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Highlights: 

 Subtropical A. cunninghamii and A. bidwillii grow in response to climate 

 Several types of ring anomalies are prevalent in Araucariaceae species 

 Potential exists to create tropical tree-ring chronologies by applying multiple 

techniques 

 Long-term subtropical rainfall reconstructions can be made using Araucariaceae trees 

 

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 
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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 

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 radial 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 together with a whole tree approach 

helped to identify annual growth patterns despite such anomalous ring boundaries.    

Additionally, 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 through 

the use of A. cunninghamii and A. bidwillii trees which demonstrate annual growth in relation 

to climate variables there is potential to develop centennial scale climate reconstructions from 

the Australian subtropics.  We provide recommendations on how to best identify ring 

anomalies in these species to help in the future development of long-term chronologies and 

climate reconstructions. 
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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).  

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 (e.g. 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 

eastern Australia (Palmer et al., 2015) which does not include any tree-ring data from 
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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.  Research undertaken on 

tropical South American Araucaria angustifolia (Bertol.) Kuntze trees also found a climate 

relationship that relied on both temperature and rainfall to determine tree growth (Oliveira et 

al., 2010).  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 potential of tree rings in two subtropical Araucariaceae species, 

A. cunninghamii and Araucaria bidwillii Hook for use in climate studies.  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.  

 

Regional Setting 

 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 
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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 

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 (2017) 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.   

 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).   

 

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 

Southeast Queensland only two, A. bidwillii and A. cunninghamii are known for preferring 
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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). In 

addition, the three rainforest sites selected for this study are all located within different 

regional rainfall groups as identified in Haines and Olley (2017), with each group showing a 

distinct temporal pattern of rainfall.  

 

Methods 

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 

around the trunk or signs of 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 A. cunninghamii trees, 

two additional 12mm cores were also taken from 23 of the study trees at the LBB site (n = 46 

cores) and 27 of the study trees 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 
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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 excess moisture.  Samples were 

then mounted using non-toxic water-soluble acid free glue which would allow the sample to 

be removed from the mount with water and used for destructive analysis if needed. 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.  The bottom mounted 

sections of the 12mm cores were then sanded in the same manner as the 4mm cores.   

 

Visual analysis and bomb-pulse 14C dating 

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

presence of any ring anomalies in these Araucariaceae samples. Cores from these sites were 

found to have visually identifiable ring boundaries (Figure 2A and 2B).  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 cores 

from these sites were visually dated with an 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 (Ogden, 1978; 1981; Ash, 1983b; Oliveira et al., 2009; 2010) this preliminary study 

focused on the most recent 100 years of growth. This 100 year period was chosen as 
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instrumental records are available for most of this time 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).  The bomb-pulse radiocarbon dating was used as a  means of 

confirmation in identifying ring anomalies in the LBB study samples. 

Two individual rings per core of ten 12 mm cores from the LBB site were dated using 

accelerator mass spectrometry (AMS) 14C analysis at the Australian Nuclear Sciences and 

Technology Organisation (ANSTO).  Wide rings were selected in order to get enough 

material for AMS 14C analysis.  In addition, rings that were 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 14C 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).  14C analysis was performed using the 

STAR AMS Facility at ANSTO using the procedures described in Fink et al. (2004).  

Calibrated 14C calendar ages at 95% confidence level for each single-ring specimen were 

calculated using the bomb 14C data for the Southern Hemisphere zone 1-2 (Hua et al., 2013) 

extended back in time using the SHCal13 data (Hogg et al., 2013), and the CaliBomb 

calibration program (Reimer and Reimer, 2004). A full documentation of all twenty 

radiocarbon specimens, their measured 14C content in percent modern carbon (pMC) and 

their calibrated age ranges can be found in Table 1. 

 For each specimen 14C value two possible calendar ages are delivered by bomb 

radiocarbon with one on the rising arm and the other on the falling arm of the bomb curve 

(Hua, 2009).  Therefore, for each ring specimen there were two values of errors for the 

assumed year of growth (based on visual dating) compared with its calibrated age (see Table 

1).  As two single rings in each core with only several years apart were sampled, very similar 
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errors (in size and direction) for the two assumed year of growth should be expected. This 

approach allows for precise estimation of error values for the two assumed year of growth in 

each core (Pearson et al., 2011).  

 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 2C).  For this reason the DMA site could not be used 

to identify other ring anomalies present in A. cunninghamii trees and was not included in the 

remainder of this study. 

 

Dendrometer analysis 

 At both 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.   

 One issue that arose in the placement of the dendrometers in this study was related to 

the amount of bark present on the study trees.  Araucaria trees have very large amounts of 

bark present (Table 2) which makes it impossible to place the radius dendrometers directly on 

the xylum of a tree without removing so much bark that the tree would be harmed and the 

readings would be biased and inaccurate.  As such a modified placement was undertaken 

where all ‘inactive bark’, that which was flaking off and clearly no longer attached and 

responding to tree growth, was removed and the dendrometer placed against the ‘active’ 
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surface of the tree.  In all study trees the amount of bark removed was between ¼ to ¾ of a 

centimetre and did not cause any damage to the tree that would bias readings.   

 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 such as those caused by interference to the trees by flora and fauna.  

