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Abstract 

Bark thickness trends were examined across a large scale fire-productivity gradient 

from desert to dry savanna in northern Australia. Models showed overwhelming 

support for local fire activity as the driver of bark thickness trends along this 

gradient, and no support for the influence of productivity, as measured by mean 

annual rainfall or the mean normalised difference vegetation index (NDVI). The 

observed increase in bark thickness was mainly associated with the progressive loss 

of thin-barked species with increasing fire activity. In regions of high fire activity, 

thin-barked tree species were restricted to localised areas with suppressed fire 

regimes. An increase in bark thickness was also associated with increased fire 

intensity; at sites with similar fire-frequencies trees in spinifex vegetation had 

thicker bark than trees in non-spinifex vegetation. 

Bark thickness reflected predicted allocation to fire resistant and resilience traits. 

Within trees, relatively thick bark (fire resistance) was strongly associated with trees 

that resprout epicormically after fire. In contrast, basal resprouters and reseeders, 

which achieve fire resilience via below-ground bud banks and fire-cued seed banks 

respectively, had relatively thin bark. With increasing aridity there was a general 

shift from epicormic resprouters to shrub and mallee species, which were all basal 

resprouters or reseeders with relatively thin bark. However, under arid conditions, 

where water resources were sufficient to support tree growth, relative bark 

thickness remained an important fire-resistance trait. 

These overall patterns were supported by bark thickness comparisons within 

phylogenies. Pairwise species comparisons showed that species from high fire 

activity environments had consistently thicker bark than congeneric species from 

low fire activity environments, and comparisons within Eucalyptus demonstrated a 

strong association between local fire activity and bark thickness. Together these 

results confirm that bark thickness is an evolutionarily labile and adaptive plant 

functional trait driven by the plant response to prevailing fire regimes, and provide 

compelling evidence for thick bark as an adaptive trait for fire resistance in fire-

prone habitats even under arid conditions.  
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1.0 Introduction 

1.1 Study context 

This thesis examines how bark thickness, as a key plant fire-resistance trait, varies 

across a 1000 km latitudinal gradient of rainfall and fire activity from desert to 

savanna in northern Australia. Within this thesis, the term bark is used in the broad 

sense to mean all tissues external to the vascular cambium (Paine et al. 2010). 

For woody plants, persistence in fire-prone settings may arise from allocation to 

seed banks (i.e. fire-killed reseeder species) or to ‘bud banks’ (sensu Vesk and 

Westoby 2004) (i.e. resprouting species). Resprouters in turn can be divided into 

two categories: those that usually experience stem kill with each fire event (basal 

resprouters), and those with stems that resist fire (epicormic resprouters). For the 

latter, stem survival has recently been linked foremost to the production and 

maintenance of thick bark (Lawes et al. 2011a).  

Thick bark, by insulating vital tissues, confers fire-resistance on plant stems (Lawes 

et al. 2011b). However, thick bark also requires a substantial allocation of 

resources, and this is expected to result in trade-offs in allocation to other plant 

tissues (Clarke et al. 2013). Basally resprouting individuals and reseeders do not 

have fire resistant stems, and allocate few resources to bark (Hempson et al. 2014). 

Rather, they allocate more resources to below-ground carbohydrate reserves (basal 

resprouters), or to growth and reproduction during the inter-fire period (fire-cued 

reseeders; Pausas et al. 2004). In contrast, epicormic resprouting requires allocation 

of resources to thick bark to achieve adequate stem protection. Allocation to thick 

bark is therefore likely to occur at a cost to fecundity and/or stem growth rates. 

Ideas concerning the importance of bark thickness for site persistence have recently 

been formalised as the ‘protection’ axis of the three-element (Buds-Protection-

Resources) fire resilience scheme of Clarke et al. (2013). Alternative stem 

persistence models such as ‘the escape height hypothesis’ (see Bond 2008) have, by 

comparison, been shown to lack explanatory power (Hoffmann et al. 2009; Lawes et 

al. 2011a). 
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Knowledge of landscape-scale patterns of stem resistance is a crucial requirement 

in the modelling of plant community assembly and carbon dynamics under changing 

atmospheric CO2, climate and disturbance parameters (Hoffmann et al. 2012; Clarke 

et al. 2013). In regions where fire frequency is expected to increase, systems that 

are dominated by species that resist fire and retain stems are likely to be resilient to 

both changes in species composition, and in carbon loss (Crisp et al. 2011; Clarke et 

al. 2013). Central to such modelling is the fire-resistance threshold, which is most 

accurately described in terms of bark thickness (Hoffmann et al. 2012).  

Recently, there has been much research focus on the importance of bark thickness 

in fire-prone ecosystems across resource (namely rainfall and soil nutrients) and 

fire-severity and fire-frequency gradients (Pausas 2014). Consistently, it has been 

shown that gradients of bark thickness across species are positively correlated with 

gradients of fire frequency (Hoffmann et al. 2009; Lawes et al. 2013; Hempson et al. 

2014). However, research effort has so far been concentrated in areas of relatively 

high rainfall and productivity – particularly in tropical savannas (see Hoffmann et al. 

2012). 

In contrast, the role of bark thickness for plant persistence in arid systems is poorly 

understood, and represents a significant knowledge gap (Pausas 2014). It is possible 

that in arid systems, bark thickness may not conform to expected patterning 

because low productivity may be a limiting factor in the allocation of resources to 

bark.  Further, it is likely that the importance of different fire persistence traits per 

se may vary at regional scales under localised fire and productivity conditions 

(Pausas et al. 2004; Gignoux et al. 1997; Hoffmann et al. 2012).  Consequently, 

attempts to apply the results of previous studies to poorly-known systems may be 

confounded by regional nuances.  While this knowledge-gap prevails, our ability to 

explain and predict the dynamics of flammable arid systems remains constrained, 

especially in the context of changing rainfall and temperature regimes.  

Arid Australia is globally unique in its combination of aridity and flammability, the 

latter linked to widespread extremely nutrient-poor soils (Orians and Milweski 

2007; Morton et al. 2011). Importantly, while fire activity is controlled by climate, it 

is also strongly mediated by fuel type – much of the area being characterised by 
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fire-prone Triodia (spinifex) hummock grasslands (Russell-Smith et al. 2007; 

Bradstock 2010; Murphy et al. 2013), which cover approximately 30% of the 

Australian continent (Allan and Southgate 2002). Where these grasslands alternate 

with less-flammable wooded habitats (principally, Acacia tall shrublands and 

woodlands), contrasting fire activity patterns occur at the local scale (Nano and 

Clarke 2008; Nicholas et. al. 2009; Murphy et al. 2010; Nano et al. 2012).  Thus, the 

region represents a model system for examining how fire and productivity may 

influence patterns of stem fire-resistance at the lower end of the global resource-

disturbance gradient. Specifically, this set of circumstances provides an ideal 

opportunity to distil the effects of disturbance from those of available plant 

resources (in this case rainfall) if neighbouring high and low flammability vegetation 

patches are characterised by thick- and thin-barked species respectively. Thus, as 

with patterns of resprouter dominance (see Pausas and Bradstock 2007; Nano and 

Clarke 2011; Russell-Smith et al. 2012), bark thickness patterns may be non-random 

across the landscape, instead varying in predictable ways along gradients of 

resource supply and disturbance at multiple scales (Pausas 2014), but this needs 

testing.  

This introductory chapter provides a brief overview of current knowledge of the 

importance of bark thickness for stem fire-resistance in fire-exposed tree species, 

and hence the importance of this trait as a determinant of plant community 

assembly in flammable landscapes. The way bark thickness may vary with fire and 

productivity in water-limited regions is discussed with reference to our current 

knowledge of how bark thickness varies along productivity and fire gradients in 

mesic systems, but also focussing on the ways in which bark allocation patterns in 

semi-arid and arid northern Australia may be similar or different to globally 

equivalent regions. The chapter concludes with an overview of the project aims and 

specific questions that will be addressed. 

1.2 Why bark thickness? 

Species differences in stem topkill, where above-ground parts are killed by fire, 

have important implications for community dynamics. Therefore, fire may select for 
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traits that assist in avoiding stem topkill. Certainly, for some species that have little 

capacity to regrow damaged crowns (e.g. many conifers; Harmon 1984; Catry et al. 

2010), avoidance of canopy scorch through height growth beyond the flame zone 

(Michaletz and Johnson 2008) is the fundamental means of site persistence in fire-

prone systems. However, it is likely that for most tree species, damage to stems 

rather than damage to the canopy is the actual cause of the death of above-ground 

plant structures (van Mangtem and Schwartz 2003; Balfour and Midgley 2006; 

Midgley et al. 2010). Although some conjecture remains as to what the actual 

mechanism for stem topkill is, it is clear that all tissues vital for stem survival are 

internal to the bark (Michaletz and Johnson 2007). 

Detailed investigation of the protective properties of bark has shown that the 

critical factor affecting heat transfer through bark is thickness per se, while other 

variables are secondary.  Numerous fire-simulation experiments have shown that 

bark thickness explains most of the variation in cambium temperatures reached 

(Vines 1968; Uhl and Kauffman 1990; Pinard and Huffman 1997; Lawes et al. 2011b; 

VanderWeide and Hartnett 2011; Brando et al. 2012) and the depth of stem 

necrosis (Bova and Dickinson 2005). In contrast, other bark properties (e.g. 

moisture, density and structure) are of relatively little importance. The insulating 

ability of bark is directly proportional to the bark thickness squared (Pinard and 

Huffman 1997; Lawes et al. 2011b); consequently stem topkill is highly sensitive to 

variation in bark thickness. Finally, numerous field studies have also shown a clear 

relationship between bark thickness and rates of topkill (e.g. Harmon 1984; Barlow 

et al. 2003; van Nieuwstadt and Shiel 2005; Catry et al. 2010; Lawes et al. 2011a; 

Brando et al. 2012).  

1.3 Bark thickness and population dynamics 

The importance of thick bark for population persistence is dependent on life form 

and growth rate. Population dynamics of trees, in contrast to shrubs, are most 

sensitive to topkill because they usually take longer to reach reproductive maturity 

(Hoffmann and Solbrig 2003), and so there should be strong selection for thicker 

bark in association with epicormic resprouting (Lawes et al. 2013).   
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Many tree species in fire-prone habitats achieve some degree of fire resistance at 

large stem sizes. However, where fire is frequent, repeated stem topkill can prevent 

saplings from reaching maturity and a size where they are relatively fire resistant 

(the fire-resistance threshold) (Hoffmann et al. 2009). Thus, to be an adaptation to 

frequent fire, thick bark is critical at the sapling stage, and species with thick bark 

relative to stem size at the sapling stage are expected to be common in ecosystems 

with frequent fire (Jackson et al. 1999; Lawes et al. 2013). Relative bark thickness 

(RBT), which is the proportion of the stem diameter which is bark (Hoffmann et al. 

2009; Lawes et al. 2013), is used to measure the allocation of resources to thick 

bark at the sapling stage. 

1.4 Bark thickness and fire-productivity gradients 

Changing productivity and fire activity are expected to change bark allocation 

strategies through the availability of resources for allocation to growth and to 

thicker bark (Clarke et al. 2013). Globally, fire activity has a humped relationship 

with productivity (Pausas and Ribiero 2013; Fig. 1). Under low productivity, fires are 

fuel-limited, and increasing productivity (primarily driven by rainfall) is accompanied 

by a near linear increase in fire activity. Conversely, under high productivity, dense 

canopies suppress the growth of flammable C4 grasses, resulting in suppression of 

fire activity despite high biomass, and fire occurrence is consequently drought-

driven (Bradstock 2010; Pausas and Ribiero 2013). While productivity and fire 

activity are highly correlated at large scales, vegetation-mediated effects on fire 

regimes at smaller scales (Russell-Smith et al. 2007; Archibald et al. 2013; Pausas 

and Ribiero 2013) allow the separation of these potentially confounding factors. 

A key concept underlying the relationships between productivity, fire activity, bark 

allocation and tree dynamics is the bark thickness fire-resistance threshold, which is 

the bark thickness at which a stem can resist fire (VanderWeide and Hartnett 2011; 

Hoffmann et al. 2012). This threshold is dependent on fire intensity, with an 

increase in fire intensity increasing the threshold (Catry et al. 2010; Hoffmann et al. 

2012). For a given fire intensity however, reaching the fire-resistance threshold 

within the inter-fire period is dependent on the rate of bark accumulation (i.e. the 
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level of allocation to bark) and stem growth rates, which may vary across resource 

gradients (Hoffmann et al. 2012; Fig. 2). However, the importance of achieving fire-

resistance is dependent on whether or not plants are prevented by fire from 

reaching reproductive maturity (Jackson et al. 1999; Hoffmann et al. 2009). 

