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A B S T R A C T

Globally, fire regimes are changing with more frequent fires, longer fire seasons, and burning in places and times 
where fire was once rare. To mediate fire risk, prescribed burning is often used to reduce fuel but in some 
ecosystems increasing fire frequency has been implicated with negative ecological outcomes. Here, we investi
gate interactions of fire frequency and basal hollow development, a precursor to structural failure, on a giant tree 
species (red tingle, Eucalyptus jacksonii) in southwestern Australia. We stratified sampling (n = 622 large trees) 
by fire history data (1953–2021) to create 1-ha areas of red tingle forest by number of times burnt: long unburnt 
(LUB; 0); low (1− 3), moderate (4− 6); high (7 +). For each area we quantified: large tree (>100 cm diameter at 
breast-height) density, tree diameter, and basal hollows (proportion and extent) across and between stands. 
Mean large tree density across all stands was 15.7 ha− 1 with the lowest density in high fire frequency stands 
(14.0 ± 0.8). For our smallest size class trees (100 cm DBH), high fire frequency stands were more likely to have 
basal hollows (31 % of trees) compared to LUB (20 %); low (17 %); and moderate (21 %). Our work shows a 
positive association between fire frequency and the frequency, size, and initial development of basal hollows. 
The implication of this research is that increased fire frequency may be resulting in losses of large individuals, 
potentially leading to a demographic squeeze. Future climate and fire scenarios will require transparently 
weighing up ecological impacts alongside fire risk to inform best practice land management.

1. Introduction

Large, old trees play critical roles in forest function (Lutz et al., 
2018), while also providing sociocultural (Blicharska and Mikusiński, 
2014) and ecotourism benefits (Hughes and Morrison-Saunders, 2003). 
In order for individual trees to reach old age and become large, they 
must persist through their local disturbance regime (Lindenmayer and 
Laurance, 2017). However, in many regions disturbances and particu
larly fire regimes are rapidly changing (Harvey and Enright, 2022). Our 
understanding of a species’ response to disturbances influences our 
ability to actively manage forests for the development, retention and 
conservation of large/old trees, which in turn has social, cultural and 
ecological outcomes (Lindenmayer et al., 2014).

Fire represents a major driver of ecosystem structure, species 
regeneration and composition, and evolution of plant persistence traits 

(Keeley et al., 2011). Thus altering a fire regime can have substantial 
positive or negative ecological impacts (e.g. see Keeley et al., 2011). 
Factors including human intervention and increased population of 
people living in or near forests, plus climate change has increased fre
quency and intensity of fires in many ecosystems. These increases have 
also motivated human-managed intentional fire, or prescribed burning, 
in an effort to reduce wildfire risk to people and property (Duane et al., 
2021). In order for individual trees to persist to old age, they must 
withstand multiple fire events, which have the potential for com
pounding damage (e.g. see Fairman et al., 2015). Thus, small changes in 
frequency may result in significant ecological impacts, thereby high
lighting the importance of tools to monitor sublethal impacts, and the 
development of more nuanced fire management strategies based on 
species response to fire regimes.

Plant functional traits, such as thick bark and resprouting, provide a 
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means to understand a species’ population persistence within its local 
fire regime. In many eucalypts, epicormic resprouting allows the tree to 
quickly regain canopy function following defoliation, and lignotubers at 
the base allow individuals to regrow if the main stem is killed (Clarke 
et al., 2013). However, resprouting capacity can be depleted by short 
interval fires even for fire tolerant species (Fairman et al., 2019). For 
species with a weak lignotuber resprouting capacity will be limited, or 
non-existent, if the tree collapses, thus further highlighting ecological 
concerns to altered fire regimes. In many fire-tolerant species, thick bark 
protects internal wood which provides critical structural support for the 
canopy, particularly for large trees (Pausas, 2015). Species not well 
adapted to frequent fire, may experience accelerated loss of internal 
wood volume, resulting in the premature loss of structural integrity and 
of mature individuals.