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.  Additionally, on June 17, 2016 dendrometer Lam2 at the LBB 

site had to be removed from the tree, repaired, and replaced.  After a removal a dendrometer 

will settle and the values may change which accounts for the spike in growth seen in early 

July for this dendrometer.  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 respective 

dendrometers were standardized to a zero start value so accurate comparisons between trees 

could be achieved.  While no universal method was applied to deal with anomalous readings 

most were removed by the standardization procedure.  The few that did remain, such as that 

in the Lam2 dataset on June 17, 2016, were individually considered to make sure that they 

ACCEPTED M
ANUSCRIP

T



were in fact an anomaly.  As there were very few instances of significantly high or low 

values, all that did exist could be identified as relating to a specific event (eg. large wind 

storm), and the form of analysis conducted did not allow for individual values to heavily bias 

the data no values were removed from the dataset. 

 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 linear hierarchical regression analysis was run on the collective set of climate 

variables in comparison with each dendrometer for both the annual growth and dormant 

seasons each year.  Due to the placement of the dendrometers over several centimetres of 

bark an effect was observed that related to bark swelling occurring after rainfall events.  Tree 

bark sucks up the water during rainfall so the bark swells and growth appears to occur but 

when the water drains out of the bark over time the tree appears to shrink.  This event based 

phenomena had never been noted previously in the literature, there is a long history of 

evidence of diurnal variation in dendrometer readings due to uptake in water by tree bark (eg. 

Holmes and Shim, 1968; Lassoie, 1973; Offenthaner et al., 2001; Drew and Downes, 2009) 

as well as indications that the onset of a rainy season can cause tree stem swelling 

(Krepkowski et al., 2011) but no species with as much bark as those in this study have 

previously been reported on.  Therefore to better understand the effect precipitation has on 

tree growth and to disentangle the effects of bark swelling a modified epoch analysis (mEA) 

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 
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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.  mEA 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 Days 0 through 6.  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. 

 

Results and Discussion 

Ring anomalies, ring-width dating, and AMS 14C analysis 

 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 3).  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 et at., 2004; 

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 et at., 2004; 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) 
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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 3A) 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 damage occurring to a specific 

tree such as from a wind storm or another tree 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 

there is no evidence of missing rings occurring in any of the study trees that can be used in 

master chronology building for either species.  Additionally, we identified numerous micro 

rings, those only a few cells wide (Speer et at., 2004; 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 3B and 3C respectively).  Generally false rings occur in tropical trees when 

growth begins to shut down for a season due to a change in environmental conditions but 

conditions reverse and growth again becomes favourable allowing for a return to earlywood 

growth (Ogden 1978; 1981).  Often in these species false rings are identified under the 

microscope when it is clear that a true latewood boundary has not formed.   The results from 

Ash (1983b) indicated that when tropical/subtropical tree species growth is driven by 

precipitation, as is seen in Araucariaceae trees, false rings can be expected due to the fact 
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steady rainfall may not always occur throughout the entire growth season.  This occurs in 

SEQ where there are well-defined wet and dry seasons, however, significant (>30 days) 

droughts within the wet season regularly occur (BoM, 2015).   

 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 3D).  Faint rings are true annual ring boundaries that cannot be identified visually as 

there is no change in the appearance of the wood between latewood and earlywood and are a 

form of ring anomaly clearly described as being an issue in A. cunninghamii samples (see 

Ogden, 1981).  Under high magnification a difference in cell properties is also not able to be 

determined in faint wood cores.  In some instances just one or two rings appear faint and the 

actual boundaries can often be identified by looking at multiple cores from a single tree.  

Rarely, in some LBB cores, there are entire sections that appear very faint occurring in all 

cores from an individual tree and causing issues with dating.  The occurrence of an entire set 

of cores with non-visually dateable ring boundaries as seen in the DMA site is unexpected as 

the literature does not describe situations where this has occurred before in Australia.  The 

faint sections observed in the LBB samples in this study are typically excluded from the final 

dated ring series when the actual boundaries cannot be determined with certainty from any of 

the cores.   

 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 14C dates obtained (Table 1), 

none of the visually determined ring dates assigned after preliminary traditional 

dendrochronological analysis were correct indicating the importance of dating verification 

when working with trees in this family.  However, we used these dates to help identify 
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anomalous rings in the LBB cores and improve our visual dating of the series.   Radiocarbon 

dating presents a true calendar age range (at 95% confidence level) that in most cases is quite 

small (with the exception of Category C as explained below) and can be assigned to a likely 

year through the use of traditional dendrochronological techniques and two-ring analysis as 

discussed in the methods section.  After radiocarbon dating was completed the ring patterns 

for the entire series in this study were reanalysed looking for marker rings as well as 

conducting quality control to confirm that the chronology developed was correct.  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.   

Category A trees represents those with locally absent rings, those where a ring 

pinches out and are only found around part of the circumference of the tree (Table 1, Figure 

4A).  Three of the radiocarbon dated trees; LBB-001, LBB-015, and LBB-016, were placed 

in this category and had between 2 and 9 locally absent rings.  For these trees a whole tree 

approach was applied, this involves looking at all cores from a single tree at once and 

viewing them laid out in a 365⁰ pattern as they would appear on a full cross-section.  Trees 

were then analysed in decadal increments so that marker rings could be identified between 

trees and anomalous rings identified.  This allowed for all rings to be found in at least one 

core from the 4-6 cores taken from each tree and a tree master series to be developed.  

