, Australia, November 30th – December 3rd, 2014. 

Haines, H.A. and Luckman, B.H. “High alpine hydroclimate variability from a Canadian 

perspective: 20th century trends in streamflow on the Bow River, Alberta, Canada.”  16th 

Biennial Australia and New Zealand Geomorphology Group (ANZGG) Conference, Mount 

Tamborine, Australia, November 30th – December 3rd, 2014. 

Haines, H.A. “Putting the 2011 “Big Flood” Into Context: Using tree rings to understand 

patterns of flood and droughts in Southeast Queensland, Australia.”  Australia Rivers 
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Institute, Higher Degree by Research Student Symposium, Brisbane, Australia, August 1st, 

2014. 

Haines, H.A., Olley, J.M., Palmer, J., Croke, J., and Saxton, N. “Putting the 2011 “Big 

Flood” Into Context: Using tree rings to understand patterns of floods and droughts in 

Southeast Queensland, Australia.”  Canadian Association of Geographers (CAG) Congress, 

St Catherines, Ontario, Canada, 25-30th May, 2014. 

Haines, H.A. “Dendrochronology in Southeast Queensland:  The difficulties encountered 

when working in and with the trees of subtropical Australia.” 9th International Conference 

on Dendrochronology, Melbourne, Australia, 13-17th January, 2014. 

Björklund, J., Brainwood, M., Duffy, R., Forest, C., Haines, H.A., Hessl, A., Ho, M., Nichols, 

S., Seftigen, K., Stahle, D., Thomas, S., Villalba, R., White, H., Young, A., Zielonka, T.  “A 

millennium long chronology of Athrotaxis selaginoides from Mt. Read, Tasmania.” 9th 

International Conference on Dendrochronology, Melbourne, Australia, 13-17th January, 

2014. 

Haines, H.A. “Natural Variation or Pending Disaster: 20th Century Regime Changes in the 

Rivers of the Southern Canadian Cordillera.” Australian Rivers Institute, Griffith University, 

Seminar Series Invited Talk, November 1st, 2013. 

Croke, J.C., Thompson, C., Peitsch, T., Sharma, A., and Haines, H.A. “Flood reconstruction 

and implications for magnitude-frequency.” 8th International Conference on 

Geomorphology, Paris, France, 27-31st August, 2013. 

Haines, H.A.  “Reconstructing precipitation in Southeast Queensland using tree rings.” 

Australia Rivers Institute, Higher Degree by Research Student Symposium, Brisbane, 

Australia, July 25th, 2013. 

Haines, H.A., Luckman, B.H., and Smart, C.C.  “A comparison of traditional statistical and 

alternative visualization techniques to communicate trends in hydrological variables in the 

Upper Bow Watershed, Alberta, Canada.” The Annual Meeting of the Asia Oceania 

Geosciences Society (AOGS) , Brisbane, Australia, 24-28th June, 2013. 

Croke, J.C., Pietsch, T., Thompson, C., Denham, R., and Haines, H.A. “Flood reconstruction 

and implications for magnitude-frequency in fluvial systems.” The Annual Meeting of the 

Asia Oceania Geosciences Society (AOGS), Brisbane, Australia, 24-28th June, 2013. 

Luckman, B.H. and Haines, H.A.  “Changes in 20th century streamflow regimes of the Bow 

and Athabasca Rivers, Alberta, Canada.” IAI CRN 2047 Program with Abstracts, Final 

Science Meeting IAI CRN 2047, Tilcara, Argentina, April 3-9th, 2011. 

Luckman, B.H. and Haines, H.A.  “Changes in 20th century streamflow regimes of the Bow 

and Athabasca Rivers, Alberta, Canada.”  Global Change and the World’s Mountains, 

Perth, Scotland, 26-30th September 2010. 

Luckman, B.H. and Haines, H.A.  “Changes in 20th century streamflow regimes of the Bow 

and Athabasca Rivers, Alberta, Canada.”  IAI CRN 2047 Third Science meeting, Valdiva, 

Chile, April 14-18th, 2010. 