Fires can also damage or injure trees, making wound response an 
important persistence mechanism. The ability of a tree to withstand 
injuries is based on compartmentalisation of wounding via physical or 
chemical barriers to limit the effects of decay (Shigo and Marx, 1977). 
For example, in many eucalypts the development of gum/kino veins is a 
fundamental response to wounding and their location within the wood 
indicates their wound response method, with phloem kino veins being 
shed and xylem kino veins being eventually incorporated into the 
heartwood (Tippett, 1986). Excessive damage to the base of the main 
bole can result in cavities if insufficient time is available to repair the 
damage (frequently referred to as fire caves, cat faces, hollow butting, or 
basal hollows). They are created when a fire burns through the outer 
bark and leaves behind a charred, hollow interior. Over time, these 
hollows enlarge as the damaged tree continues to grow and charred 
wood decays, leaving a large, open cavity within the trunk. Future fires 
burning in existing hollows have the potential to damage water trans
port through xylem deformation (e.g. see Michaletz et al., 2012). 
Further, excessive basal hollows, i.e. more than 70 % hollow, can reduce 
the structural integrity increasing susceptibility to tree collapse 
(Mattheck et al., 2006). Thus, while many trees have adaptive wound 
responses allowing them to persist through fires, repeated or severe 
damage, can overwhelm these mechanisms.

The role of fire in basal hollow formation and corresponding risk to 
structural integrity of large trees is an understudied process that is not 
widely monitored. The broad fire prone nature of southwestern 
Australia, paired with active prescribed burning practices makes the 
region ideal for studying ecological impacts of altered fire regimes and 
developing tools to quantify and monitor changes. Red tingle (Eucalyptus 
jacksonii) is a narrow range endemic tree that is fire sensitive due in part 
to developing large basal hollows, eventually leading to their collapse. 
Despite being the foundational species for a locally iconic ecosystem 
within a global biodiversity hotspot (Wardell-Johnson and Williams, 
1996, Myers et al., 2000), the ability of red tingle to withstand altered 
fire regimes is poorly understood. As such, red tingle provides an ideal 
reference species for forest management in a changing climate, partic
ularly the relationship between basal hollows and fire history both of 
which are readily quantifiable and amenable to on ground monitoring.

Our primary objective was to investigate the influence of fire fre
quency and tree size on hollow formation in large red tingle trees. We 
hypothesised that stands with more frequent fire would have a higher 
proportion of trees with basal hollows and those hollows would be more 
extensive presenting a readily quantifiable potential assay of structural 
vulnerability. To assess this, we asked four main questions: 1) Are there 
fewer large trees in high fire frequency stands? 2) Are the proportion of 
trees with basal hollows higher in stands with more frequent fire? 3) Are 
the basal hollows larger in stands with more frequent fire? 4) Do hollows 
start at a smaller diameter with more frequent fire? We addressed these 
questions to gain new insights into the causes and consequences of basal 
damage for large eucalypts, a key knowledge gap for red tingle with 
implications for fire management more broadly. A further output of this 
work is a simple protocol applicable to all large trees for hollow 
assessment, similar to dead tree (snag) decay classes (Maser, 1984).

2. Materials and methods

2.1. Study area

Southwestern Australia is a globally recognised biodiversity hotspot 
due to its exceptional concentration of endemic species, though the re
gion is under threats from processes including altered fire regimes and 
climate change impacts including declining rainfall and increased tem
perature including heatwave induced tree mortality(Myers et al., 2000, 
Hammond et al., 2022, Hartmann et al., 2022). The region experiences a 
Mediterranean-type climate with warm/dry summers and cool/wet 
winters.

Red tingle forest is approximately 5600 ha of tall/wet eucalypt forest 
confined to deep loamy soils in the highest rainfall zone of southwestern 
Australia (Wardell-Johnson and Coates, 1996). Red tingle are forest 
giants capable of reaching up to 70 m in height, although more 
commonly 40–50 m (Tng et al., 2012). The species is best known for its 
impressive girth as one of the largest circumference trees in Australia 
(Williams et al., 2023). Annual rainfall across red tingle forest is in 
excess of 1100 mm with most precipitation occurring during winter 
(June-August). Summer is typically drier, but with periodic showers. 
Mean monthly maximum temperatures during summer vary from 25 to 
26 ◦C.

2.2. Fire history

Red tingle forest has a very limited distribution (Wardell-Johnson 
and Coates, 1996), and has existed since well before Noongar First 
Peoples occupation that dates to at least 50,000 years BP (Turney et al., 
2001). Red tingle forest is of socio-cultural importance to Noongar 
peoples who especially recognise the fire sensitive nature of the species, 
and prior to European colonisation, the forest was not known to have 
been intentionally burned by First Nations People (pers. Comm. W. 
Webb 2022; pers. Comm. L. Knapp 2022; see also Zylstra et al., 2023). 
Contemporary application of prescribed burning in red tingle forest 
became prevalent in the 1970s (McCaw et al., 1999b). Anderson et al. 
(in review) analysed contemporary fire history finding mean fire in
tervals of 25 years across all red tingle stands, with a mean of 2.7 fire or 
prescribed burn events between 1953 and 2021. Wildfires are histori
cally infrequent in red tingle forest, with records of significant fires 
occurring in 1937, 1951, 1987 and 2000 (Wardell-Johnson, 2000).