 

Figure 1. The global relationship between fire and productivity (adapted from 
Pausas and Ribeiro 2013). Fire increases with increasing productivity until, at high 
productivity, closed canopies suppress the growth of C4 grasses and hence fire. 

 

The conceptual model described above, which links fire activity, productivity and 

bark allocation, has been developed in the mesic tropics, where numerous studies 

have emphasised the importance of protective thick bark at the sapling stage (e.g. 

Cavender-Bares et al. 2004; Hoffmann et al. 2009; Lawes et al. 2011b; Hoffmann et 

al. 2012; Hempson et al. 2014). These systems are characterised by high 

productivity, and frequent low intensity surface fire in savanna, where trees have 

thick bark, and relatively infrequent fire in forests, where trees have thin bark 

(Hoffmann et al. 2012; Dantas et al. 2013; Lawes et al. 2013). Greater allocation to 

bark in savanna species enables greater stem survival than forest species, despite 

lower growth rates under the same conditions (Rosatto et al. 2009). Under these 

conditions, among-species variability in ability to acquire thick bark at the sapling 
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stage has been shown to be a key factor in determining plant community 

boundaries (Hoffmann et al. 2009, 2012; Dantas et al. 2013; Lawes et al. 2013), 

vegetation structure (van Niewstadt and Sheil 2005; Nefabas and Gambiza 2007), 

tree community composition (VanderWeide and Hartnett 2011). 

 

Figure 2. A conceptual model developed in tropical savannas describing the 
relationship between local site productivity, inter-fire interval and the bark 
thickness threshold required to achieve fire resistance (after Hoffmann et al. 2012). 
In low resource environments, a longer time is needed between fires (TH) to reach 
the fire-resistance threshold compared with in a high resource environment where 
growth rates are higher (TL). 

 

In contrast, there has been little consideration of the importance of topkill to 

species sorting and community assembly in arid vegetation dynamics. Because of 

the extreme limitation on plant growth imposed by low water availability, 

productivity in arid systems is primarily driven by rainfall, with soil nutrients of 

secondary importance (Noy-Meir 1973). Low productivity limits ground fuel 

biomass and connectivity, and hence limits the frequency and severity of fire 

(Bradstock 2010; Pausas and Ribiero 2013). 

In most cases, fires are likely to be too infrequent and of too low intensity to 

prevent trees from reaching adulthood. Thus, strong selection for thick bark is 
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unlikely in most arid systems (Pausas 2014). For example, Hempson et al. (2014) 

predicted that because fire activity is dependent on rainfall to drive the growth of 

flammable C4 grasses, bark thickness should decrease with decreasing rainfall from 

mesic savannas to more arid areas in southern Africa. 

In Triodia hummock grasslands, fire-likelihood increases substantially once 

hummocks have matured and re-established their pre-fire biomass (within 10 years 

on average). Fire severity in mature hummock grassland also greatly exceeds that in 

immature states and in systems dominated by tussock grasses (Wright and Clarke 

2008). Thus, while fire activity in hummock grass systems may be low relative to 

that in tropical savannas, it may be of sufficient frequency and severity to filter out 

thinner-barked species, especially given that tree growth rates in this system are 

themselves strongly limited by low rainfall. 

As a counter-argument to the above, however, low productivity may at the same 

time also constrain the allocation of resources to bark in arid tree species. At the 

arid end of the fire-productivity gradient in this study, the shrub/mallee life form 

dominates, likely because low rainfall limits stem growth in trees. Here, even in 

flammable grassland habitat, alternative fire-responses such as basal resprouting or 

fire-cued reseeding, rather than allocation to stem protection, account for species 

persistence (Nano and Clarke 2011; Silva et al. 2013; Clarke et al. in preparation). 

An analysis of the relationships between bark thickness, fire and productivity should 

also take into account the possible confounding effects of phylogeny. As an 

example, the epicormic strand structure, a highly phylogenetically conservative trait 

to date found only in the eucalypts (Burrows et al. 2002, 2010), has been linked 

with dominance of this group in fire-prone environments across the  Australian 

continent (Lawes et al. 2011a; Burrows 2013; Crisp and Cook 2013). 

In most non-eucalypt trees examined to date, epicormic buds are located close to 

the bark surface where they have minimal protection from heat (Fink 1983). 

Conversely, in the epicormic strand structure of the eucalypts, meristematic tissue 

extends to the outer xylem, ensuring that at least some buds are protected by the 

full thickness of the bark (Burrows et al. 2010; Burrows 2013). This means eucalypts 

can effectively resist and persist through fire with thinner bark (Lawes et al. 2011a).  
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Consequently, eucalypt-dominated Australian biomes may be characterised by 

thinner barked species than those biomes that experience similar fire activity but 

are dominated by non-eucalypts. 

1.5 Project aims 

In this study I investigate the extent to which fire and ecosystem productivity affect 

resource allocation to fire resistance (bark thickness) and resilience traits (basal 

resprouting and reseeding) along a 1000 km latitudinal rainfall-fire gradient in 

northern Australia. Some previous studies that have examined resprouter 

dominance patterns along analogous gradients have been confounded in their 

attempts to distil the effects of rainfall from fire per se, because these two variables 

often have a co-linear relationship. To circumvent this issue, adjacent habitats of 

high- and low-flammability were contrasted at the local scale.  

I first examined the relationships between fire and productivity measures across the 

focus gradient, based on data from existing global and national datasets. To 

determine if bark thickness reflected the expected allocation for different fire 

resilience and resistance traits, I also examined the relationships between bark 

thickness, life form, habitat and response to fire of woody plants across the region.     

Further, I examined whether or not observed bark thickness patterns were 

consistent within phylogenies, with the prediction that fire causes trait divergence 

in closely-related species. This was done by examining bark thickness patterns 

within the genus Eucalyptus, as well as contrasting congeneric pairs of species from 

multiple phylogenies, with individuals of a pair characteristic of fire-prone and low-

fire regions respectively. Support for this prediction would provide further evidence 

for the utility of bark-thickness as a key trait for modelling community assembly 

dynamics in fire-prone systems.  
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This research project addresses the following specific questions: 

1. How does relative bark thickness in woody plants vary across a 1000 km 

latitudinal gradient of rainfall and fire activity? 

2. Do changes in bark thickness reflect predicted resource allocation trends from 

current theory of plant fire resistance and resilience? 

3. Are these observed responses consistent within phylogenetic groups?  

I hypothesised that a fire regime characterised by high fire activity selects for 

resource allocation to thicker bark to ensure better resistance to fire. The following 

predictions arise from this hypothesis: 

1. Relatively thick bark should be strongly associated with epicormic resprouting 

trees. 

2. Relative bark thickness should increase from south to north, because increasing 

fire activity should select for greater allocation to bark to enable trees to reach 

the fire-resistance threshold in a shorter inter-fire period.  

3. Trees should allocate more resources to bark where fires are more intense, 

because fire intensity also raises the fire resistance threshold. Specifically, trees 

in spinifex habitat should allocate more to bark compared with trees in 

neighbouring low-flammability shrubland.  

4. In contrast, because shrub and mallee species do not exhibit fire resistance, 

instead relying on basal resprouting and seed banks for fire persistence, these 

life forms should have relatively thin bark across the fire-productivity gradient. 
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2.0 Methods 

2.1 The study area 

2.1.1 Biogeography 

The study area (Fig. 3 a, b) includes the southern half of the Northern Territory, 

from 17° south (near Elliott) to 26° south (the South Australian border). 

 

Figure 3. Location of bark sampling sites in the Northern Territory, Australia, with 
respect to (a) mean annual rainfall and (b) fire activity, measured by the number of 
fires recorded in the period 1997-2010. 

 

Open eucalypt woodlands with a tussock grass understorey dominate the semi-arid 

tropical north, but are interspersed with patches of lancewood/bullwaddy 

woodland vegetation dominated by Acacia shirleyi and Macropteranthes kekwickii, 

either singly or in combination (Woinarski and Fisher 1995). This latter vegetation 

type is characterised by a sparse understorey, and occurs on lateritic plains in the 

far north of the study area (Wilson et al. 1990; Woinarski and Fisher 1995). 

As rainfall decreases, trees decrease in abundance and height (Hutley et al. 2011). 

At mid-latitudes and in the south, vegetation is a mosaic of spinifex hummock 

(a) (b) 
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grasslands (spinifex vegetation) and Acacia tall open shrublands or woodlands with 

an understorey of short-lived grasses (non-spinifex vegetation). In the far south, 

shrubs, and eucalypts with a mallee growth form, are more dominant, and aridity 

limits trees to more climatically favourable sites (Wilson et al. 1990). 

2.1.2 Climate 

Mean annual rainfall (MAR) varies across the region from approximately 175mm in 

the southeast (the arid Simpson Desert) to nearly 600mm in the north (semi-arid 

tropical savanna) (Fig. 3a). Rainfall is summer-biased, and the strength of this bias 

increases from south to north with increasing influence of the summer monsoon. 

Summer rainfall is a strong driver of grass growth, with the dominant grasses using 

C4 photosynthesis (Nano and Clarke 2011). 

2.1.3 Fire 

Fires within the study area are generally surface fires of low to moderate intensity 

(Nano et al. 2012; Murphy et al. 2013). Fire activity in the Northern Territory is 

strongly correlated with latitude (Fig. 3b), and increases from south to north with 

increasing rainfall associated with the summer monsoon (Murphy et al. 2013). Fire 

occurrence is also strongly correlated with antecedent rainfall (Allan and Southgate 

2002; Turner et al. 2008). In the far south of the study area, fire only occurs 

sporadically (perhaps every 25-50 years) following extreme rainfall events, which 

are usually associated with the La Niña phase of the Southern Oscillation Index 

(Greenville et al. 2009). In the north where rainfall is higher, fire may recur at less 

than 10 year intervals, and as often as every 3-5 years depending on rainfall (Allan 

and Southgate 2002; Murphy  et al. 2013). However, regional fire patterns are 

modified by local effects of vegetation. 

Fire activity is positively correlated with spinifex hummock grasslands, especially in 

the more arid south (Turner et al. 2008). Because spinifex fuels accumulate over 

time (Griffin et al. 1983; Burrows et al. 2009), surface fires in spinifex-dominated 

vegetation are more intense (Nano et al. 2012; Murphy et al. 2013), and also have 
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Table 1. Major vegetation types and fire regimes within the study area (modified from Murphy et al. 2013). 

Vegetation Surface fuel Climate Mean annual 

rainfall range 

(mm) 

Net primary 

productivity 

(t C ha-1 year-1) 

Typical fire 

intensity 

(kW m-1) 

Typical fire 

interval 

(years) 

Eucalypt savanna woodland  Tussock grass Tropical semi-arid 430-560 0.4 100-1000 5-20 

Lancewood/bullwaddy Litter, tussock 

grass 

Tropical semi-arid 500-560 0.9 0-100 20-100 

Hummock grassland 

(spinifex) 

Hummock grass Semi-arid/arid 180-530 0.3 1000-5000 5-20 

Acacia shrubland/woodland 

(non-spinifex) 

Ephemeral grass Semi-arid/arid 180-430 0.4 0-100 20-100 
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much longer residence times than fires in tussock grasses (Wright and Clarke 2008). 

In contrast, fires in non-spinifex vegetation of the southern Acacia shrublands tend 

to be of much lower fire intensity, and also are patchier, and typically do not result 

in topkill of even fire-sensitive species such as members of the mulga group 

(Hodgkinson 2002). In the northern part of the study area, lancewood/bullwaddy 

vegetation also has a suppressed fire regime compared with surrounding savanna 

vegetation. This vegetation type has a sparse and patchy grass understorey, so that 

fires in surrounding savanna often stop at lancewood/bullwaddy edges, or may 

burn patchily at low intensity within them (Woinarski and Fisher 1995; Russell-

Smith et al. 2010). Thus the southern Acacia shrublands and the northern 

lancewood/bullwaddy habitats can be considered analogous in terms of their fire 

activity, but with contrasting productivity. 

At the broad scale, Murphy et al. (2013) suggested 5-20 year fire return intervals for 

hummock grasslands and eucalypt open woodlands (semi-arid savanna) compared 

with 20-100 years for mulga (Acacia tall shrublands) or lancewood vegetation (Table 

1). In contrast, fires in monsoon tropical savannas in the highest rainfall zones of the 

Northern Territory, have an average 2-5 year fire return interval.