Several other trees from the 28 A. cunninghamii trees in the LBB dataset fit into category A 

and these were also dated using a whole tree approach.  All trees within category A were able 

to be dated and had their reassigned calendar ages confirmed via site level marker rings as 

well as passing quality control analysis with COFECHA (as per Grissino-Mayer, 2001).  

Therefore Category A trees from this dataset can be combined together and assessed for 

inclusion in a site master chronology.  It should be noted that any form of anomalous ring can 
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be found in trees placed in any category however, locally absent rings was the main issue 

identified in Category A trees and was the common factor found to be linking them together.  

Classification B represented trees where false rings were observed (Figure 4B).  This 

classification was further broken down into B1, where false rings could be identified under 

high magnification using a whole tree approach, and B2, where the growth conditions and 

wood properties caused many occurrences of false rings.  Trees in B1 such as LBB-007 and 

LBB-018 showed false rings that typically occurred in years where two periods of rainfall 

surrounded a dry period within the growth season.  The use of a whole tree approach was 

applied here as these false ring boundaries tend to be easier to identify at certain points 

around the tree circumference.  Under high magnification the false rings do not always 

demonstrate a continuous solid boundary edge as is found in true ring boundaries.  Therefore, 

by comparing all cores from a single tree instances of discontinuous boundary edges are more 

easily located.  The trees in category B2, such as LBB-002 and LBB-027, were found to grow 

on shallower slopes where 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 true ring boundaries 

were located and sections were truncated, similar to the procedure undertaken by Oliveira et 

al. (2010), so that bias due to unclear dating in a master chronology was minimized.    

The final classification C identified in the LBB series was observed in three 

radiocarbon dated trees, LBB-009, LBB-020, LBB-028.  Trees found in this category cannot 

be included in a master dataset as they contain many pinching and locally absent rings 

(Figure 4C).  In total six trees from the LBB site were placed into category C and were 

removed from further analysis.  Field investigations were conducted to investigate why these 

trees demonstrated series of rings that could not be reliably dated.  Each tree was found to be 

either i) proximally located to another large tree causing limited resources to be shared 

between both trees or ii) have heavier vine coverage around the upper portion of the tree 
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only.  During initial field sampling these trees were considered for use in this study as there 

are few A. cunninghamii trees available for use in this region.  The distance between trees 

was considered sufficient upon field sampling but this study has indicated that trees in such a 

resource limited setting require large areas without resource competitors to provide a 

potential climate related growth signal.  It was also initially assumed that upper level vines 

would not have a great impact on tree growth which this study has proven to be incorrect in 

regards to this species.  Site and tree selection when undertaking a tropical/subtropical tree-

ring study are therefore shown to be important as trees in categories B2 and C should be 

avoided. However with few Araucariaceae trees available for study, as was the case at the 

LBB site, some potentially inferior trees may need to be sampled.  Based on these results and 

those presented by others that demonstrate issues with ring anomalies in tropical/subtropical 

trees (see Ogden, 1978; Ash 1983) multiple analysis techniques are needed to allow for the 

development of tree-ring chronologies in these types of environments.  This research suggests 

that combining radiocarbon dating, marker ring identification, and truncation of series where 

dating cannot be confirmed can allow for the development of tree-ring chronologies from 

subtropical environments.   

 

Climate-growth relationships 

 The dendrometer analysis at both the BDT and LBB sites indicate relationships 

between tree growth and climate.  The pattern of daily growth for each tree demonstrates that 

the large amount of bark found on the study trees has an effect on the observations made 

from the point dendrometers (Table 2, Figures 5 and 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 a point dendrometer on an Araucaria tree to overestimate the actual 

amount of growth occurring.  Trees with greater bark cover, such as BM1 and BM3, have a 
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greater apparent growth after a rainfall event than those with less bark cover, such as BM2 

and BM4 (Table 2, Figure 5).  However, regardless of the amount of bark exaggeration, as 

the water is removed from the bark the point dendrometers show a decrease in diameter that 

then allows for an indication of whether or not growth had actually occurred due to the rain 

event.  The bark swelling due to rain can be observed in both growth and dormant seasons but 

only during the growth seasons in any overall change in tree diameter observed (Figures 5 

and 6).  As the bark swelling response occurs in all the dendrometer records from this study 

this phenomena should be considered normal for this taxon and accounted for in future 

analysis.   

 To take the effects of bark swelling into account seasonal analysis was performed to 

avoid any event based bias in the data.  The Bunya Mountains location demonstrated four 

distinct periods: a 2014 growth season, a 2015 dormant season, a 2015 growth season and a 

2016 dormant season (Figure 5) which relates well to South American studies on 

Araucariaceae species that also demonstrate an annual nature to ring formation (Oliveira et 

al., 2009).  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 remainder of the year.  To better 

define this period data collection over several more years is required, but for the purpose of 

this preliminary study the November to May growth period can be considered representative 

as other dendrometer studies have also estimated growth periods from short time periods 

(Worbes, 1999; Bouriaud et al., 2005; Deslauries et al., 2007).   