Contemporary prescribed burns in red tingle forest are carried out 
during summer months when soil moisture and surface fuels are dry 
enough to carry fire. Machinery is used to flatten understory and mid
story vegetation within 50–100 m of the road, which is then left to dry 
out. This process is referred to locally as ‘scrub rolling.’ Once burnt, the 
scrub rolled area provides a more complete burn edge to improve fire- 
fighter safety and reduce escapes. Individual trees within the scrub 
rolled area are also given extra attention with rake-hoes to remove 
flammable material from their base and retardant sprayed on their bark 
up to 30 m (Anderson et al. in review).

2.3. Site selection

Sampling of red tingle forest was stratified across fire frequency to 
test our hypothesis that stands with more frequent fire would have 
higher proportions of trees with basal hollows, and those hollows would 
be more extensive. We used a publicly available fire history spatial data 
set maintained by the Western Australian Department of Biodiversity, 
Conservation and Attractions (DBCA-060; see DBCA, 2022). Fire history 
data was combined with the known distribution of red tingle to create 
one hectare grids of unique fire histories for red tingle stands. Field 
sampling was then stratified across these grids based on classes from the 
number times burnt between 1953 and 2021: long unburnt (LUB; 0), low 
(1− 3), moderate (4− 6), and high (7 +), which correspond to fire in
tervals of approximately once every 20–60 + years (low,) 10–20 years 
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(moderate), and at sub-decadal frequency (high). We used bulked cat
egories to minimise impacts from known database limitations, and 
changed mapping over the DBCA-060 dataset history, particularly for 
fires prior to 1971 (Hamilton et al., 2009). Despite historical mapping 
limitations, DBCA-060 represents the most comprehensive fire history 
data set in Western Australia and includes spatial extent of every fire 
incident in red tingle forest since 1953.

All sites were located on loamy soils with annual rainfall between 
1100 and 1200 mm (Fig. 1). Moderate and high fire frequency stands 
were concentrated near the town of Walpole where prescribed burning is 
more frequently employed. Topography of the sites was generally flat 

hilltops, with the LUB stands on a moderate slope.
To assess variations in stand structure associated with fire history, we 

used the one-hectare grids generated above as sampling units and 
measured every large red tingle (defined here as >100 cm DBH) within 
the grid cell. Where possible, we supplemented the one-hectare grids by 
purposely sampling additional trees within neighbouring cells of the 
same fire history, which were included together in a site category to 
allow spatial partitioning during statistical testing.

Fig. 1. Tree sampling locations coloured by contemporary fire history (1953–2021) across the main distribution of red tingle forest in southwest Australia (A). 
Examples of red tingle tree structure with large hollows (B-D; photos authors) and a hollow burning after a prescribed burn (Photo Walpole-Nornalup Parks 
Association).
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2.4. Data collection

To assess basal hollows we first developed a basal damage classifi
cation system as a consistent method for comparing hollow development 
at the base of red tingle. Our system stemmed from first principles of tree 
wound response and decay (Shigo and Marx, 1977, Tippett, 1986), and 
expected interactions with fire. Based on a visual assessment of basal 
integrity, we assigned each tree a category from 0 to 5 (Fig. 2). Cate
gories progressed from no damage (0), dry siding with no decay present 
(1), dry siding with decay or charring (2), any small to moderate hollow 
present (3), moderate to large hollow (4) and finally a tree standing on 
‘legs’ or with extensive holes in the back resembling ‘Swiss cheese’ (5). A 
hollow was deemed moderate to large (category 4) when the height of 
the hollow was greater than the tree diameter, or the depth was greater 
than 50 % of the tree. These categories represent the conceptual pro
gression of a single hollow within an individual tree, where an initial 
wound advances to a structurally compromising basal hollow. By using 
this conceptual model as a visual assessment tool, we could efficiently 
differentiate between varying levels of basal tree damage.

Field surveys recorded variations in tree and hollow characteristics 
(DBH, presence/absence of basal hollows, maximum hollow depth at 
DBH) for each tree. These measurements enabled calculation of the 
proportion of the bole that was hollow allowing comparison to a known 
threshold of 70 % hollow associated with structural failure (Mattheck 
et al., 2006). Such a metric of structural integrity represents a novel 
addition to traditional tree and stand monitoring protocols potentially 
enabling an easily executable assessment of tree and stand structural 
vulnerability to subsequent disturbance.