2.1.4 The environmental gradient 

To quantify the relationships between productivity, fire activity and relative bark 

thickness within the study area, all bark sampling sites were attributed with 

measures of productivity and fire activity. 

Site productivity was assessed using mean annual rainfall (MAR) and the normalised 

difference vegetation index (NDVI; Pausas and Ribiero 2013). Mean monthly rainfall 

data (30 year average) for 0.5° x 0.5° grid cells were obtained from the Australian 

Bureau of Meteorology (http://www.bom.gov.au/jsp/ ncc/climate 

averages/rainfall/index.jsp). From this dataset, mean annual rainfall (MAR) was 

calculated as the mean sum of all months from January to December inclusive. 

NDVI is a measure of ratios of wavelengths of electromagnetic radiation (i.e. light) 

absorbed by chlorophyll, and gives a measure of the amount of live photosynthetic 

vegetation. While mean NDVI is only a crude measure of productivity, it has been 

http://www.bom.gov.au/jsp/%20ncc/climate%20averages/rainfall/index.jsp
http://www.bom.gov.au/jsp/%20ncc/climate%20averages/rainfall/index.jsp
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extensively used for broad-scale studies (e.g. Pausas and Ribiero 2013). Mean NDVI 

values assigned to sites were obtained from monthly NDVI data (1981-2003) at 

0.25° spatial resolution produced by the Global Inventory Modelling and Mapping 

Studies (http://www.fao.org/geonetwork/srv/en/metadata.show?id=37058; Tucker 

et al. 2005).  

Local fire activity data were obtained from AVHRR fire mapping (1 km spatial 

resolution) from 1997-2010 (http://www.firenorth.org.au/). These data represent 

the longest publically available time span of fire history mapping using consistent 

methods. While the fire history is short compared with average fire return times in 

the south, the fire mapping period does cover one episode of very widespread fire 

activity following very high rainfall in 2000/2001 where over 50% of the southern 

Northern Territory was burnt. 

Local fire activity was defined as the number of fires recorded in the period 1997-

2010. Fire effects, including an estimate of time since last fire and fire severity were 

recorded at each bark sampling site to provide a check against local fire activity 

recorded by the automated AHVRR fire history mapping. The spatial resolution of 

the AVHRR fire dataset (1km pixel size) is coarse relative to the spatial scale of 

sampling (in the order of 1-10 ha per site). However, local fire activity data clearly 

separated lancewood/bullwaddy vegetation (which occurs in small to large patches) 

from surrounding savanna vegetation, and so could be used to contrast fire regimes 

across habitat types. 

To position the study area in the context of the global fire-productivity relationship, 

a larger-scale measure of fire activity was required. Regional fire activity around 

each site was determined by averaging the number of fires recorded by AVHRR 

(1997-2010) within a 50 km radius of each site. The area of different fire 

frequencies within each 50km radius was calculated using the geographic 

information system ArcMap, version 10.0 (ESRI, Redlands, California, USA). The 

relationship between regional fire activity and MAR was then analysed using least 

squares regression methods. This, and all further statistical analyses, were carried 

out using the statistical package Genstat v. 16.1 (VSN International 2013). 

http://www.fao.org/geonetwork/srv/en/metadata.show?id=37058
http://www.firenorth.org.au/


 22 

2.2 Sampling 

2.2.1 Habitats 

To separate the influence of fire from productivity on bark thickness trends, bark 

thickness sampling was stratified by broad habitat types with different fuel and fire 

dynamics (see section 2.1.3 above). Sites where the dominant fuel was spinifex 

(Triodia spp.) were categorised as spinifex sites. Sites where Triodia spp. were 

absent or not the dominant fuel were classified as non-spinifex sites. The distinction 

between spinifex hummock grasslands and savanna becomes somewhat indistinct 

at the northern end of the study area as non-spinifex grass cover increases in 

spinifex vegetation (Allan and Southgate 2002). Consequently, northern sites on 

lateritic plains with Triodia bitextura co-dominant with tussock grasses were 

classified as non-spinifex savanna rather than hummock grasslands. 

Because of contrasting fire activity compared with surrounding savanna (non-

spinifex) vegetation, sites dominated by lancewood, or bullwaddy, or both species, 

were categorised collectively as lancewood/bullwaddy. 

Three sites located on cracking clay soils (vertisols) on the Barkly Tablelands 

(geographical outliers compared with all other sampling sites) were identified in 

initial analyses of the relationship between regional fire activity and rainfall as 

outliers. These sites had very low regional fire activity in spite of their high 

productivity (Turner et al. 2011), a result of intensive management for cattle 

production, and were subsequently removed from further gradient analyses  

2.2.2 Sampling strategy 

Bark thickness measurements were carried out opportunistically for common (and 

some less common) species, comprising shrub, mallee and tree life-forms (see 

section 2.5.1), at sites across the study area, stratified by habitat type. Common 

species and their spatial distribution across the study area were identified by 

canopy dominants on 1:1 million scale vegetation mapping (Wilson et al. 1990), and 

by herbarium collections by bioregion (Albrecht et al. 2007). An attempt was made 

to sample all dominant and common trees species across the study area in habitats 
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in which they are most commonly found. Where species were common in more 

than one habitat type, they were sampled within each habitat. Bark thickness 

patterns were based on occurrence only and were not corrected for species 

abundance.  Thus, community-level trends in RBT are conservative. 

2.2.3 Measuring bark thickness 

Measurements were taken from trees with undamaged stems. Only bark attached 

to the stem, and without air gaps between the bark and the stem, was measured. 

Bark thickness and stem diameter were measured at the same height on the stem; 

at 1.3 m height (DBH) for trees and 0.5 m height for saplings (Lawes et al. 2011b).  

Following previous bark studies, measurements of corrugated bark were taken on 

the bark ridges (Uhl and Kauffmann 1990; Pinard and Huffman 1997; Barlow et al. 

2003; Lawes et al. 2011b; Hempson et al. 2014), which provides a measure of 

maximum bark thickness. In most cases, bark thickness was measured using a 2.5 

mm diameter pin punch; the punch was gently tapped through the bark with a 

hammer until the greater resistance of the sapwood was felt (Lawes et al. 2011b; 

Lawes et al. 2013. A sliding metal sleeve on the pin punch was positioned against 

the bark surface and secured with a locking screw before withdrawing the punch; 3-

4 measurements per stem were averaged to produce a single bark thickness 

measurement per tree. The depth of penetration was then measured using a 0.5 

mm graduated steel ruler. Gill (1982) used a similar method to produce more 

accurate measurements than those obtained with a standard forestry bark gauge. 

Direct measurements of bark thickness on one small (approx. 1 cm2) excised section 

of bark using digital vernier callipers (see Uhl and Kauffman 1990; Pinnard and 

Huffman 1997; Brando et al. 2012) was used for smaller diameter (< 4 cm) trees 

where the pin punch could not be used effectively. Bark thickness was measured at 

opposite edges of the excised sample, and the thickness averaged. Excised bark was 

also used to check the accuracy of the pin punch method where there was any 

doubt about the location of the sapwood. 

For trees, a minimum of 15 individuals per species per site were measured, spread 

over the stem diameter range (usually from 1 cm - ~20 cm DBH).  For some shrub 
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and mallee species that are multi-stemmed, where no large stem sizes were 

present, at least two stems per cm stem diameter increment were measured from 

stems > 1cm diameter up to the maximum stem size (i.e. two stems from 1-2 cm 

stem diameter, two stems from 2-3 cm stem diameter etc.). For multi-stemmed 

individuals, bark measurements were on a single stem only. 

2.2.4 Calculating relative bark thickness  

Absolute bark thickness confers fire resistance on an individual. Because bark 

thickness increases allometrically with stem diameter, absolute bark thickness is not 

species-specific, and further, does not adequately describe stem kill dynamics in 

relation to different fire regimes (Lawes et al. 2013). Relative bark thickness (RBT) is 

used in preference, and is the proportion of the stem diameter which is bark, and 

therefore a measure of the relative allocation of resources to bark (Hoffmann et al. 

2003; Lawes et al. 2013). However, because the relationship between stem 

diameter and bark thickness usually becomes non-linear at larger stem diameters, 

RBT estimates are dependent on the range of stem sizes included (Hempson et al. 

2014). 

To compare bark allocation at the sapling stage (where topkill is most important for 

population dynamics), the linear portion of the relationship between stem diameter 

and bark thickness (Fig. 4a) was used to determine species-specific relative bark 

thickness (Hempson et al. 2014). Bark thickness of each species was measured 

across a range of stem diameters, with more measurements for stems < 10cm DBH, 

as this is where the relationship between bark thickness and stem diameter was 

expected to be linear, and so was most critical. Several larger stems where 

measured to determine the asymptote of the bark thickness - stem diameter 

relationship. 

The linear portion of the relationships between bark thickness and stem diameter 

for each species was identified visually (VanderWeide and Hartnett 2011), and 

analysed by linear least squares regression, including the intercept, for each species 

at each sampling site (VanderWeide and Hartnett 2011; Hempson et al. 2014). 

Linear regressions were not forced through the origin, as in some cases this method 
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resulted in large departures of the linear fit from the data, and hence potentially 

inaccurate estimates of relative bark thickness.  Although forcing the regression fit 

through the origin has been justified on the biological basis that bark thickness must 

be zero when the stem diameter is zero, Hempson et al. (2014) suggested that at 

very small stem sizes (below the smallest stem size measured in my study of 

approximately 1.5 cm diameter), the relationship between bark thickness and stem 

diameter may not be linear, and consequently forcing the linear regression through 

the origin is not justified. 

 

Figure 4. Calculating the standardised bark thickness (SBT6). (a) Identifying the 
linear portion of the dataset. (b) Example of using the bark thickness estimate from 
linear least squares regression at 6 cm stem diameter as a point of comparison 
between species bark allocation at the sapling stage. 

 

Of the three main options for comparing relative bark thickness outlined by 

Hempson et al. (2014), the use of the linear regression model to estimate of bark 

thickness at a standard stem size was chosen over using a comparison of the slope 

of the linear regression forced through the origin (inaccurate for many species with 

large intercept values) or a calculated stem size for a standard bark thickness 

representing the fire resistance threshold (which some species may never reach). 
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Stem size was standardized at 6 cm for standardised bark thickness (SBT6) 

comparisons (Fig. 4b), as the maximum available stem size that did not involve 

extrapolating beyond the limits of the data used for linear regressions (Hempson et 

al. 2014). This stem size is in the region where there may be strong selection by fire 

for thick bark, and thus the 6 cm stem size represents an ecologically relevant point 

of comparison in assessing bark allocation to fire resistance. To compare these bark 

data with bark data from South African savannas (Hempson et al. 2014), the bark 

ratio (bark thickness in mm/stem diameter in cm) at 6 cm stem diameter was also 

calculated. 

2.3 Bark thickness patterns by life form and fire response 

2.3.1 Life-form 

To compare bark allocation with respect to life form, species were categorised as 

tree, shrub or mallee. The mallee life form is used to describe Australian eucalypts 

which are typically multi-stemmed from ground level (Slee et al. 2006). Eucalypt 

species were attributed as mallee if they were only classified as mallee in Brooker 

and Kleinig (2004); species that may have a facultative mallee life form, but which 

also occur as trees (e.g. Eucalyptus chlorophylla) were classified as trees. Attribution 

of life form for non-eucalypts followed Albrecht et al. (2007). Trees were defined as 

either having a strongly monopodial growth form, or routinely reaching heights of 

over 4m. Shrubs were woody plants which are usually multi-stemmed from within 

50 cm of the base of the plant, and generally less than 4 m in height. 

To test the hypothesis that that shrub and mallee growth forms, as reseeders and 

basal resprouters, use these regeneration strategies rather than thick bark to 

achieve fire resilience, the mean SBT6 of shrub and mallee growth forms was 

compared with the mean SBT6 of trees. For species sampled at more than one site, 

the average SBT6 for the species was used. Single factor ANOVA (unbalanced 

designs) was used to test for differences between the means. 
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2.3.2 Plant fire response 

To compare bark allocation among species with different fire resistance or 

resilience traits, all species were classified according to their fire response type 

(reseeder, basal resprouter or epicormic resprouter). 

Persistence trait data based on response to 100% crown scorch were collated for all 

of the woody species included in the study. Population-level data were derived 

from published (Crowley et al. 2007, accessed April 2014; 

http://www.landmanager.org.au/directory-fire-responses-plants-tropical-savannas) 

and unpublished databases (NT Ecological Attributes Database, Northern Territory 

Government, accessed April 2014), and field records. Species were classified into 

reseeders or resprouters on the basis of their predominant form of response to 

100% canopy scorch following the approach of Pausas and Bradstock (2007). 