 Figure 5 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 seen in 
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2015 which may be attributed to several factors.  Rainfall during the growth season (Nov 1 – 

May 31) was nearly the same in both years with 510.7mm failing in 2014 and 502.0mm in 

2015, however, 70% of the 2015 rainfall occurred during the first half of the growth season 

compared to rainfall that was consistent through the entire 2014 growth season.  The average 

temperature conditions were also similar for both years with conditions less than 1⁰C warmer 

but the onset of cooling occurring earlier in 2015 (Figure 5).  The ecology of Bunya trees also 

needs to be considered.  While A. bidwillii trees produce nuts every year they are known to be 

mast seeders that produce a bumper crop every three years (Smith and Butler, 2002).  As only 

two years of dendrometer data is available for this study and mast seeding events did not 

occur in these years 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.  Mast seeding occurred in 2013 

and 2016 with 2013 producing a heavy crop of nuts but the 2016 crop being smaller than 

usual (personal communication QLD Parks and Wildlife Staff).  Therefore several more years 

of data is needed to conclusively determine the actual effect of mast seeding and to fully 

understand the discrepancies in growth observed between 2014 and 2015. 

 Statistical relationships between growth of the A. bidwillii trees and climate variables 

were assessed through multiple regression.  Table 3 demonstrates the r-values for seasonal 

variability and significant relationships between tree growth and climate for the growth 

seasons.  While some tropical dendrometer studies indicate growth is only related to rainfall 

(see Worbes, 1999; Krepkowski et al., 2011) our results suggested several climate 

connections (Table 3) as was found to occur at the North American tropical treeline by 

Biondi and Hartsough (2010).  In our study a connection between temperature variables and 

tree growth is observed in the A. bidwillii samples for 2014 however, the situation for 2015 

appears more complicated.  Due to observations that in 2015 growth seemed to stop much 

earlier in the year (see Figure 5) multiple regression was also run based on the October 10th, 
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2015 to January 5th, 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 4).  Analysis of the temperature patterns 

presented in Figure 5 suggests that when minimum temperatures reach around 20⁰C growth 

begins in the A. bidwillii trees, additionally, growth cessation occurs when minimum 

temperatures drop to around 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 preliminary results and Ash’s (1983b) observations that growth in 

some Araucariaceae trees appear correlated to both rainfall and temperature this relationship 

should be considered for future monitoring of subtropical trees of this and similar species. 

 The dendrometers at the LBB site have only been recording data through one growth 

season; however, the results seem to show similar relationships to what is observed at the 

BDT site (Table 3, Figure 6).  Multiple regression analyses demonstrated that temperature 

variables were also significantly correlated to growth for the three A. cunninghamii LBB 

dendrometer trees (Table 3).  Growth at the LBB site appears to begin in mid-August and 

continues until the end of March which matches with temperature variability (Figure 6).  It 

should be noted that there does appear to be a slight difference between the growth pattern in 

trees Lam1 and Lam2 when compared against Lam3 (Figure 6).  As there is only one year of 

data and no obvious reason observed in field investigation of the Lam3 tree through the study 

period it is unclear what caused growth to stop early in this case.  However, the general 

growth season pattern does appear to match up against the temperature conditions as shown 

in Figure 6. 

Surprisingly the multiple regression analysis did not show strong connections between 

growth and precipitation for either species (Tables 3 and 4) even through both Ash’s (1983b) 
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observations and the pattern of growth seen in Figures 5 and 6 would suggest this to be the 

case.  However, regression analysis takes into account full seasonal data 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 Araucariaceae tree growth is responding to 

rainfall.  To get a better understanding of how precipitation effects tree growth mEA was run 

for the individual growth and dormant seasons from the BDT and LBB sites.  Figure 7 shows 

there is a relationship observed between rainfall events and tree growth in the four Bunya 

Mountains dendrometer trees with a more pronounced effect in 2014. Rainfall events cause 

bark swelling to occur in both the growth and dormant seasons but it is the effect through 

time that indicates if actual growth has occurred which can be seen clearly in the mEA plots.  

During the dormant seasons there is apparent growth after rainfall but through time the bark 

swelling decreases and no overall growth is recorded while during the growth seasons after 

bark swelling reduces there is still an increase in tree growth observed.  Figure 8 

demonstrates a similar relationship between rainfall events and tree growth in the 2015 

dormant and growth seasons at the LBB site.  It should be noted that there are a few instances 

where a rainfall event is sustained through 6 or 7 days causing the final assessment of how a 

tree responded after that event to not be observed in Figure 7 or 8.  Continued analysis for a 

few days past the end of these long events indicated in all cases that no growth occurred 

during rainfall events occurring in dormant seasons.  Additionally, Figure 7 does show in 

some cases that a tree has shrunk after bark swelling has receded.  Detailed analysis indicated 

that in all cases the target rainfall event followed closely after another rainfall event which 

meant the growth pattern observed was a cumulative reduction in growth due to bark swelling 

from multiple events. 

 Furthermore, the LBB site shows an interesting effect at the start of the 2016 dormant 

season.  The beginning of this period was very dry and the trees appear to shrink at this time 
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which may be related to the lack of water in the atmosphere (Figure 6).  On the 4th and 5th of 

June that year a major rainfall event occurs that appears to show a reversal of the potential 

shrinkage (Figure 6).  This is possibly a result of water being drawn out of the tree due to the 

extensive dry spell which was replenished during the major storm.  A similar effect has been 

observed due to below freezing temperatures in temperate subalpine conifers (Zweifel and 

Häsler, 2000) indicating that bark tissue can shrink under poor climate conditions.  As there 

are no other similar periods of long dry followed by intense wet this relationship can only be 

speculated upon. 