2.5. Data analysis

To assess differences in stand structure and basal hollows associated 
with fire frequency we plotted means and 95 % confidence intervals for 
large tree density, tree diameter, and hollow depth. We visualised stand 

scale differences in basal hollows with a stacked bar chart and ridgeline 
density plot at different categories of basal hollow formation. We used a 
logistic regression to quantify probability of hollow presence by tree 
diameter for each fire history. We anticipated all stands would appear as 
an S-shaped sigmoid curve, where very few small diameter trees were 
hollow and nearly all very large diameter trees were hollow. For tree 
density, we assessed statistical significance with a generalised linear 
model. We used mixed effects models for tree diameters, and hollow 
depth with site as a random effect. For all statistical tests significance 
was set at p = 0.05. All analysis was completed in R (version 4.2.2) using 
the “tidyverse” suite of packages (Wickham et al., 2019) for data 
wrangling and visualisation, “ggridges” (Wilke, 2022) for ridgeline 
plots, with the “caret” (Kuhn, 2022) and “lme4” (Bates et al., 2015) 
packages for statistical analysis.

3. Results

3.1. Stand structure

Across all stands, mean density of large red tingle was 15.7 ha− 1 

(range 14.0–16.2) High fire frequency had the lowest density of large 
trees (14.0 ± 0.8 trees) with statistically significant differences between 
both moderate (16.2 ± 0.8 trees; t = 3.28; p = 0.001) and LUB stands 
(15.9 ± 1.7 trees; t = 2.01; p = 0.045, Table 1). Across all trees, mean 
DBH was (186.0 cm ± 5.2, n = 622) and within frequency class 
maximum DBH of 455 cm (LUB), 512 cm (low), 575 cm (moderate), and 
378 cm (high). Across all sampling locations, mean DBH of LUB trees 
were 20–30 cm smaller than in other stands, and LUB (166.5 ± 13.0 cm) 
was the only stand with statistically significant differences to high fre
quency (189.2 ± 11.3 cm; t = -2.22, p = 0.027; Fig. 3B; Table 1).

3.2. Basal hollows

Across all stands the proportion of trees with basal hollows (category 

Fig. 2. Conceptual progression of hollow formation in Eucalyptus jacksonii as used for visual assessment during field sampling. Categories are: 0) No visible dry siding 
or hollowing at the base; 1) Uncharred dry siding present, no visible hollowing present: 2) Dry siding with decay, either fungal or charring: 3) Small to moderate 
hollow(s) present (approximate dimension range or proportion of hollow): 4) Large individual hollow or multiple small/moderate sized hollows merging 
(approximate dimension range or proportion of hollow): 5) Extensive hollowing visible, tree appears to be ‘standing on legs’ (approximate dimension range or 
proportion of hollow).
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3–5) was 0.44 and varied between 0.38 (low) and 0.48 (moderate), with 
a trend of more hollow trees at moderate and high frequency (Fig. 3C). 
The highest proportion of category “5” trees (i.e. with large hollows, 
refer categories in Fig. 2) was in the LUB (0.16) and high frequency 
stands (0.19). In contrast, there were more category “4” trees in the low 
(0.14) and moderate (0.18) frequency stands. Throughout all stands 

there were very few category “1” trees, and the highest proportion was 
in moderate (0.03). The modal category for trees was a “0” with pro
portions ranging from 0.40 to 0.46 (high and low fire respectively). 
Mean hollow proportion of the tree that was hollow ranged from low 
frequency (0.49 ± 0.09) to high frequency (0.60 ± 0.09; Fig. 3D) with 
none of the confidence intervals exceeding a 0.70 threshold of structural 

Table 1 
Generalised linear model results for fire frequency impacts on density of large trees per hectare (generalised linear model), and mixed effects model results for fire 
frequency impacts on extent of hollows at breast height, diameter at breast height (DBH) and DBH for trees with/without hollows.