Species with varying observed fire responses were placed into the category of most 

common response; if response records were equally distributed, species were 

classified as resprouters. Resprouters were further classified as basal resprouters or 

epicormic resprouters; species with some records of epicormic resprouting were 

classified as epicormic resprouters, and resprouters that only had records of basal 

resprouting were classified as basal resprouters. This classification necessarily 

conflates intraspecific resprouting variability into a single category; it is nevertheless 

effective in distinguishing those species that usually resprout basally or have some 

capacity to resprout epicormically, with some resilience or resistance to fire, from 

those that rely on fire-cued seed banks for population persistence (Nano and Clarke 

2011). 

To compare bark allocation with respect to fire response types, the mean SBT6 of 

epicormic resprouters (expected to have allocation to bark for fire resistance) was 

compared with the mean SBT6 of basal resprouters and the mean SBT6 of 

reseeders, using ANOVA (unbalanced designs).  

To separate the potentially confounding effect of phylogeny, in this case with 

respect to the possible advantage conferred by the epicormic strand structure 

unique to the eucalypts, separate ANOVA analyses were carried out to test for 

http://www.landmanager.org.au/directory-fire-responses-plants-tropical-savannas
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patterns of allocation with respect to life form and fire response between the 

eucalypts and non-eucalypts. 

2.4 Bark thickness patterns along the fire-productivity gradient 

2.4.1 Patterns across the entire gradient 

To examine how bark allocation changed along fire and productivity gradients, 

generalised linear mixed models (GLMM) were run with the SBT6 of all trees 

sampled as the response variable and local fire activity, regional fire activity, MAR 

and NDVI as fixed factors (modelled individually and in all combinations), with site 

as a random factor. 

An information-theoretic approach (Burnham and Anderson 2002) was used to 

select among a set of competing candidate models or a priori hypotheses.  The 

models were  ranked using Akaike’s Information Criterion (AIC), which favours both 

model fit and model simplicity, based on the principle of parsimony (fewer 

parameters in the model). Lower values of AIC indicate greater support for a model, 

relative to other models in the same candidate set. For each model in the candidate 

set an Akaike weight (wi) was calculated based on AICc, a second order form of AIC 

appropriate for both large and small sample sizes (Burnham and Anderson 2002). 

The Akaike weight represents the probability of that model being the best in the 

candidate set. The weight of evidence (w+) for each explanatory variable was also 

calculated as the sum of the Akaike weights for all the models in which the effect 

was present (Burnham and Anderson 2002). w+ represents the probability that a 

given variable would be included in the best model. Designation of a single ‘best’ 

model is often unsatisfactory, especially when there are many closely related 

models (Burnham and Anderson 2002). We therefore used model averaging to 

determine effect size, based on weighted model average coefficients of all models 

that received wi > 0.10. 

2.4.2 Bark thickness comparisons between fire habitat types 

Lancewood/bullwaddy vegetation is seldom burned and thus represents a 

contrasting fire environment with low fire activity at higher rainfall (>430 mm MAR) 
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compared with surrounding savanna vegetation that is burned frequently. To test 

the hypothesis that savanna trees, due to more frequent fire, should have thicker 

bark than lancewood/bullwaddy trees that have a suppressed fire regime, the mean 

SBT6 of lancewood/bullwaddy trees was compared with the mean SBT6 of savanna 

trees using single factor ANOVA (unbalanced designs). A similar test was used to 

confirm that lancewood/bullwaddy sites had lower mean fire activity than savanna 

sites. 

Spinifex and non-spinifex vegetation provide a contrast in fire regimes (fire 

frequency and intensity) under similar productivity as measured by mean annual 

rainfall. Contrasts between these habitat types provide a unique opportunity to test 

if bark allocation patterns conform to allocation to fire resistance and resilience 

when fire and low productivity coincide. The relationship between the SBT6 of trees 

from spinifex and non-spinifex habitats (excluding lancewood/bullwaddy sites) 

across the entire rainfall/fire gradient was compared by multiple linear regression. 

Because differences are likely greatest under lower rainfall, where fire regime 

differences are thought to be greatest (Allan and Southgate 2002; Turner et al. 

2008), the SBT6 of trees from non-spinifex sites was also compared with the SBT6 of 

trees from spinifex sites for all sites between 250mm and 400mm MAR. The lower 

rainfall limit was necessary because of the very low level of sampling in spinifex 

habitats below this rainfall threshold. ANOVA (unbalanced designs) was used to 

compare differences of mean SBT6 and local fire activity between spinifex and non-

spinifex sites. 

2.5 Bark thickness comparisons within phylogenies 

An investigation into the distribution of a plant trait with respect to environmental 

variables would be incomplete without a consideration of evolutionary history. 

Contrasting bark allocation of species within lineages across disturbance and 

productivity gradients may provide insights into how relative bark thickness as a 

fire-resistance trait has been selected. From an evolutionary perspective, there is a 

growing emphasis on trait comparison by phylogenetic independent contrasts 

(Barraclough et al. 1998; Hoffmann and Franco 2008), and several previous studies 
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on relative bark thickness patterns have included phylogenetic controls (e.g. 

Cavender-Bares et al. 2004; Hoffmann et al. 2009; Lawes et al. 2013; Schwilk et al. 

2013). In northern Australia, the confounding effect of the eucalypt epicormic 

strand structure may obscure bark thickness patterns unless comparisons are made 

within eucalypts and non-eucalypts. 

2.5.1 Bark thickness patterns within the genus Eucalyptus 

Eucalyptus represents the genus with the largest number of species sampled and is 

present along the entire fire-productivity gradient, and is represented by both 

mallee and tree life forms. Eucalypt trees (Eucalyptus and Corymbia) are noted 

globally for their prolific epicormic resprouting ability (Burrows 2013), while mallee 

species within the study area are exclusively basal resprouters (NT Ecological 

Attributes Database, Northern Territory Government). At the broad scale there is a 

general shift from species with tree life forms in the north under higher rainfall, to 

mallee life forms under more arid conditions (Wilson et al. 1990). As such, 

Eucalyptus represents a model lineage for an analysis of relative bark thickness 

patterns with respect to both fire and productivity within a phylogenetic group. 

To test the hypothesis that mallee species should allocate less to bark because they 

achieve fire resilience through basal resprouting rather than fire resistance through 

thick bark, the mean SBT6 of Eucalyptus tree species was compared with the mean 

SBT6 of mallee species using single factor ANOVA (unbalanced designs). 

To investigate patterns of bark thickness without the potential confounding effect 

of phylogeny, simple linear regression was used to compare the correlation 

between local fire activity and the SBT6 of Eucalyptus trees with that between local 

fire activity and all trees sampled ignoring phylogeny. SBT6 patterns within a more 

closely related group were examined and the same analysis was performed 

including trees from only the northern box group of Eucalyptus (Brooker and Kleinig 

2004). 
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2.5.2 Congeneric bark thickness comparisons 

Phylogenetic independent contrasts compares plant traits between species pairs 

that have a shared relationship (e.g. congeneric or confamilial pairs) to remove the 

confounding effect of shared decent (Silvertown and Dodd 1996). This technique 

has been used as a comparison of bark thicknesses between savanna and forest 

species in Australia (Lawes et al. 2013) and Brazil (Hoffmann et al. 2009). 

In order to test whether the response of bark thickness to fire regime was 

consistent across multiple phylogenies, I compared the bark thickness of closely 

related species pairs (congeneric, with one confamilial pair within Casuarinaceae), 

where each member of the pair typically occurs in a contrasting fire habitat. 

Similarly, Hempson et al. (2014) compared the relative bark thickness of Acacia 

species from ‘high fire’ and ‘low fire’ savanna in South Africa, with fire activity based 

on mean annual rainfall, by allocating species on the basis of which environment 

they were most common to. Consistency across lineages would provide strong 

evidence of relatively thick bark as an adaptive fire resistance trait. Additionally, if 

observed patterns were consistent within multiple lineages, it would confirm the 

universality of bark thickness as a fire resistance trait in fire-prone plant 

communities, and increase the usefulness of applying species-specific bark 

thickness fire-resistance thresholds in modelling of community dynamics under 

changing fire regimes. 

Species pairs were chosen a priori on the availability of the most closely-related 

taxon which primarily occurred in habitats of contrasting fire regimes (e.g. spinifex 

vs. non-spinifex, desert vs. savanna, lancewood/bullwaddy vs. savanna). Herbarium 

collection records for each species (Australian Virtual Herbarium, accessed July 

2014; http://avh.chah.org.au/) were overlaid on the Australia-wide AVHRR fire 

history dataset to confirm the fire regimes experienced by a species were 

significantly different from their congener across their Australian distribution (i.e. 

species occupied characteristically different fire habitats). For each species, data 

from individual trees within the linear part of the relationship between stem 

diameter and bark thickness were converted to a bark ratio (bark thickness in mm 

http://avh.chah.org.au/
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divided by the stem diameter in cm), thus allowing statistical comparison between 

species populations. 

For three species pairs, data from Litchfield National Park southeast of Darwin 

(Lawes et al. 2011a) was used for species that experienced high fire activity. For the 

Casuarinaceae species pair, data were collected for Casuarina pauper from arid 

South Australia (north of Port Augusta; site MAR = 159 mm) as the low fire activity 

species to compare with the high fire activity species Allocasuarina decaisneana; 

these species are the only arid-zone trees in this family (Jessop et al. 1985). 

 

  



 33 

3.0 Results 

3.1 The relationship between latitude, productivity and fire activity 

Mean annual rainfall (MAR) was highly correlated with latitude (r2 = 0.92, P < 0.001) 

with rainfall increasing from south (180 mm; semi-arid centre) to north (550 mm; 

tropical savanna). NDVI, which is a ‘greenness’ index often used as a measure of 

productivity (Pausas and Ribeiro 2013), was positively correlated with rainfall (r2 = 

0.46, P < 0.001) and also increased from south to north. In further analyses, rainfall 

was used as the preferred measure of productivity. 

 

Figure 5. Relationships between productivity (measured as mean annual rainfall) 
and fire activity. (a) Regional fire activity vs. MAR, and (b) local fire activity vs. MAR.  

 

Regional fire activity was strongly positively correlated with MAR (r2 = 0.83, P < 

0.001) across the surveyed sites (Fig. 5a), confirming the location of the study area 

within the fuel-limited section of the global fire-productivity gradient. 

Local fire activity also was positively correlated with MAR (Fig. 5b; r2 = 0.42, P < 

0.001). However, in contrast with regional fire activity, there were sites with low 

local fire activity across the entire range of MAR, which enabled fire to be separated 

from productivity as a driver of relative bark thickness. The two sites with the 

highest MAR (> 500mm MAR) and no recorded local fire activity were both 
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lancewood/bullwaddy sites, confirming the suppressed fire regime in this 

vegetation type. 

In a comparison between spinifex and non-spinifex habitats, there was more local 

fire activity at spinifex sites across the entire range of MAR (Fig. 6); however this 

difference was not significant (t = 0.30, P = 0.764). 

 

 

 

 

 

 

 

 

 

 

Figure 6. Relationships between local fire activity and MAR for spinifex and non-
spinifex sites.  

3.2 Bark thickness vs. stem diameter patterns 

For nearly all species sampled, there was a significant positive relationship between 

stem diameter and bark thickness. The two exceptions were fire-killed species of 

Acacia, (A.cyperophylla and A. lysiphloia), both of which have distinctive minni ritchi 

bark that is characterised by bark that sheds in curling strips (Maslin 2001). These 

two species also had the thinnest bark at 6 cm stem diameter < 1.15 mm. 

For some species, the relationship between stem diameter and bark thickness 

became non-linear at small stem sizes, but because of rapid bark acquisition, this 

occurred at thick bark levels (e.g. Corymbia ferruginea). Other species that 

displayed non-linear bark thickness allometry at small stem sizes, never acquired 

thick bark (e.g. bullwaddy Macropteranthes kekwickii). For many species, the 

relationship was linear across the range of stem sizes measured (e.g. Acacia 

ammobia), or at least until very large stem diameters were attained, when bark 

thickness was asymptotic. 
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There was considerable variation among species in SBT6, ranging from 0.85 mm in 

Acacia cyperophylla to 12.5 mm in Corymbia ferruginea; these species were from 

the southern and northern ends of the fire-productivity gradient, respectively. 

However, for most species, SBT6 was between 1.8 mm and 10 mm. Converted to the 

bark ratio at 6 cm stem diameter, the range of all species was 0.14-2.08 mm.cm-1, 

with most species (excluding the two thin-barked Acacia species described above) 

in the range 0.3-1.7 mm.cm-1. 