The results of the multiple regression and mEA analysis demonstrate that the A. 

cunninghamii trees at the LBB site and the A. bidwillii trees at the BDT site both show 

growth connected to seasonal temperature and event based rainfall conditions indicating 

similar climate responses in these two subtropical species. While further monitoring is 

required to understand the full connection between growth and climate as well as to 

determine the exact growth seasons at these sites this preliminary data provides a starting 

point to understanding the growth response of these subtropical tree species.   

  

Conclusion 

 Australian tropical and subtropical regions lack the annually-resolved long-term 

(multi-decadal to centennial scale) instrumental climate records needed to understand patterns 

of climate variability.  This study demonstrates the potential that exists for the use of trees 

from the Araucariaceae family in the development of long-term records of past-climate, but 

there are challenges.  The biggest issue that must be overcome is appropriate chronology 

development in species that demonstrate several growth anomalies which must be accounted 

for.  However, we found that most ring anomalies can be identified allowing for the dating of 

tree-ring series through validation techniques including radiocarbon dating and marker ring 
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identification as well as applying quality controlled chronology development.  Several other 

means to increase success in building a master chronology with Araucariaceae trees were 

determined in relation to appropriate site and tree selection as this can assist in limiting the 

presence of ring anomalies within study trees. Selecting cross-sections where possible or 

using multiple cores from around the entire circumference of a tree that are analysed 

concurrently helps to identify potential locations of ring anomalies.   

Bomb-pulse radiocarbon dating was found to be a necessary tool for 

tropical/subtropical dendrochronology.  The prevalence of ring anomalies in these species 

requires confirmation of the visually assigned dates which 14C analysis can assist with but 

must also be paired with standard dendrochronological techniques.  This study demonstrates 

that accurate annual dating of trees in the Araucariaceae family is possible, disproving the 

long held belief that tropical/subtropical tree species are unsuitable for dendroclimatic 

analysis.  The issues of growth anomalies can be overcome in the species presented and 

potentially others in the tropics/subtropics by the application of dendroecological study of 

species and the use of multiple analysis techniques, as was undertaken here.   

Relationships between tree growth in these Araucariaceae species and climate have 

also been identified with distinct annual growth and dormant seasons that imply that the 

amount of growth occurring within a year is driven predominantly by rainfall.  There is also 

evidence that species biology has an effect on growth which needs to be further developed. 

For subtropical Australia the use of Araucariaceae trees to develop long-term rainfall 

reconstructions should be further investigated and undertaken where possible as this species 

has the potential to provide much needed information on climatic variability for regions in 

need of long-term climate information.  

ACCEPTED M
ANUSCRIP

T



Acknowledgments 

We would like to thank Queensland Parks and Wildlife Service and the Queensland 

Department of Environment and Heritage Protection for providing permitted access to the 

field sites and the National Parks Rangers for insightful discussion about SEQ rainforests.  

Field assistance was provided by Jack Coates-Marnane, Tanya Ellison, Kate Hughes, Lydia 

Mackenzie, Justin Stout, Chris Thompson, and Craig Woodward.  Thanks also to the Institute 

for Environmental Research at ANSTO for H.A. Haines’ access to the radiocarbon lab and 

assistance in preparing and analysing samples for radiocarbon dating.  H.A. Haines is 

thankful for discussions with Dr Jonathan Palmer who suggestions assisted with the visual 

dating of trees in this study.  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).  Thanks also to Jacques Tardif and 

two anonymous reviewers for comments on an earlier draft of this manuscript. 

 

Funding Sources 

Funding for this research has been made possible through an Australian Research Council 

Linkage Grant (LP120200093), an Australian Institute of Nuclear Science and Engineering 

Postgraduate Research Award (ALNSTU11387) and a Wet Tropics Management Authority 

2014 Student Research Grant.  H.A. Haines received PhD scholarships from Griffith 

University, the Australian Research Council, and the Australian Institute of Nuclear Science 

and Engineering.   

 

References 

Ash, J., 1983a.  Tree rings in tropical Callitris macleayana F. Muell..  Australian Journal of 

Botany 31, 277-281. doi:10.1071/BT9830277 

ACCEPTED M
ANUSCRIP

T



Ash, J., 1983b.  Growth rings in Agathis robusta and Araucaria cunninghamii from Tropical 

Australia.  Australian Journal of Botany 31, 269-275. doi: 10.1071/BT9830269 

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., Hartsough, P., 2010.  Using automated point dendrometers to analyse tropical 

treeline stem growth at Nevado de Colima, Mexico.  Sensors 10(6), 5827-5844.  

doi:10.3390/s100605827 

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 

Bouriaud, O., Leban, J.-M., Bert, D., Deleuze, C., 2005.  Intra-annual variations in climate 

influence growth and wood density of Norway spruce.  Tree Physiology 25(6), 651-660.  

doi:10.1093/treephys/25.6.651 

Bureau of Meteorology (BoM), 2001.  Australia’s global climate observing system.  

Australian Bureau of Meteorology, Melbourne.  