Stand density Hollow extent Tree diameter Tree diameter with and 
without hollows

Predictors Estimates Statistic p Estimates Statistic p Estimates Statistic p Estimates Statistic p

(Intercept) 14.01 
(13.00 – 
15.02)

27.09 < 0.001 0.60 
(0.52 – 
0.68)

14.66 < 0.001 189.35 
(176.91 – 
201.80)

29.88 < 0.001 178.72 
(163.25 – 
194.18)

22.70 < 0.001

Fire frequency 
[Moderate]

2.21 
(0.89 – 
3.53)

3.28 0.001 − 0.06 
(− 0.15 – 
0.04)

− 1.13 0.261 − 4.08 
(− 18.48 – 
10.32)

− 0.56 0.578 − 20.35 
(− 38.62 – 
− 2.07)

− 2.19 0.029

Fire frequency 
[Low]

0.73 
(− 0.60 – 
2.05)

1.07 0.283 − 0.11 
(− 0.23 – 
− 0.00)

− 1.99 0.048 3.58 
(− 12.70 – 
19.87)

0.43 0.666 − 2.22 
(− 22.14 – 
17.69)

− 0.22 0.827

Fire frequency 
[LUB]

1.85 
(0.04 – 
3.65)

2.01 0.045 − 0.08 
(− 0.21 – 
0.05)

− 1.19 0.236 − 22.83 
(− 43.05 – 
− 2.61)

− 2.22 0.027 − 27.82 
(− 52.54 – 
− 3.11)

− 2.21 0.027

Basal hollow [y] ​ ​ ​ 23.42 
(1.08 – 
45.75)

2.06 0.040

Freq [Moderate] 
× Hollow [y]

​ ​ ​ 31.37 
(4.59 – 
58.15)

2.30 0.022

Freq [Low] 
× Hollow 
[y]

​ ​ ​ 19.33 
(− 10.35 – 
49.02)

1.28 0.201

Freq [LUB] 
× Hollow 
[y]

​ ​ ​ 14.40 
(− 21.61 – 
50.41)

0.79 0.433

Observations 393 190 622 622
R2 0.032 0.022 / 0.022 0.014 / 0.016 0.130 / 0.132

Fig. 3. A) Mean number of large (>100 cm DBH) red tingle trees per hectare for different fire histories, using a subset of trees where all trees within the hectare 
where measured. B) Mean tree diameter for all trees measured in each fire history. C) Proportion of trees in each category by fire history (see Fig. 2 above for 
expanded category information). D) Proportion of tree that is hollow and comparison against 0.7 threshold value of structural failure (Mattheck et al. 2006).
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failure (Mattheck et al., 2006).
Across all trees, mean DBH for hollow trees (209.3 ± 9.1 cm) was 

significantly larger (~42 cm) than intact trees (166.8 ± 4.8 cm; t = - 
2.06; p = 0.040). There were substantial differences between hollow 
and intact trees in both low (hollow 219.3 ± 18.8 cm; not hollow 176.4 
± 10.0 cm), and moderate frequency stands (hollow 213.3 ± 14.1 cm; 
not hollow 159.3 ± 7.1 cm; Fig. 4A). In contrast, high fire stands had 
substantial overlap of confidence intervals between hollow (199.9 
± 19.5 cm) and intact trees (178.4 ± 12.6 cm; Fig. 4A). LUB stands had 
the lowest mean DBH for both hollow and intact trees, and a higher 
distribution of small diameter trees (Fig. 4A and B). We found that high- 
frequency fire stands were more likely to be hollow as small diameter 
trees and the least likely to be hollow as big trees, and followed a 
roughly linear slope with our data (Fig. 4C and D). All other stands 
typified the anticipated S-shaped sigmoid curve, with curves for LUB 
and moderate frequencies nearly indistinguishable (Fig. 4C and D).

4. Discussion

Our work highlights the value of monitoring large trees for structural 
condition and change in relation to disturbance, including the applica
tion of the new classification scheme we developed for scoring the 
impact of hollow development (Fig. 2). High fire frequency stands had a 
lower density of large trees, more frequent hollows in small trees, and 
greater progression of hollow size than moderate or low frequency 
stands. These findings are significant for the conservation and man
agement of red tingle, particularly as the climate continues to shift, 
altering fire regimes and putting pressure on forest managers to abate 
risks to large red tingle trees. Elevated prescribed burning is oft- 
proposed to ostensibly reduce risk of catastrophic wildfire and thus 
large tree loss (Howard et al., 2020). We found individuals in higher fire 
frequency stands were more likely to have basal hollows at smaller 
diameter size classes (100 cm DBH 0.33 vs 0.17–0.21 in all other fire 
frequency groups; Fig. 4 C, D). Hollow formation at a small diameter 
increases their structural risk profile. Loss of even a low proportion of 
exceptionally large individuals can have a significant impact on stand 

demography (Lindenmayer and Laurance, 2017). In contrast, the LUB 
stands had a higher density of large trees, with the occurrence of both 
exceptionally large trees and a large proportion of 100–200 cm DBH 
trees (Fig. 4A and B). By focusing on the implications of our findings, we 
now address key knowledge gaps for red tingle fire management, and 
present an efficient monitoring tool for forest managers more broadly. 
We also provide new insights into causes and consequences of basal 
damage for other species of giant eucalypts.