3.3 Bark thickness comparisons between life form and fire response 

types 

The mean SBT6 differed significantly among life forms (F3,90 = 8.41, P<0.001) and 

was thinnest in mallee (mean±SE=2.7±0.3 mm, n = 5 species) and shrub (3.1±0.2 

mm, n = 14) species, and thickest among tree species (mean 5.8±0.4 mm, n = 75). 

 

Figure 7. Box-and-whisker plots of bark thickness at 6 cm stem diameter by life 
form, fire response and bark type categories across all phylogenies. R+ is 
resprouters, R- is reseeders. (a) SBT6 by life form categorised as mallee, shrub or 
tree. (b) SBT6 of all trees by fire response categorised by basal resprouting, 
epicormic resprouting or reseeding. 

 

The SBT6 of shrubs was not dependent on the reproductive response (resprouter vs. 

reseeder) to fire. However, resprouter trees had much thicker SBT6 than both 

reseeder trees species and shrub species (Fig. 7a; F3,90 = 16.1, P<0.001). Among tree 

species, SBT6 was significantly thicker for resprouters (mean±SE = 5.8±0.5) than 

(a) (b) 
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non-resprouters (mean±SE = 3.4±0.5; F1,91 = 18.0, P<0.001), and for epicormic 

resprouters than basal resprouters (Fig. 7b). Epicormic resprouter species had 

thicker bark than basal resprouter species as well as species with no apparent 

resprouting capacity, both within the eucalypts and non- eucalypts (F2,90 = 95.1,  

P<0.001). 

Eucalypt species, which are all epicormic resprouters, had slightly thinner SBT6 

(mean±SE = 6.8±0.3) than non-eucalypt epicormic resprouters (mean±SE = 7.7±0.3; 

F1,90 = 0.13, P<0.72). Eucalypts also were over-represented as thin-barked epicormic 

resprouters; 11 of the 15 epicormically resprouting species with the thinnest bark 

were eucalypts, although eucalypts comprised less than half of species classified as 

epicormic resprouters (eucalypts n=18 vs. non-eucalypts n=21).  

3.4 Bark thickness patterns along the fire-productivity gradient 

When fire (local and regional fire activity) and productivity measures (MAR and 

NDVI) were modelled as separate predictor variables of SBT6 across all habitats and 

life forms, local fire activity received overwhelming support, while productivity 

variables (MAR, NDVI) were not included in the model of best fit (Table 2). 

Tree bark (SBT6) was thicker at sites dominated by spinifex than at sites where 

spinifex was absent across the range of local fire activity (t = 2.32, P < 0.03; Fig. 9a).  

At spinifex-dominated sites where some fire activity was recorded, common species 

with thin bark were smooth-barked eucalypts, while at the low activity end of the 

fire gradient (no fires recorded), species with thin bark in spinifex vegetation 

included reseeder species (Acacia ammobia and Acacia macdonnellensis). 

When rainfall was held constant, only including sites within the 250-400mm MAR 

band, local fire activity was greater at spinifex sites (mean±SE = 0.81±0.01) than at 

non-spinifex sites (mean±SE = 0.31±0.08; F1,34 = 14.62, P<0.001; Fig. 9b). The mean 

SBT6 of trees at spinifex sites (mean±SE = 7.44±0.5) was also greater than the SBT6 

of trees at non-spinifex sites (mean±SE = 4.61±0.6; F1,34 = 13.79, P<0.001). 
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Table 2. Results of model selection procedure for standardised bark thickness at 6 
cm stem diameter. The relative importance values (w+) are provided for the main 
predictor variables. LFA is local fire activity; RFA is regional fire activity; MAR is 
mean annual rainfall; and NDVI is a productivity index. 

a Model  AICc
 ΔAICc wi 

b Explained 
deviance (%) 

LFA 94.3 0.0 0.68 25.91 

LFA + RFA 96.3 2.0 0.25 25.99 

LFA + MAR 96.4 2.1 0.24 25.93 

LFA + NDVI 96.4 2.1 0.24 25.92 

LFA + RFA + MAR 98.4 4.1 0.09 26.06 

LFA + RFA + NDVI 98.4 4.1 0.09 26.05 

LFA + MAR + NDVI 98.5 4.2 0.08 25.98 

LFA + RFA + MAR + NDVI 100.6 6.4 0.03 26.07 

 LFA RFA MAR NDVI 

c w+ (%) 99.9 44.6 43.30 43.10 

AIC Akaike’s Information Criterion; AICc second order AIC for large and small sample sizes; wi the 
Akaike weight, representing the probability of a model being the ‘best’ in the candidate set. 

a For each model, ∆AICc is the difference between the model’s AICc value and the minimum AICc of all 
models in the candidate set. Models are ranked in ascending order of ∆AICc, and only models with 
∆AICc ≤ 10 are shown.  

b Explained deviance is the proportional reduction in residual deviance, relative to the null model. 

c Estimate of the importance of a predictor variable relative to the other variables. 

 

Figure 8. Simple linear regression of the estimated bark thickness of trees at 6 cm 
stem diameter vs fire and productivity; (a) SBT6 vs. mean annual rainfall. (b) SBT6 vs. 
local fire activity. 

(a) (b) 
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Local fire activity was greater at savanna sites (mean ± SE = 2.23 ± 0.18) than at 

lancewood/bullwaddy sites (mean ± SE = 0.71 ± 0.18; F1,18 = 24.35, P<0.001). 

Tree species in lancewood/bullwaddy vegetation had significantly thinner bark 

(SBT6 mean ± SE = 3.8 ± 0.5 mm) compared with trees in savanna vegetation (SBT6 

mean ± SE = 6.8 ± 0.4 mm; F1,20 = 25.2, P < 0.001). 

 

Figure 9. Comparisons of tree bark thickness at 6 cm stem diameter at spinifex and 
non-spinifex sites. (a) Comparison of the relationships between the SBT6 of trees 
from spinifex and non-spinifex sites across the fire-productivity gradient. (b) 
Comparison of the SBT6 of trees from spinifex and non-spinifex sites within the 250-
400 mm MAR band. 

 

3.5 Patterns of bark thickness within phylogenetic groups 

3.5.1 Bark thickness patterns within the genus Eucalyptus 

Within Eucalyptus, the SBT6 of the tree life form (mean ± SE = 5.1 ± 0.4 mm) was 

significantly greater than that for the mallee life form (Fig. 10a; mean ± SE = 2.7 ± 

0.6 mm; F1,13 = 13.2, P < 0.003). Bark thickness in mallee species ranged from 1.8 to 

3.4 mm, with the thickest bark recorded from E. pachyphylla. In contrast, SBT6 in 

Eucalyptus tree forms ranged from 2.4 mm for E. thozetiana (a rare species 

restricted to fire-shadow areas in the East MacDonnell Ranges; Heywood 1993) to 

7.3 mm for E. chlorophylla (from northern fire-prone savanna).

(a) (b) 
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Figure 10. Within Eucalyptus patterns of tree bark thickness at 6 cm stem diameter. 
(a) Comparison between mallee and tree life forms. (b) Linear regression fit of 
estimated SBT6 of Eucalyptus trees from the northern box group vs. local fire 
activity. 

 

The SBT6 of Eucalyptus tree species increased significantly across the local fire 

activity gradient (r² = 0.765, P < 0.001). The correlation between SBT6 and local fire 

activity was greater for eucalypt than for non-eucalypt tree species (r² = 0.27). This 

relationship between local fire activity and SBT6 was even stronger for species in the 

northern box group of Eucalyptus (Fig. 10b; P < 0.001, r² = 0.97).

Eucalyptus tree species from sites where no fires were recorded all had SBT6 < 

5mm. Conversely, all species from sites with some local fire activity had SBT6 > 

5mm, except for E. gongylocarpa (SBT6 = 4.5mm). This species was sampled at the 

northern edge of its range, which is mostly in the Great Victoria Desert region 

further south, where average fire return times are much longer than in the study 

area at approximately 30 years (Haydon et al. 2000).

(a) (b) 
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3.5.2 Congeneric species pair bark thickness comparisons 

The SBT6 for eleven congeneric species pairs, each comprising a congener from a 

low and a high fire activity site, were compared. On average, species from high fire 

activity sites had thicker bark (bark ratio BT/SD: mean ± SE = 1.38 ± 0.02 mm cm-1) 

than those from low fire activity sites (bark ratio BT/SD: mean ± SE = 0.69 ± 0.02 

mm cm-1; F1,399 = 378.5, P < 0.003). Within the species pairs, species from high fire 

activity sites had consistently thicker bark (Fig. 11; F10,389 = 14.4, P < 0.001). 

 

Figure 11. Congeneric species pairs from high (grey) and low (white) fire activity 
environments bark thickness comparisons, using the bark ratio (bark thickness in 
mm over stem diameter in cm) for all stems in the linear portion of the dataset. 
Error bars indicate the standard error of estimates.
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4.0 Discussion 

The hypothesis that surface fire regimes characterised by high fire activity select for 

resource allocation to thicker bark to ensure better resistance to fire was supported 

by the findings of this study.  Local fire activity was overwhelmingly the best 

predictor of relative bark thickness, and thick bark was strongly associated with 

epicormically resprouting trees. Frequent fire was an effective filter of thin-barked 

trees; however, both thick and thin-barked species coexisted under low fire activity. 

In general, the observed bark thickness trends within the semi-arid and arid regions 

of the Northern Territory are explained by existing theory of bark allocation 

responses across fire and productivity gradients developed in mesic biomes. 

4.1 Fire and productivity relationships across the latitudinal 

gradient 

At the broad scale, productivity, as measured by mean annual rainfall, and fire 

activity, conformed to the global pattern; regional fire activity and rainfall were 

positively correlated. In this study, the correlation between mean annual rainfall 

and local fire activity along the latitudinal gradient supports previous observations 

that vegetation-mediated effects on local fire regimes and flammability driven by 

soil fertility (e.g. Ojeda et al. 2010), or fuel structure (e.g. Pausas and Paula 2012) 

can modify the generalised global productivity-fire relationship. Records of local fire 

activity at sampling sites were congruent with other studies showing that spinifex 

hummock grasslands are more fire-prone than non-spinifex sites in arid regions 

(Griffin et al. 1983; Nicholas et al. 2009; Murphy et al. 2010; Turner et al. 2011), and 

that lancewood/bullwaddy patches have lower fire activity than surrounding 

savanna (Woinarski and Fisher 1995). Thus, local departures from the global pattern 

allowed for the separation of productivity (as measured by rainfall) and fire activity 

as possible drivers of bark thickness. 
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4.2 Bark thickness vs. stem diameter patterns 

Changes in bark thickness allocation through ontogeny conformed to the pattern 

described by Hempson et al. (2014), with bark thickness increasing monotonically 

with stem diameter at small stem sizes, but asymptotic at larger stem sizes. While 

the range of bark ratios at 6 cm stem diameter for most species (0.3-1.7 mm.cm-1) 

was similar to the range for woody species in fire-prone South African savanna 

(0.46-2.15 mm.cm-1) that experiences 635-990 mm MAR, two reseeder species in 

this study (Acacia cyperophylla and Acacia lysophloia) had significantly thin bark 

(0.14 and 0.19 mm.cm-1 respectively). This suggests that the minimum RBT 

estimates in South African savanna are not the physiological minimum, which does 

raise the question as to why species there do not have thinner bark (Hempson et al. 

2014). The minimum bark ratios from the north Australian gradient were, however, 

larger than those recorded in rainforest environments in equatorial Africa (< 0.5 

mm.cm-1; Paine et al. 2010), but smaller than those in monsoon forest in northern 

Australia (minimum 0.29 mm.cm-1; Lawes et al. 2013). 

4.3 Bark thickness comparisons between life form and fire response 

types 

Various estimates of the thickness of bark required to achieve fire resistance under 

surface fire regimes (threshold bark thickness) have been made worldwide, ranging 

from ~6 mm for 50% survival in very low intensity fires (Wolfe et al. 2014) to 11.4 

mm for 50% survival in higher intensity savanna fire with > 2 m flame heights 

(Hoffmann and Solbrig 2003). In northern Australian mesic savanna, Lawes et al. 

(2011a) estimated 4-5 mm bark thickness for ‘tall’ species (mostly eucalypts), and 8-

9 mm for ‘wide’ species (non-eucalypts), was required for 80% stem survival. 