Bureau of Meteorology (BoM), 2015.  Climate Data Online.  Last accessed October 2016. 

http://www.bom.gov.au/climate/data/ 

Coates-Marnane, J., Olley, J.M., Burton, J., Sharma, A., 2016.  Catchment clearing 

accelerates the infilling of a shallow subtropical bay in east coast Australia.  Estuarine, 

Coastal and Shelf Science 174, 27-40. doi:10.1016/j.ecss.2016.03.006 

Cronin, L., 2009.  Cronin’s Key Guide: Australian Rainforest Plants.  Allen and Unwin, 

Crows Nest, Australia, 192 pp. 

ACCEPTED M
ANUSCRIP

T



Cullen, L.E., Grierson, P.F., 2009.  Multi-decadal scale variability in autumn-winter rainfall 

in south-western Australia since 1655 AD as reconstructed from tree rings of Callitris 

columellaris.  Climate Dynamics 33, 433-444. doi:10.1007/s00382-008-0457-8 

Deslauriers, A., Rossi, S., Anfodillo, T., 2007.  Dendrometer and intra-annual tree growth: 

What kind of information can be inferred?  Dendrochronologia 25, 113-124.  

doi:10.1016/j.dendro.2007.05.003 

Drew, D.M., Downes, G.M., 2009.  The use of precision dendrometers in research on daily 

stem size and wood property variation: A review.  Dendrochronologia 27, 159-172. 

doi:10.1016/j.dendro.2009.06.008 

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 

Graham, N.E., Hughes, M.K., Ammann, C.M., Cobb, K.M., Hoerling, M.P., Kennett, D.J., 

Kennett, J.P., Rein, B., Stott, L., Wigand, P.E., Xu, T., 2007.  Tropical Pacific – mid-

latitude teleconnections in medieval times.  Climatic Change 83, 241-285. 

doi:10.1007/s10584-007-9239-2 

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., 2017.  The implications of regional variations in rainfall for 

reconstructing rainfall patterns using tree rings.  Hydrological Processes 31, 2159-2960. 

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. doi:10.1016/j.scitotenv.2016.08.096 

ACCEPTED M
ANUSCRIP

T



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, J.W., Shim, S.Y., 1968.  Diurnal changes in stem diameter of Canary Island pine 

trees (Pinus canariensis, C. Smith) caused by soil water stress and varying microclimate. 

Journal of Experimental Botany 19(2), 219-232. doi:10.1093/jxb/19.2.219-a  

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 

ACCEPTED M
ANUSCRIP

T



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 

Kemp, J., Olley, J.M., Haines, H.A., 2016. Flow variability and channel forms in southeast 

Queensland.  In Proceedings of the 8th Australian Streamflow Management Conference. 

Edited by Vietz, G.J., Flatley, A.J., and Rutherfurd, I.D. Leura, 31 July-3 August, 2016. 

Krepkowski, J., Bräuning, A., Gebrekirstos, A., Strobl, S., 2011.  Cambial growth dynamics 

and climatic control of different tree life forms in tropical mountain forest in Ethiopia.  

Trees 25(1), 59-70.  doi:10.1007/s00468-010-0460-7 

Lassoie, J.P., 1973.  Diurnal dimensional fluctuations in a Douglas-fir stem in response to 

tree water status.  Forest Science 19(4), 251-255.   

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(5), 405-420. doi:10.2307/2844759 

ACCEPTED M
ANUSCRIP

T



Offenthaler, I., Hietz, P., Richter, H., 2001.  Wood diameter indicates diurnal and long-term 

patterns of xylem water potential in Norway spruce.  Trees 15(4), 215-221.  

doi:10.1007/s004680100 

Oliveira, J.M., Santarosa, E., Pillar, V.D. Roig, F.A., 2009.  Seasonal cambium activity in the 

subtropical rain forest tree Araucaria angustifolia.  Trees 23, 107-115.  

doi:10.1007/s00468-008-0259-y 

Oliveira, J.M., Roig, F.A., Pillar, V.D., 2010.  Climatic signals in tree-rings of Araucaria 

angustifolia in the southern Brazilian highlands.  Austral Ecology 35, 134-147.  

doi:10.1111/j.1442-9993.2009.02018.x 

Palmer, J.G., Cook, E.R., Turney, C.S., Allen, K., Fenwick, P., Cook, B.I., O’Donnell, A., 

Lough, J., Grierson, P., Baker, P., 2015.  Drought variability in the eastern Australian and 

New Zealand summer drought atlas (ANZDA, CE 1500-2012) modulated by the 

Interdecadal Pacific Oscillation.  Environmental Research Letters, 10(12): 124002.  

doi:10.1088/1748-9326/10/12/124002  

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 

Queensland Department of National Parks, Sport and Racing (QDNPSR), 2015.  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]. 

ACCEPTED M
ANUSCRIP

T

https://doi.org/10.1088/1748-9326/10/12/124002


Saxton, N.E., Olley, J.M., Smith, S., Ward, D.P., Rose, C.W., 2012. Gully erosion in sub-

tropical south-east Queensland, Australia.  Geomorphology 173, 80-87.  

doi:10.1016/j.geomorph.2012.05.030 

Seager, R., Graham, N., Herweijer, C., Gordon, A.L., Kushnir, Y., Cook, E., 2007.  