4.1. Stand structure

Across all fire histories, we found on average 15.7 large red tingle per 
hectare which dramatically improves our ability to contextualise pre
vious red tingle research. An experimental burn in 1997 recorded the 
collapse of 18 large red tingle over 65 ha (0.28 trees ha− 1; see Mair et al., 
1998). The number of collapsed trees was a concern at the time, but was 
primarily attributed to large previously hollow trees (Mair et al., 1998). 
Combining this post-fire tree loss record with our results, suggests an 
approximately 1.8 % mortality rate for large red tingle during that 
experimental prescribed burn. If compounded by seven fire events (the 
high class of this study), extrapolating a 1.8 % mortality rate would 
result in approximately 12 % decline in large trees from 15.7 to 13.9. 
This estimate corresponds well with results from this study where the 
high fire frequency stands (7 + fire events), had 10.8 % lower number of 
red tingle trees present (14.0 trees ha− 1, see Fig. 3A). There is the pos
sibility that these mortality rates are initially high, and that fire caused 
mortality would decrease with subsequent burning, however, a recent 
prescribed burn in the same stand again recorded substantial tree col
lapses (100 + total trees; see Chounding, 2025). Due to co-occurring 
yellow tingle (Eucalyptus guilfoylei) preferentially recruiting into post 
fire canopy gaps (Wardell-Johnson, 2000), there is the potential for 
these collapses to facilitate a transition in forest composition. Thus, 
further investigations into the impacts of individual burns should be an 
applied research priority for red tingle forest, including quantifying 
rates of basal hollow expansion, patterns of tree collapse, and log sur
veys to infer previous stand densities.

Fig. 4. A) mean tree DBH for hollow and not hollow trees in each fire history (cm ± 95 % CI) for large red tingle across all stands. Reported p values are Tukey test 
results for differences between trees with/without basal hollows at each fire history. B) Ridgeline plot showing the distribution of tree DBH by fire history. C) Mean 
tree diameter for all trees measured in each fire history. C) Logistic regression for hollow trees by tree DBH in each fire history; and D) table of key points from 
logistic regression.
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Concerns for potential loss of large trees could be exacerbated if fire 
intervals limit replacement rates. At smaller size classes, vulnerability to 
fire has been noted with 14-year fire intervals providing insufficient 
time for new recruits to withstand even low intensity fire such as pre
scribed burning (Wardell-Johnson, 2000). Over the span of our fire 
history data (1953–2021), a fourteen-year mean fire interval corre
sponds to stands experiencing ~5 fires which includes our high fire 
(7 +), and some of our moderate fire (4− 6) stands. Using a different line 
of evidence based on plant demographics Lamont (2023) estimated the 
optimal fire return interval for tingle trees to be approximately 90 years, 
which would correspond to four or five fire events over their approxi
mately 350–400 year lifespan (Smith, 1996). Thus, some stands may 
have limited large tree replacement in the future if there has been 70 
years of depressed recruitment in the modern era of frequent prescribed 
burning. As such, there is a need to address demographic consequences 
of fire in red tingle, including quantifying background mortality rates to 
compare with mortality rates from wildfire and prescribed burning, 
impacts of individual burns, and quantifying radial growth rates to 
inform large tree replacement.

While this study did not collect direct data on red tingle wildfire 
mortality or impacts of fire intensity, it is useful to evaluate findings 
from this study with data on other giant tree species such as giant 
sequoia. High severity wildfires resulted in ~84 % mortality in giant 
sequoia trees (Shive et al., 2022), whereas lower intensity, higher fre
quency prescribed burning appears to have much lower rates of mor
tality (Haase and Sackett, 1998). In the case of giant sequoia, regular 
burning greatly reduces ladder fuels, increasing the likelihood of surface 
fire, where exceptionally thick bark protects the tree. The return of 
prescribed fire to giant sequoia groves after decades of fire suppression is 
supported by the groves’ Indigenous custodians based on centuries-old 
traditional ecological knowledge (e.g. see Shive et al., 2022). 
Conversely, Noongar traditional custodians recognise the fire sensitivity 
of red tingle and assert that pre-colonially, human fire would only have 
been applied to small areas along travel routes along waterways, or 
associated with intermittent camping by family groups (pers. comm. W. 
Webb and L. Knapp 2022; see also Dortch, 2005, Zylstra et al., 2023).