Comparisons of rates of bark accumulation in shrub and mallee species, combined 

with the largest stem diameters encountered in the field, suggest that no shrub or 

mallee species achieves a bark thickness sufficient to resist anything other than very 

low-intensity fires; this agrees with post-fire observations of fire response. These 

results are congruent with the idea that shrubs and mallee species do not allocate 

resources to protect stems from fire, and are consistent with the findings of other 
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studies where shrubby life-forms and basal resprouters have thin bark regardless of 

fire regime (e.g. Cavender-Bares et al. 2004; Rosell et al. 2014; Schwilk et al. 2013). 

Instead, shrub and mallee species achieve resilience to fire through allocation of 

resources to below-ground carbohydrate reserves to support a post-fire basal 

resprouting response, or reproduction in the inter-fire interval.  

Within trees, relatively thick bark was strongly associated with trees that resprout 

epicormically in response to fire, while basal resprouters had relatively thin bark. 

Reseeding trees on average also did not have thicker bark than shrubs, or basally 

resprouting trees. Within fire-prone South African fynbos vegetation, Hempson et 

al. (2014) also found that epicormic resprouters that resist fire had relatively thicker 

bark than basal resprouters or reseeders. However, the fire-killed species with the 

thickest bark recorded, Acacia peuce, does not have a persistent seed bank, and 

recruitment is not associated with fire; rather seedling recruitment is restricted to 

very rare periods of extreme rainfall (Nano et al. 2012). Very slow growth due to 

low rainfall, combined with rare recruitment, makes this species vulnerable even to 

rare low intensity fire events that can have severe effects on populations (Nano et 

al. 2007). Thick bark may therefore confer a level of fire resistance on this species, 

increasing individual persistence in the absence of population resilience through a 

persistent seed bank.  

Overall, these results support the hypothesis that relatively thick bark confers fire 

resistance, and is strongly associated with the epicormic resprouting post-fire 

response. Species that achieve fire resilience via other means (basal resprouting or 

fire-cued seed banks) allocate less resources to bark. 

4.4 Bark thickness patterns along the fire-productivity gradient 

The fire-productivity gradient encompassed arid sites with intrinsically low fire 

activity in the south, and mesic sites in the north where woody vegetation inhibits 

grass fuel (lancewood/bullwaddy). Both of these extremes, with contrasting 

productivity, were characterised by species with relatively thin bark. Models 

showed overwhelming support for local fire activity as the driver of bark thickness, 
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and no support for the influence of productivity measured as mean annual rainfall 

or NDVI. 

As shrub and mallee species in the arid regions of the gradient are all relatively thin-

barked, these findings are clearly not driven by bark thickness changes within these 

life forms across the study gradient. Comparison among tree life forms revealed an 

increase in mean bark thickness in tree communities as local fire activity increased.  

In addition, thin-barked species dropped out of tree communities as local fire 

activity increased, demonstrating the strong filtering effect of fire on tree species 

lacking fire resistance. 

Under a fire regime of frequent, low intensity fires, such as in the tropical savanna 

biome, thick bark at the sapling stage appears to be a prerequisite for tree species 

persistence, and thin-barked species may be locally restricted to areas with 

suppressed fire activity (Hoffmann et al. 2009, 2012; Dantas et al. 2013; Lawes et al. 

2013; Pausas 2014). This pattern was observed in this study despite the fire-

productivity gradient including only semi-arid rather than mesic savanna. Non-

flammable lancewood/bullwaddy patches provided an opportunity for thin-barked 

species to persist within a flammable landscape; the dominant species (Acacia 

shirleyi, Macropteranthes kekwickii, Terminalia volucris and Atalaya hemiglauca) 

were thin-barked in comparison with species in surrounding fire-prone savanna. 

Elsewhere in the northern Australian savannas, thin-barked tree species, including 

rainforest specialists (Russell-Smith et al. 1991; Lawes et al. 2013) and reseeding 

Callitris intratropica (Trauernicht et al. 2012) are associated with sites where the 

prevailing fire regime is suppressed. 

The positive effect not only of fire frequency, but also of fire severity (through 

increased intensity and residence time) on tree bark thickness, was apparent in 

comparisons between spinifex and non-spinifex vegetation types. Specifically, trees 

in spinifex vegetation had thicker bark than trees in non-spinifex vegetation when 

compared across sites with similar fire activity along the entire fire-productivity 

gradient. Greater fire temperature and duration in spinifex fuels (Wright and Clarke 

2008) raises the bark thickness fire-resistance threshold (Hoffmann et al. 2012), 

thereby requiring a greater allocation to bark if fire resistance is to be achieved 
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within the same time period (i.e. if fire return times are held constant). Additionally, 

because spinifex is associated with soils that are extremely low in nutrients 

especially phosphorus (Griffin 1989), trees in spinifex vegetation may have lower 

growth rates, further increasing the need for greater allocation to bark (Knox and 

Clarke 2011; Dantas and Pausas 2013; Pausas 2014). 

However, most woody species that co-occur with spinifex at the arid end of the fire-

productivity gradient are basally resprouting shrubs of mallee eucalypts (with thin 

bark), rather than epicormically resprouting trees (Nano and Clarke 2011). The 

viability of the thick-bark, fire-resistant strategy in arid spinifex areas may be linked 

to the availability of reliable deep soil moisture and soil and water resources in 

general. For example, O’Grady et al. (2009) demonstrated the reliance of the thick-

barked Corymbia opaca on reliable shallow groundwater in the Ti Tree basin north 

of Alice Springs. The patchy distribution of other thick barked tree species at the 

arid end of the fire-productivity gradient (Proteaceae, red bloodwoods, 

Allocasuarina decaisneana and Brachychiton gregorii) also suggests a link with more 

reliable deep soil water resources, although this remains to be tested. 

Under low fire activity at the arid end of the fire-productivity gradient, relatively 

long fire-return intervals, unpinned by low productivity, allow relatively thin-barked 

tree species to persist even in flammable spinifex vegetation. Under these 

conditions, species with thin bark included relatively slow growing and long-lived 

reseeder species (Acacia ammobia and Acacia macdonnellensis) which must 

produce seed within the inter-fire period to achieve population-level fire resilience. 

Species with similar life-history traits such as mulga (Acacia aneura), that primarily 

occur in non-spinifex Acacia shrublands, are also sometimes found in infrequently 

burnt hummock grasslands in the south. The existence of such long-lived reseeder 

species in fire-prone landscapes is strongly dependent on relatively long inter-fire 

periods (Griffin 1989; Nano and Clarke 2008, 2011; Nicholas et al. 2009; Ward et al. 

2014). 

While frequent fire effectively filtered out thin-barked species at the high fire 

activity end of the fire gradient, low fire activity did not appear to filter out thick-

barked species. Because analyses of bark thickness did not include abundance data, 
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it was not possible to quantify the relative contribution of thick-barked trees to 

communities under low fire activity. However, that notwithstanding, there are 

several reasons thick-barked species may co-exist with thin-barked species under 

low fire activity.  

Firstly, in the arid southern Northern Territory, although mean fire return times are 

long, highly variable annual rainfall (Morton et al. 2011; Greenville et al. 2009) 

means that long intervals between successive fires can occur (Griffin 1989), or 

alternatively fires can occur in quick succession under suitable rainfall conditions 

(Wright and Clarke 2007). A stochastic driver of plant traits is likely to lead to a 

greater diversity of co-existing strategies (Morton et al. 2011). Cavender-Bares et al. 

(2004) found that oak tree species under a regime of low frequency but 

unpredictable fires had variable bark thickness in contrast to species under regimes 

of infrequent but predicable high intensity fire (all thin barked basal resprouters) or 

frequent low intensity fire (all relatively thick barked). 

Secondly, phylogeny may play a role in the observed pattern. The species with the 

thickest bark at low fire activity at the arid end of the fire-productivity gradient 

mostly fall within groups: the Proteaceae and Corymbia subgenus Corymbia section 

Rufaria (the red bloodwoods).  Red bloodwoods and Proteaceous trees did not have 

a clear association with recent fire activity within my study area (i.e. within the 

AVHRR fire recording period). Notably though, they also do not appear to be 

disadvantaged by frequent fire; all species that were sampled in these groups can 

also occur in highly fire prone habitats including frequently burnt hummock 

grasslands, and so may have evolved thick bark under these conditions. 

4.5 Bark thickness patterns within phylogenetic groups 

The use of closely related taxa provides for independent samples which are free 

from shared ancestry of the trait in question (Barraclough 1998). Therefore, the 

strongest evidence for relatively thick bark as an adaptive fire resilience trait is 

through the comparison of relative bark thickness within phylogenies. In congeneric 

species pair comparisons in this study, each ‘high fire activity’ species had thicker 

bark than their related ‘low fire activity’ congener species. The universality of the 
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bark allocation response to fire across multiple phylogenies increases the utility of 

relative bark thickness as a fire resistance trait when modelling tree response to 

changing fire regimes, and interpretation of past fire regimes from measures of 

relative bark thickness (e.g. VanderWeide and Hartnett 2011). Similar consistent 

responses of bark thickness to fire gradients between savanna and forest species 

have been observed within phylogenies in the monsoon tropics of the Northern 

Territory (Lawes et al. 2013), and the Cerrado of Brazil (Hoffmann et al. 2009). 

Within Eucalyptus, tree and mallee life forms were clearly separated by bark 

allocation; all Eucalyptus tree species, except for E. thozetiana, had thicker bark 

than any mallee species sampled. Within the Northern Territory E. thozetiana is 

highly restricted to ‘fire shadow’ areas in the east MacDonnell Ranges where fire is 

a rare event (Heywood 1993), and suffers topkill even in very low intensity fires 

(personal obs. 2013). All other Eucalyptus tree species regularly resprout 

epicormically in response to fire, in contrast with mallee species which resprout 

basally. 

In the southern Northern Territory, mallee eucalypts usually occur in spinifex 

vegetation. In these situations, crown fires are the norm because flames easily carry 

from the tall flammable grass understorey to the low, open mallee branches (Nano 

et al. 2012). Under this scenario, basal resprouting is likely to be the favoured fire 

response (Bellingham and Sparrow 2000), with resource allocated to underground 

storage reserves rather than to bark. Similarly, within the oaks (Quercus) in Florida, 

thin barked shrubby basal resprouting species were associated with low water 

availability, and periodic relatively high intensity fire (Cavender-Bares et al. 2004). 

While the bark thickness of mallee species was not correlated with fire, the close 

link between fire regime and bark thickness was most apparent within the genus 

Eucalyptus overall. In comparisons across phylogenies, considerable variation in 

bark allocation rates could be expected due to phylogeny driving (more 

conservative) life history traits other than bark thickness. For example, for some 

species, traits such as inherent growth rates and time to reach reproductive 

maturity may strongly affect their ability to persist in fire-prone environments (e.g. 

Gignoux 1997). Removing the effects of phylogeny provided very compelling 
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evidence for bark thickness being an adaptive response to fire regimes in Eucalyptus 

trees (see example of the almost perfect correlation in the northern box group). In 

addition, species that deviated the most from the linear pattern of increasing bark 

thickness with increasing local fire activity within Eucalyptus, occurred where fire 

regimes differed from the general gradient. Specifically, this relates to highly 

suppressed fire activity in the case of E. thozetiana, and, in the case of E. 

gongylocarpa, a distribution mostly under lower fire activity than where sampled. 

Together, patterns of bark allocation within Eucalytpus provide strong supporting 

evidence for relatively thick bark as an adaptive fire resilience trait. 

Eucalypt tree species are dominant over large areas of the fire-prone north of the 

study area (Wilson et al. 1990), and yet these dominant species include those with 

among the thinnest bark recorded under high local fire activity in this study. 

However, these eucalypts are all thinner-barked epicormic resprouters. Thus, the 

findings presented here support the contention that the phylogenetically 

conservative epicormic bud anatomy unique to the eucalypts contributes to their 

over-representation as canopy dominants in Australian fire-prone ecosystems 

(Lawes et al. 2011a; Burrows 2013; Cook and Crisp 2013). 

4.6 Limitations of this study 

Broad scale studies of plant traits necessarily conflate much natural variation into 

few categories, but can elucidate broad patterns that cannot be revealed by finer 

scale studies. Most of the limitations of this present study are scale-dependent and 

arise from the large sample scale. Future finer scale studies would be beneficial if 

they were designed to shed light on some of the more specific questions which 

remain unanswered. Most notably, local factors such as soil fertility and water 

availability may affect plant growth, and hence bark allocation, through their effect 

on the inter-fire period, which in turn affects the bark thickness threshold of fire-

resistance, and imposes limitations on resource allocation to bark. Studies focussing 

on finer-scale resource allocation would therefore likely prove highly informative. 