Blueprints for Medieval hydroclimate.  Quaternary Science Reviews 26, 2322-2336.  

doi:10.1016/j.quascirev.2007.04.020 

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(1), 57-64.  

doi:10.1016/j.dendro.2007.02.001 

Smith, I.R., Butler, D., 2002.  The bunya in Queensland’s forests.  Queensland Review 9(9), 

31-38.  doi:10.1017/S1321816600002932 

Speer, J.H., 2010.  Fundamentals of tree-ring research. University of Arizona Press, Tuscon, 

AZ, 333 pp. 

Speer, J.H., Orvis, K.H., Grissino-Mayer, H.D., Kennedy, L.M., Horn, S.P., 2004.  Assessing 

the dendrochronological potential of Pinus occidentalis Swartz in the Cordillera Central of 

the Dominican Republic.  The Holocene 14(4), 563-569.  doi:10.1191/0959683604hl732rp 

Stokes, M.A., Smiley, T.L., 1968.  An Introduction to Tree-ring Dating.  University of 

Arizona Press, Tucson, AZ, 73 pp. 

Strong, C.L., Boulter, S.L., Laidlaw, M.J., Maunsell, S.C., Putland, D. Kitching, R.L., 2011. 

The physical environment of an altitudinal gradient in the rainforest of Lamington 

National Park, southeast Queensland. Memoirs of the Queensland Museum, 55, pp.251-

270. 

ACCEPTED M
ANUSCRIP

T



Tardif, J., Flannigan, M., Bergeron, Y., 2001.  An analysis of the daily radial activity of 7 

Boreal tree species, Northwestern Quebec.  Environmental Monitoring and Assessment 

67, 141-160.  doi:10.1023/A:1006430422061 

van der Maaten, E., van der Maaten-Theunissen, M., Smiljanić, M., Rossi, S., Simard, S., 

Wilmking, M., Deslauriers, A., Fonti, P., von Arx, G., Bouriaud, O., 2016.  dendrometeR: 

Analyzing the pulse of trees in R.  Dendrochronologia, 40, 12-16. 

doi:10.1016/j.dendro.2016.06.001  

Watson, E., & Luckman, B. H., 2004.  Tree-ring based reconstructions of precipitation for the 

Southern Canadian Cordillera.  Climatic Change 65, 209-241. 

doi:10.1023/B:CLIM.0000037487.83308.02 

Willmott, W.F., Stevens, N.C. O'Flynn, M.L., 1995. The Bunya Mountains. Geological 

Society of Australia Incorporated (Qld Division). 

Wilson, R. J. S., Luckman, B. H., Esper, J., 2005.  A 500 year dendroclimatic reconstruction 

of spring-summer precipitation from the lower Bavarian Forest region, Germany.  

International Journal of Climatology 25, 611-630. doi:10.1002/joc.1150 

Wood, S.W., Hua, Q., Allen, K.J., Bowman, D.M.J.S., 2010. Age and growth of a fire prone 

Tasmanian temperate old-growth forest stand dominated by Eucalyptus regnans, the 

world's tallest angiosperm. Forest Ecology and Management 260, 438-447, doi: 

10.1016/j.foreco.2010.04.037 

Worbes, M., 1999.  Annual growth rings, rainfall-dependent growth and long-term growth 

patterns of tropical trees from the Caparo Forest Reserve in Venezuela.  Journal of 

Ecology 87(3), 391-403.  doi: 10.1046.j.1365-2745.1999.00361.x 

Worbes, M., 2002.  One hundred years of tree-ring research in the tropics – a brief history 

and an outlook to future challenges.  Dendrochronologia 20(1-2), 217-231. 

doi:10.1078/1125-7865-00018 

ACCEPTED M
ANUSCRIP

T

https://doi.org/10.1016/j.dendro.2016.06.001


Zweifel, R., Häsler, R., 2000.  Frost-induced reversible shrinkage of bark of mature subalpine 

conifers.  Agricultural and Forest Meteorology 102, 213-222.  doi:10.1016/S0168-

1923(00)00135-0 

 

Figure Captions 

 

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

grey.  Yellow dots indicate tree ring sampling sites and black dots climate stations utilized in this study: 40307 = 

Vincent Vale rainfall, 40550 = Numinbah rainfall, 40983 = Beaudesert Drumly Street temperature, 41522 = 

Dalby Airport temperature. 

 

Figure 2: Ring boundaries of cores from the three study sites sanded with up to 1200 grit sandpaper 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. 

 

Figure 3: 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. 

 

Figure 4: 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). 

 

Figure 5: Daily growth measurements for the Bunya Mountains dendrometers compared to (A) minimum 

temperatures from the Dalby Airport Climate Station (red line) and (B) precipitation from the Vincent Vale 

Climate Station (blue bars) 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.   

 

Figure 6: Daily growth measurements for the Lamington dendrometers compared to (A) minimum temperatures 

from the Beaudesert Drumly Street Climate Station (red line) and (B) precipitation from the Numimbah Climate 

Station (blue bars) over the entire period of study.  Grey bands in the background represent the apparent growth 

season of the Araucaria cunninghamii trees at the Lamington site.  Pulses in the growth record are evidence of 

bark swelling after rainfall events. 

 

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. 