4.2. Basal hollows

Red tingle’s key fire vulnerability is structural failure of large in
dividuals due to its propensity to develop basal hollows. Our overall 
proportion of hollow trees (0.44) was comparable to previous estimates 
that 40 % of large red tingle are hollow (Wardell-Johnson, 2000). Thick, 
fibrous bark accumulates as large amounts of fine bark matter at the 
base of red tingle. The sawdust-like material facilitates long periods of 
smouldering combustion (Fig. 1E), which produces more heat than 
flaming combustion (Finney et al., 2021), and likely contributes to the 
formation of basal hollows. Despite different evolutionary histories, and 
thus different wood anatomy and protection strategies, gymnosperms 
such as ponderosa (Pinus ponderosa) and sugar pines (Pinus lambertiana) 
both experience similar vulnerabilities and management for the reten
tion of large trees benefits from raking around individual trees prior to 
prescribed burning (Ryan and Frandsen, 1991, Nesmith et al., 2010). In 
all these cases, the relative fire intensity (i.e. heat output) at the base of 
each tree is decoupled from readily measurable fire severity (i.e. 
biomass consumption as viewed from remote sensing). Therefore, our 
understanding of ecological impacts in red tingle forest requires sub
stantial on ground post-fire assessments which will benefit from our 
monitoring protocol of for hollow progression categories.

Based on fire as a key mechanism in basal hollow development 
(Mattheck et al., 1994), we hypothesised that we would find more big 
trees and fewer basal hollows in the LUB stands, however we found LUB 
had the lowest mean DBH and a high proportion of hollow trees. The 
lower mean DBH in LUB stands may reflect a higher degree of tree 
persistence with infrequent fire, whereas increases in fire frequency act 
to thin the population at multiple life stages, including less fit 

individuals and/or progressive weakening of the main bole. Explana
tions for the high proportion of hollow trees could include hollow for
mation in the absence of fire or hollowing from fire prior to 1953 and 
ongoing persistence. If hollowing progressed in the absence of fire we 
would have expected more small/less developed hollows which was not 
the case; the proportion of category “5” hollows was no different than 
other fire frequency groups. We do not have sufficient evidence to infer 
persistence of substantially hollowed individuals (categories 4 and 5) 
over 69 + years though observation of pre-post fire tree dynamics would 
be informative. The majority of red tingle forest has been burnt at least 
once since the 1950s, which restricted LUB sampling to 75 individual 
trees, and LUB does not imply a complete lack of fire, rather only 
excluding it since 1953. There was a landscape scale wildfire in 1937 
which likely impacted all of our LUB trees (e.g. see Wardell-Johnson 
et al., 2017). As such, LUB stand characteristics may be complicated due 
to the sample size, and non-fire site-based conditions including moder
ate slope.

In contrast to our LUB stands, our high fire frequency stands lacked 
very large diameter trees. Two possible explanations arise for this – 1) 
we did not sample enough to find them; or 2) high fire frequency 
removes large trees via structural failure. The latter reason is the more 
parsimonious explanation given multiple lines of evidence such as 
greater frequency of small trees with hollows, larger mean hollow size, 
and lower overall large tree density. Taken together, there is evidence of 
an ecological impact underlining the importance of implementing 
burning with extreme caution and care in this ecosystem. Future 
research to determine growth rates and replacement rates is crucial. 
However, projections for warmer and drier conditions (Andrys et al., 
2017) plus legacy of past management suggests a vulnerability akin to 
the interval squeeze model (Enright et al., 2015) indicating less fire, not 
more, could be key for red tingle conservation.