Simply classifying vegetation as broadly spinifex and non-spinifex types, for 

example, meant that much variation in fire activity and productivity, driven by soil 
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characteristics, was included within these vegetation types. Unfortunately, a lack of 

available data at fine-grained spatial resolution prevented the inclusion of other 

productivity measures, such as levels of soil phosphorus or local water availability, 

in predictive models of bark allocation. 

In addition, the relatively short time-span (1997 – 2010) of the available fire history 

relative to the mean fire-return time, especially in the more arid south, is 

problematic for the study of plant traits relating to persistence after fire. Indeed, 

the short fire history in relation to average fire return times led Nano and Clarke 

(2011) and Russell-Smith et al. (2012) to use rainfall as a surrogate for fire activity in 

the same region as the current study. While using fire history data directly was 

sufficient to detect patterns of bark allocation across a broad-scale gradient of fire 

activity, the short time-scale and coarse resolution of the fire history data precluded 

the use of more fine-scale analyses within broad vegetation types. 
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5.0 Conclusions 

The patterns of bark thickness observed in this study, in ecosystems characterised 

by low rainfall, were adequately explained by existing conceptual models of bark 

allocation across fire and productivity gradients developed in savanna ecosystems 

(Hoffmann et al. 2012; Lawes et al. 2013). In particular, the strong association of 

thick bark with the epicormic resprouting fire response, along with the increase in 

bark thickness observed with increasing fire frequency and severity, demonstrate 

that relative bark thickness is overwhelmingly driven by the need to acquire fire-

resistant stems. In epicormic resprouters, this need is dependent on fire return 

times relative to growth, which determine allocation rates needed to achieve the 

bark thickness fire-resistance threshold, as well as fire parameters such as fire 

intensity and residence time, which affect the bark thickness at which fire resistance 

is achieved. In contrast, basal resprouters and reseeders, which achieve fire 

resilience through bud banks or fire-cued seed banks respectively, do not need to 

obtain fire resistant stems, and consequently do not allocate resources to thick 

bark. 

Data presented in this thesis provide strong support for thick bark as an 

evolutionarily labile and adaptive trait for fire resistance in fire-prone habitats. , 

Removing the confounding effects of phylogeny (by examining bark allocation 

patterns within Eucalyptus) clearly demonstrated the sensitivity of bark thickness to 

fire regimes, and the strong association between thick bark and the epicormic 

resprouting fire response. In addition, greater allocation to bark was consistently 

observed in the species from higher fire activity environments in congeneric species 

pair comparisons, which included spinifex versus non-spinifex comparisons under 

low rainfall. 

Finally, because thick bark associated with epicormic resprouting was common 

across a number of phylogenies, it is a useful trait for modelling community 

dynamics under future fire regimes. The utility of relative bark thickness as a metric 

to quantify species fire resistance thus extends from savanna to the central 

Australian deserts, and is a useful plant trait for understanding woody plant 

dynamics in semi-arid fire-prone systems. 



 51 

6.0 References 

Albrecht, DE, Duguid, AW, Coulson, H, Harris, MG, Latz, PK (2007) Vascular plant 
checklist for the southern bioregions of the Northern Territory; nomenclature, 
distribution & conservation status. Northern Territory Herbarium, Alice Springs. 

Allan, GE (2009) Managing fire in the southern Tanami Desert. In GP Edwards and 
GE Allan (Eds.) Desert fire: fire and regional land management in the arid landscapes 
of Australia, DKCRC Report 37, Desert Knowledge Cooperative Research Centre, 
Alice Springs, pp. 17-78. 

Allan, GE, Southgate, RI (2002) Fire regimes in the spinifex landscapes of Australia. 
In RA Bradstock, JE Williams, AM Gill (Eds.) Flammable Australia: the fire regimes 
and biodiversity of a continent, Cambridge University Press, Cambridge, pp. 259-
277. 

Archibald, S, Lehmann, CER, Gomez-Dans, JL, Bradstock, RA (2013) Defining 
pyromes and global syndromes of fire regimes. PNAS 110(16), 6442-6447. 

Balfour, DA, Midgley, JJ (2006) Fire induced stem death in an African acacia is not 
caused by canopy scorching. Austral Ecology 31, 892-896. 

Barlow, J, Lagan, BO, Peres, CA (2003) Morphological correlates of fire-induced tree 
mortality in a central Amazonian forest. Journal of Tropical Ecology 19, 291-299. 

Barraclough, TG, Nee, S, Harvey, PH (1998) Sister-group analysis in identifying 
correlates of diversification. Evolutionary Ecology 12, 751-754. 

Bellingham, PJ, Sparrow, AD (2000) Resprouting as a life history strategy in woody 
plant communities. Oikos 89(2), 409-416. 

Bond, WJ (2008) What limits trees in C4 grasslands and savannas? The Annual 
Review of Ecology, Evolution, and Systematics 39, 641–59. 

Bova, AS, Dickinson, MB (2005) Linking surface-fire behaviour, stem heating, and 
tissue necrosis. Canadian Journal of Forest Research 35(4), 814-822. 

Bradstock, RA (2010) A biogeographic model of fire regimes in Australia: current 
and future implications. Global Ecology and Biogeography 19, 145-158. 

Brando, PM, Nepstad, DC, Balch, JK, Bolker, B, Christman, MC, Coe, M, Putz, FE 
(2012) Fire-induced tree mortality in a Neotropical forest: the roles of bark traits, 
tree size, wood density and fire behaviour. Global Change Biology 18, 630-641. 

Brooker, MIH, Kleinig, DA (2004) Field guide to Eucalypts Volume 3 Northern 
Australia 2nd Edition. Blooming Books, Melbourne. 

Burnham, KP, Anderson, DR (2002) Model selection and multimodal inference: A 
practical information-theoretic approach. Springer-Verlag, New York. 

Burrows, GE (2002) Epicormic strand structure in Angophora, Eucalyptus and 
Lophostemon (Myrtaceae) – implications for fire resistance and recovery. New 
Phytologist 153, 111–131. 

Burrows, GE (2013) Buds, bushfires and resprouting in the eucalypts. Australian 
Journal of Botany 61, 331-349. 



 52 

Burrows, GE, Hornby, SK, Waters, DA, Bellairs, SM, Prior, LD, Bowman, DMJS (2010) 
A wide diversity of epicormic structures in present in Myrtaceae species in the 
northern Australian savanna biome – implications for adaption to fire. Australian 
Journal of Botany 58, 493-507. 

Burrows, ND, Ward, B, Robinson, A (2009) Fuel dynamics and fire spread in spinifex 
grasslands of the western desert. Proceedings of the Royal Society of Queensland 
115, 69-76. 

Catry, FX, Rego, F, Moreira, F, Fernandes, PM, Pausas, JG (2010) Post-fire mortality 
in mixed forests of central Portugal. Functional Ecology & Management 260(7), 
1184-1192. 

Cavender-Bares, J, Kitajima, K, Bazzaz, FA (2004) Multiple trait associations in 
relation to habitat differentiation among 17 Floridian oak species. Ecological 
Monographs 74(4), 635-662. 

Clarke, PJ, Lawes, MJ, Midgley, JJ, Lamont, BB, Ojeda, F, Burrows, GE, Enright, NJ, 
Knox, KJE (2013) Resprouting as a key functional trait: how buds, protection and 
resources drive persistence after fire. New Phytologist 197, 19-35. 

Clarke, PJ, Lawes, MJ, Murphy, BP, Russell-Smith, J, Nano, C, Bradstock, R, Enright, 
N, Fontaine, J, Gosper, C, Radford, I, Midgley, JJ, Gunton, R, Hoffmann, W (in 
preparation) Post-fire recovery traits of woody plants in Australian ecosystems. A 
continental synthesis for predicting the effects of changing fire regimes. 

Crisp, MD, Burrows, GE, Cook, LG, Thornhill, AH, Bowman, DMJS (2011) Flammable 
biomes dominated by eucalypts originated at the Cretaceous-Paleogene boundary. 
Nature Communications 2, 193. doi: 10.1038/ncomms1191 

Crisp, MD, Cook, LG (2013) How was the Australian flora assembled over the last 65 
million years? A molecular phylogenetic perspective. Annual Review of Ecology, 
Evolution and Systematics 44, 303-324. 

Crowley, G, Gardiner, M, Marrinan, M (2007) Tropical savannas fire response 
database. Tropical Savannas Cooperative Research Centre, Darwin. 

Dantas, VL, Batalha, MA, Pausas, JG (2013) Fire drives functional thresholds on the 
savanna-forest transition. Ecology 94(11), 2454-2463. 

Dantas, VL, Pausas, JG (2014) The lanky and the corky: fire-escape strategies in 
savanna woody species. Journal of Ecology 101, 1265-1272. 

Dickinson, MB, Johnson EA (2004) Temperature-dependent rate models of vascular 
cambium cell mortality. Canadian Journal of Forest Research 34(3), 546-559. 

Fink, S (1983) The occurrence of adventitious and preventitious buds within the 
bark of some temperate and tropical trees. American Journal of Botany 70(4), 532-
542. 

Gignoux, J, Clobert, J, Menaut, JC (1997) Alternative fire-resistance strategies in 
savanna trees. Oecologia 110, 576-583. 

Gill, AM, Brack, CL, Hall, T (1982) Bark probe – an instrument for measuring bark 
thickness of eucalypts. Australian Forestry 45(3), 206-208. 



 53 

Greenville, AC, Dickman, CR, Wardle, GM, Letnic, M (2009) The fire history of an 
arid grassland: the influence of antecedent rainfall and ENSO. International Journal 
of Wildland Fire 18, 631-639. 

Griffin, G (1989) Spinifex, fire and rain. MSc Thesis, Maquarie University, Sydney. 

Griffin, GF, Price, NF, Portlock, HF (1983) Wildfires in the Central Australian 
Rangelands, 1970-1980. Journal of Environmental Management 17, 311-323. 

Harmon, ME (1984) Survival of trees after low-intensity surface fires in Great Smoky 
Mountains National Park. Ecology 65(3), 796-802. 

Haydon, DT, Friar, JK, Pianka, ER (2000) Fire-driven dynamic mosaics in the Great 
Victoria Desert, Australia. Landscape Ecology 15, 407-423. 

Hempson, GP, Midgley, JJ, Lawes, MJ, Vickers, KJ, Kruger, LM (2014) Comparing bark 
thickness: testing methods with bark-stem data from two South African fire-prone 
biomes. Journal of Vegetation Science 25, 1247–1256. 

Heywood, MR (1993) A survey on the current status of Eucalyptus thozetiana in the 
Northern Territory. Conservation Commission of the Northern Territory, Alice 
Springs. 

Hodgkinson, KC (2002) Fire regimes in Acacia wooded landscapes: effects on 
functional processes and biological diversity. In RA Bradstock, JE Williams, AM Gill 
(Eds.) Flammable Australia: the fire regimes and biodiversity of a continent. 
Cambridge University Press, Cambridge pp. 259-277. 

Hoffmann, WA, Solbrig, OT (2003) The role of topkill in the differential response of 
savanna woody species to fire. Forest Ecology & Management 180, 273-286. 

Hoffmann, WA, Adamse, R, Haradisan, M, deCarvalho, MT, Geiger, EL, Pereira, MAB, 
Gotsch, SG, Franco, AC (2009) Tree topkill, not mortality, governs the dynamics of 
savanna-forest boundaries under frequent fire in central Brazil. Ecology 90(5), 1326-
1337. 

Hoffmann, WA, Franco, AC (2008) The importance of evolutionary history studies of 
plant physiological ecology: examples from cerrados and forests of central Brazil. 
Brazilian Journal of Plant Physiology 20(3), 247-256. 

Hoffmann, WA, Geiger, EL, Gotsch, SGT, Rossatto, DR, Silva, LCR, Lau, OL, Haridasan, 
M, Franco, AC (2012) Ecological thresholds at the savanna-forest boundary: how 
plant traits, resources and fire govern the distribution of tropical biomes. Ecology 
Letters 15, 759-768. 

Hutley, LB, Beringer, J, Isaac, PR, Hacker, JM, Cernusak, LA (2011) A sub-continental 
scale living laboratory: Spatial patterns of savanna vegetation over a rainfall 
gradient in northern Australia. Agricultural and Forest Meteorology 151, 1417– 
1428. 

Jackson, JF, Adams DC, Jackson, UB (1999) Allometry of constitutive defence: a 
model and a comparative test with tree bark and fire regime. The American 
Naturalist 153(6), 614-632. 

Jessop, JP (Ed.) (1985) Flora of central Australia. 2nd ed. Reed Books, Melbourne. 