 

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. 
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Table 1: All radiocarbon dates for the LBB site indicating their assumed and actual dates and 

detailing their calibration information.* Southern Hemisphere trees assigned year of growth is that in 

which growth begins. Bold font in two columns (“Errors on ring counts” and “Interpretation”) shows 

our interpretation of the data. 

  

Tree Lab 

Code 

Assumed 

Year of 
Growth 

14C content 

± 1σ  (pMC) 

Calibrated 14C 

age (95% 
confidence) 

Radiocarbon 

Dated Period 
of Growth* 

Errors on 

Ring Counts 

Interpretation Classification 

LBB-001 OZS714 1964 127.30 ± 
0.38 

1962.66-1963.27 

1979.78-1982.26 

1962 

1979-1981 

-2 

+15 to +17 

2 locally absent 

rings 

A 

OZS715 1967 159.23 ± 
0.37 

1964.50-1965.24 

1966.44-1968.33 

1963-1964 

1965-1967 

-3 to -4 

-2 to 0 

LBB-015 OZS718 1961 97.11 ± 0.28 1650-1801 

1950-1954 

1650-1801 

1950-1954 

-160 to -311 

-7 to-10 

7 locally absent 

rings 

A 

OZS719 1970 141.23 ± 
0.51 

1963.67-1963.94 

1973.63-1975.46 

1963 

1973-1974 

-7 

+ 3 to +4 

LBB-016 OZT268 1964 96.84 ± 0.33 1636-1800 

1950-1955 

1636-1800 

1950-1955 

-164 to -328 

-9 to -14 

9 locally absent 

rings 

A 

OZT269 1972 152.43 ± 
0.32 

1963.94-1964.82 

1968.63-1971.41 

1963-1964 

1968-1970 

-9 to -8 

-2 to -4 

LBB-018 OZT266 1962 142.13 ± 
0.51 

1963.68-1964.10 

1973.46-1875.14 

1963 

1972-1974 

+1 

+10 to +12 

1 false ring B1 

OZT267 1970 145.72 ± 

0.53 

1963.76-1964.23 

1972.26-1973.99 

1963 

1971-1973 

-7 

+1 to +3 

LBB-007 OZT257 1962 162.93 ± 

0.35 

1964.67-1967.70 1964-1967 +2 to +5 2 false rings B1 

OZT258 1970 148.65 ± 

0.33 

1963.92-1964.79 

1969.91-1972.88 

1963-1964 

1969-1972 

-6 to -7 

-1 to +2 

LBB-027 OZS716 1965 142.25 ± 

0.44 

1963.68-1964.11 

1973.45-1974.85 

1963 

1972-1974 

-2 

+7 to +9 

7-8 false rings B2 

OZS717 1968 137.38 ± 
0.36 

1963.48-1963.89 

1974.39-1976.54 

1962-1963 

1973-1976 

-5 to -6 

+5 to +8 

LBB-002 OZS712 1961 137.58 ± 
0.45 

1963.48-1963.89 

1974.38-1976.53 

1962-1963 

1973-1976 

+1 to +2 

+12 to +15 

12 false rings B2 

OZS713 1967 131.25 ± 
0.44 

1963.32-1963.54 

1977.43-1979.90 

1962-1963 

1976-1979 

-4 to -5 

+9 to +12 

LBB-020 OZT272 1960 97.83 ± 0.24 1671-1893 

1921-1955 

1671-1893 

1921-1955 

-67 to -289 

-5 to -39 

11-39 locally 

absent  rings 

C 

OZT273 1966 97.74 ± 0.26 1669-1891 

1923-1955 

1669-1891 

1923-1955 

-75 to -297 

-11 to -43 

LBB-028 OZT270 1960 97.64 ± 0.25 1667-1881 

1925-1955 

1667-1881 

1925-1955 

-79 to -293 

-5 to -35 

16-19 locally 

absent rings 

C 

OZT271 1971 96.79 ± 0.24 1639-1797 

1952-1955 

1639-1797 

1952-1955 

-174 to -332 

-16 to -19 

LBB-009 OZS710 1960 97.45 ± 0.38 1652-1884 

1925-1955 

1652-1984 

1925-1955 

-76 to -308 

-5 to -35 

18-35 locally 

absent rings 

C 

OZS711 1973 97.44 ± 0.38 1652-1883 

1925-1955 

1652-1983 

1925-1955 

-90 to -321 

-18 to -48 
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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. 

Tree 

 

Tree Species 

 

DBH 

Average 

Bark Depth 

BM1 A. bidwillii 1.20m 7.00cm 

BM2 A. bidwillii 1.05m 4.00cm 

BM3 A. bidwillii 1.60m 8.25cm 

BM4 A. bidwillii 1.55m 5.75cm 

Lam1 A. cunninghamii 0.85m 2.75cm 

Lam2 A. cunninghamii 0.80m 2.50cm 

Lam3 A. cunninghamii 1.00m 3.00cm 
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Table 3: 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 

study tree over the entire season with the significance of the day to day correlation between tree 

growth and the target climate variable at a 95% confidence interval shown in bold and those at a 90% 

confidence interval shown in italics. 

 

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 
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Table 4: 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 study tree over the entire season with the significance of the day to day 

correlation between tree growth and the target climate variable at a 95% confidence interval shown in 

bold and those at a 90% confidence interval shown in italics. 

 

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 
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