Maurer, M., Menounous, B., Luckman, B.H., Osborn, G., Clague, J.J., Adams, K., Haines,  

H.A., and Beedle, M. “Holocene Glacier Fluctuations in the Cariboo Mountains, British  

Columbia, Canada.”  GSA Annual Meeting, Portland, October 18-21st, 2009. 

Haines, H.A., Luckman, B.H., and Smart, C.C.”Changes in 20th century streamflow regimes 

in the central Canadian Rockies.” Canadian Association of Geographers (CAG) Congress, 

Carlton University, Ottawa, May 26-30th, 2009. 
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TEACHING 

 

Teaching Assistant, The University of Western Ontario (2007-2010) 

 

This role involved preparing and teaching weekly laboratory/field sessions (*), giving 

lectures when the professor was absent (**), assisting a student with special needs 

requirements (***), assisting students during office hours and weekly classes, marking 

student assignments, midterm exams, and final exams, and proctoring exam sessions. 

 Geography 2310: Weather and Climate* 2007, 2008 

 Geography 1300: Introduction to Physical Geography* 2009*** 

 Geography 1100: Fundamentals of Geography** 2008-2010 

 

 

Student Supervision         (as Associate Supervisor) 

 

3rd year Special Projects 

 

Lauren Armstrong.  2015 (w/ Jon Olley) 

 

OTHER PROFESSIONAL ACTIVITIES 

 

Professional Memberships 

 

Tree-Ring Society 

Australia and New Zealand Geomorphology Group (ANZGG) 

Australasian Quaternary Association (AQUA) 

Canadian Association of Geographers (CAG) 

 

Reviewer for the Following Journals 

 

Austral Ecology, 2017 

 

Conference Organization 

 

Co-Organizer of the 16th Biennial Australia and New Zealand Geomorphology Group 

Conference, Mt Tambourine, Queensland, Australia, November 30th – December 3rd, 2014  

 

Committees / Academic Service 

 

Australia and New Zealand Geomorphology Group Early Career Representative, 2014-2017 

Griffith University, Australian Rivers Institute Higher Degree by Research Students Writing 

Group Coordinator, 2015-2016 
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Griffith University, Australian Rivers Institute Higher Degree by Research Students Nathan 

Campus Representative, 2014 

Griffith University Open Day Representative for the Australian Rivers Institute, 2013, 2014 

Asia Oceania Geosciences Society, Annual Meeting Student Volunteer, 2013 

The University of Western Ontario, Geograd Society Speaker Series Committee Chair, 2008-

2010 

The University of Western Ontario, Geograd Society Orientation Committee Chair, 2008-

2009 

The University of Western Ontario, Geograd Society Speaker Series Committee Member, 

2007 

Canadian Association of Geographers, Annual Congress Student Volunteer, 2005 

 

Professional Development 

 

Australian Rivers Institute 2017 Early Career Researcher Thinkwell Workshop Series Selected 

Participant, 2017 

Australian Rivers Institute Scientific Writing Workshop Participant, October 2016 

North American Dendroecological Fieldweek Training Participant, Dendroclimatology 

Research Group, June 2015 

Griffith University Postgraduate Student Association Writing Retreat for Research Students 

Selected Participant, February 2014 

Australian Rivers Institute Scientific Writing Workshop Participant, October 2014 

9th International Conference on Dendrochronology Fieldweek Training Participant, January 

2014 

The University of Western Ontario Teaching Assistant Training Program (TATP), August 

2007 

 

Training and Current Qualifications 

 

St. John’s Ambulance Qld, Provide Advanced First Aid Training 
St. John’s Ambulance Qld, Remote Wilderness First Aid Training 

St. John’s Ambulance Qld, Apply First Aid (now termed Provide First Aid) with extra study on 

Asthma and Anaphylaxis Training 