 54 

Knox, KEJ, Clarke, PJ (2011) Fire severity and nutrient availability do not constrain 
resprouting in forest shrubs. Plant Ecology 212, 1967-1978. 

Lawes, MJ, Adie, H, Russell-Smith, J, Murphy, B, Midgley, JJ (2011a) How do small 
savanna trees avoid stem mortality by fire? The roles of stem diameter, height and 
bark thickness. Ecosphere 2(4), 1-13. 

Lawes, MJ, Richards, A, Dathe, J, Midgley, JJ (2011b) Bark thickness determines fire 
resistance of selected tree species from fire-prone tropical savanna in north 
Australia. Plant Ecology 212, 2057-2069. 

Lawes, MJ, Midgley, JJ, Clarke, PJ (2013) Costs and benefits of relative bark 
thickness in relation to fire damage: a savanna/forest contrast. Journal of Ecology 
101(2), 517-524. 

Maslin, BR (coordinator) (2001). WATTLE: Acacias of Australia. CD-ROM, Version 1.0 
Australian Biological Resources Study, Canberra, and Department of Conservation 
and Land Management, Perth. 

Michaletz, ST, Johnson, EA (2007) How forest fires kill trees: a review of the 
fundamental biophysical processes. Scandinavian Journal of Forest Research 22, 
500-515. 

Michaletz, ST & Johnson, EA (2008) A biophysical process model of tree mortality in 
surface fires. Canadian Journal of Forest Research 38, 2013-2029. 

Midgley, JJ, Lawes, MJ, Chamaille-James, S (2010) Savanna woody plant dynamics: 
the role of fire and herbivory, separately and synergistically. Australian Journal of 
Botany 58, 1-11. 

Morton, SR, Stafford Smith, DM, Dickman, CR, Dunkerley, DL, Friedel, MH, 
McAllister, RRJ, Reid, JRW, Roshier, DA, Smith, MA, Walsh, FJ, Wardle, GM, Watson, 
IW, Westoby, M (2011) A fresh framework for the ecology of arid Australia. Journal 
of Arid Environments 75, 313-329. 

Murphy, BP, Bradstock, RA, Boer, MM, Carter, J, Cary, GJ, Cochrane, MA, Fensham, 
RJ, Russell-Smith, J, Williamson, GJ, Bowman, DMJS (2013) Fire regimes of Australia: 
a pyrogeographic model system. Journal of Biogeography 40, 1048-1058. 

Murphy, BP, Parton, P, Prior, LD, Boggs, GS, Franklin, DC, Bowman, DMJS (2010) 
Using generalized autoregressive error models to understand fire-vegetation-soil 
feedbacks in a mulga-spinifex mosaic. Journal of Biogeography 37, 2169-2182. 

Nano, CEM, Bowland, AE, Nano, TJ, Raghu, S, Pavey, CR (2012) Demographic hurdles 
to persistence in Acacia peuce (F. Muell.): effects of resources, fire and browsing on 
a threatened keystone tree species from arid Australia. Journal of Arid Environments 
80, 17-26. 

Nano, CEM, Clarke, PE (2008) Variegated desert vegetation: Covariation of edaphic 
and fire variables provides a framework for understanding mulga-spinifex 
coexistence. Austral Ecology 33, 848-862. 

Nano, CEM, Clarke, PJ (2011) How do drought and fire influence the patterns of 
resprouting in Australian deserts? Plant Ecology 212, 2095-2110. 



 55 

Nano, CEM, Clarke, PJ (2012) Fire regimes in arid hummock grasslands and Acacia 
shrublands. In RA Bradstock, AM Gill, RJ Williams (Eds.) Flammable Australia: fire 
regimes, biodiversity and ecosystems in a changing world. CSIRO Publishing, 
Collingwood, VIC. pp. 195-214. 

Nano, C, Harris, M, Pavey, CR (2007). National recovery plan for threatened Acacias 
and Ricinocarpos gloria-medii in central Australia. Northern Territory Department of 
Natural Resources, Environment and the Arts, Alice Springs. 

Nefabas, LL, Gambiza, J (2007) Fire-tolerance mechanisms of common woody plant 
species in a semiarid savanna in south-western Zimbabwe. African Journal of 
Ecology 45, 550-556. 

Nicholas, AMM, Franklin, DC, Bowman, DMJS (2009) Coexistence of shrubs and 
grass in a semi-arid landscape: a case study of mulga (Acacia aneura, Mimosaceae) 
shrublands embedded in fire-prone spinifex (Triodia pungens, Poaceae) hummock 
grasslands. Australian Journal of Botany 57, 396-405. 

Noy-Meir, I (1973) Desert ecosystems: environment and producers. Annual Review 
of Ecology and Systematics 4, 25-51. 

O’Grady, AP, Cook, PG, Eamus, D, Dugiud, A, Wischusen, JDH, Fass, T, Worldege, D 
(2009) Convergence of tree water use within an arid-zone woodland. Oecologia 
160, 643-655. 

Ojeda, F, Pausas, JG, Verdu, M (2010) Soil shapes community structure through fire. 
Oecologia 163, 729-735. 

Orians, GH, Milewski, AV (2007) Ecology of Australia: the effects of nutrient-poor 
soils and intense fires. Biological Reviews 82, 393-423. 

Paine, CET, Stahl, C, Courtois, EA, Patino, S, Sarmiento, C, Baralato, C (2010) 
Functional explanations for variation in bark thickness in tropical rainforest trees. 
Functional Ecology 24, 1202-1210. 

Pausas, JG (2014) Bark thickness and fire regime. Functional Ecology. doi: 
10.1111/1365-2435.12372 

Pausas, JG, Bradstock, RA (2007) Plant persistence fire traits along a productivity 
and resource gradient in Mediterranean shrublands of SE Australia. Global Ecology 
and Biogeography 16, 330-340. 

Pausas, JG, Bradstock, RA, Keith, DA, Keeley, JE and the GCTE (Global Change of 
Terrestrial Ecosystems) Fire Network (2004) Plant functional traits in relation to fire 
in crown-fire ecosystems. Ecology 85(4), 1085-1100. 

Pausas, JG, Paula, S (2012) Fuel shapes the fire-climate relationship: evidence from 
Mediterranean ecosystems. Global Ecology and Biogeography 21, 1074-1082. 

Pausas, JG, Ribeiro, E (2013) The global fire productivity relationship. Global Ecology 
and Biogeography 22, 728-736. 

Pinard, MA, Huffman, J (1997) Fire resistance and bark properties of trees in a 
seasonally dry forest in eastern Bolivia. Journal of Tropical Ecology 13, 727-740. 



 56 

Poorter, L, McNeil, A, Hurtado, V-H, Prins, HHT, Putz, FE (2013) Bark traits and life-
history strategies of tropical dry- and moist forest trees. Functional Ecology 28, 232-
242. 

Rossatto, DR, Hoffmann, WA, Franco, AC (2009) Differences in growth patterns 
between co-occurring forest and savanna trees affect the forest-savanna boundary. 
Functional Ecology 23, 689-698. 

Rosell, JA, Gleason, S, Mendez-Alonso, R, Chang, Y, Westoby, M (2014) Bark 
functional ecology: evidence for tradeoffs, functional coordination, and 
environment producing bark diversity. New Phytologist 201, 486-497. 

Russell-Smith, J (1991) Classification, species richness, and environmental relations 
of monsoon rain forest in northern Australia. Journal of Vegetation Science 2, 259-
278. 

Russell-Smith, J, Yates, CP, Brock, C, Westcott, VC (2010) Fire regimes and interval-
sensitive vegetation in semiarid Gregory National Park, northern Australia. 
Australian Journal of Botany 58, 300-317. 

Russell-Smith, J, Yates, CP, Whitehead, PJ, Smith, R, Craig, R, Allan, GE, Thackway, T, 
Frakes, I, Cridland, S, Meyer, MCP, Gill, AM (2007) Bushfires ‘down under’: patterns 
and implications of contemporary Australian landscape burning. International 
Journal of Wildland Fire 16, 361-377. 

Russell-Smith, J, Yates, CP, Grace, B (2012) Fire persistence traits can be used to 
predict vegetation response to changing fire regimes at expansive landscape scales 
– an Australian example. Journal of Biogeography 39, 1657-1668. 

Schwilk, DW, Gaetani, MS, Poulos, HM (2013) Oak bark allometry and fire survival 
strategies in the Chihuahuan Desert Sky Islands, Texas, USA. PLOS one 8(11) 

Silva, DM, Batalha, MA, Cianciaruso, MV (2013) Influence of fire history and soil 
properties on plant species richness and functional diversity in a Neotropical 
savanna. Acta Botanica Brasilica 27(3), 490-497. 

Silvertown, J, Dodd, M (1996) Comparing Plants and Connecting Traits. Philosophical 
Transactions of the Royal Society 351(1345), 1233-1239. 

Simon, MF, Pennington, T (2012) Evidence for adaption to fire regimes in the 
tropical savannas of the Brazilian cerrado. International Journal of Plant Science 
173(6), 711-723. 

Slee, AV, Brooker, MIH, Duffy, SM, West, JG (2006) Euclid: eucalypts of Australia. 
3rd ed. CSIRO, Canberra. 

Trauernicht, C, Murphy, BP, Portner, TE, Bowman, DMJS (2012) Tree cover–fire 
interactions promote the persistence of a fire-sensitive conifer in a highly 
flammable savanna. Journal of Ecology, 100, 958–968. 

Tucker, CJ, Pinzon, JE, Brown, ME, Slayback, DA, Pak, EW, Mahoney, R, Vermote, EF, 
El Saleous, N (2005) An extended AVHRR 8-km NDVI dataset compatible with 
MODIS and SPOT vegetation NDVI data. International Journal of Remote Sensing, 
26, 4485–4498. 



 57 

Turner, D, Lewis, M, Ostendorf, B (2011) Spatial indicators of fire risk in the arid and 
semi-arid zone of Australia. Ecological Indicators 11, 149-167. 

Turner, D, Ostendorf, B, Lewis, M (2008) An introduction to patterns of fire in arid 
and semi-arid Australia, 1998-2004. The Rangeland Journal 30, 95-107. 

Uhl, C, Kaufmann, JB (1990) Deforestation, fire susceptibility and potential tree 
response to fire in the eastern Amazon. Ecology 71(2), 437-449. 

VanderWeide, BL, Hartnett, DC (2011) Fire resistance of tree species explains 
historical gallery forest community composition. Forest Ecology and Management 
261, 1530-1538. 

van Mangtem, P, Schwartz, M (2003) Bark heat resistance of small trees in 
Californian mixed conifer forests: testing some model assumptions. Forest Ecology 
and Management 178, 341-352. 

van Nieuwstadt, MGL, Shiel, D (2005) Drought, fire and tree survival in a Borneo rain 
forest, East Kalimantan, Indonesia. Journal of Ecology 93, 191-201. 

Vesk, PA, Westoby, M (2004) Funding the bud bank: a review of the cost of buds. 
Oikos, 106, 200-208. 

Vines, RG (1968) Heat transfer through bark and the resistance of trees to fire. 
Australian Journal of Botany 16, 499-514. 

Ward, BG, Bragg, T,& Hayes, BA (2014) Relationship between fire-return interval 
and mulga (Acacia aneura) regeneration in the Gibson Desert and Gascoyne-
Murchison regions of Western Australia. International Journal of Wildland Fire 23, 
394-402. 

Wilson, BA, Brocklehurst, PS, Clark, MJ, Dickinson, KJM (1990) Vegetation survey of 
the Northern Territory, Australia. Conservation Commission of the Northern 
Territory, Palmerston. 

Woinarski, JCZ, Fisher, A (1995) Wildlife of Lancewood (Acacia shirleyi) Thickets and 
Woodlands in Northern Australia. 2. Comparisons with Other Environments of the 
Region (Acacia Woodlands, Eucalyptus Savanna Woodlands and Monsoon 
Rainforests). Wildlife Research 22, 413-443. 

Wolfe, BT, Saldana Diaz, GE, Van Bloem, SJ (2014) Fire resistance in a Caribbean dry 
forest: inferences from the allometry of bark thickness. Journal of Tropical Ecology 
30, 133-142. 

Wright, BR, Clarke PJ (2007) Fire regime (recency, interval and season) changes the 
composition of spinifex (Triodia spp.)-dominated desert dunes. Australian Journal of 
Botany 55, 709-724. 

Wright, BR, Clarke PJ (2008) Relationships between soil temperatures and 
properties of fire in feathertop spinifex (Triodia schinzii (Henrard) Lazarides) 
sandridge desert in central Australia. The Rangeland Journal 30, 317-325. 

 