4.3. Management implications

Prescribed burning in red tingle forest is socially, culturally, and 
politically sensitive (Wardell-Johnson et al., 2018, Environment and 
Public Affairs Committee, 2021). Future climate projections for the 
known range distribution of red tingle in the coming decades will bring 
warmer and drier conditions, interacting with planned and unplanned 
fire to further complicate land management decision making. Complex 
challenges will involve balancing reduced fire risk in areas near towns to 
protect human lives and property (Howard et al., 2020), with preser
vation of the forest on which the local economy relies upon. In a con
servation context, it is important that human-imposed fire intervals are 
based on ecologically sound knowledge. In red tingle forest, increased 
burning in the 1970s and 1980s may have created an ecological legacy 
negatively impacting red tingle persistence. Our work focused on fire 
frequency, and due to infrequent wildfire in red tingle forest, we 
implicitly focus on prescribed burns. It is important to note that wildfire 
in red tingle forest will have a substantial ecological impact (e.g. see 
Wardell-Johnson et al., 2017), which we did not quantify within this 
study due to infrequent wildfire occurrence leading to insufficient data 
sampling. With climate change likely elevating fire risk to communities 
near red tingle forest, prescribed burning may be the most ecologically 
sound management strategy in some locations. However, for best prac
tice land management, it is essential to foster open, transparent dialogue 
regarding ecological and cultural consequences of fire management 
(Fontaine et al., 2025). Our work offers an important monitoring tool to 
quantify ongoing trade-offs and foster evidence-based dialog among 
stakeholders.

Regionally, red tingle is managed under the same fire regime as the 
more widespread karri forest, Eucalyptus diversicolor. Recent work on 
karri forest fuel accumulation has proposed eight year burn intervals in 
karri and tingle forest (Burrows et al., 2023). Given differences in fuel 
dynamics (karri sheds long strips of bark) and our results regarding 
vulnerability of red tingle, our study suggests that a different fire 
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management approach underpinned by ecosystem specific fire hazard 
data may be warranted. More broadly, here we contribute to a growing 
body of knowledge highlighting the importance of place-based fire 
management incorporating individual ecosystems, to create a pyrodi
verse landscape (Jones et al., 2022). Our work therefore has important 
implications for other large eucalypts prone to hollowing, such as 
Eucalyptus viminalis which is a critical food source for the endangered 
fort- spotted pardalote (Pardalotus quadragintus) (Woinarski and Roun
sevell, 1983) and accounted for over half of the Tasmanian samples 
during research assessing risk of structural failure due to excessive 
hollows in eucalypts (Mattheck et al., 1994).

4.3.1. Trade-offs and future directions
In red tingle forest, the trade-offs between wildfire and prescribed 

burning are typically framed within the context of public risk vs 
ecological impacts (Lamont, 2023, Zylstra et al., 2023, McCaw, 2024, 
Zylstra and Wardell-Johnson, 2024). It is important to note that almost 
all stands of red tingle forest are within five kilometres of human set
tlements, placing the ecosystem in a more intensive fire management 
zone (Howard et al., 2020). While prescribed burning in the broader 
region plays a significant role in managing fire risk (Boer et al., 2009), 
the role of burning in red tingle forest is less clear, and highly contested 
(Lamont, 2023, Zylstra et al., 2023, McCaw, 2024, Zylstra and 
Wardell-Johnson, 2024). A significant point of contention is around the 
role of vegetation structure and accumulation of fuels. The understory 
vegetation quickly regrows through both resprouting and seed-based 
regeneration. The midstory vegetation is typically killed, but not 
consumed, resulting in standing dead fuels following a prescribed burn. 
Thus, raising questions on the length of time red tingle forest can be 
maintained in a low fuel state.

There are numerous vantage points with which to frame the 
ecological trade-offs of burning in red tingle forest (Fontaine et al., 
2025). Here we continue with our focus red tingle as a species and 
acknowledge the full list of trade-offs is much more extensive than 
provided here. From a basal hollow standpoint, the smouldering com
bustion of fine bark material at the base of the tree will be independent 
of fire type or severity. Thus, there is likely little difference between a 
prescribed burn or wildfire on basal hollows. However, the tree canopy 
will undoubtedly be more impacted during high severity fire. For 
example, in some stands canopy height has yet to fully recover from the 
1937 fires (Wardell-Johnson et al., 2017). Germination of a new cohort 
is initially abundant following both wildfire (Wardell-Johnson, 2000) 
and prescribed burns (McCaw et al., 1999a). However, rapid growth of 
mid-story plants seems to outcompete red tingle seedlings (McCaw et al., 
1999a), thereby creating demographic concerns around the environ
mental conditions required for long term successful recruitment.

We suggest the following knowledge gaps should be addressed to 
allow for more nuanced debate around trade-offs of management de
cisions in red tingle forest. Quantifying the area burnt (proportional and 
total area) at high severity during both wildfires and prescribed burns (e. 
g. see Dixon et al., 2022). Continued monitoring of large tree persistence 
following fire. Moving away from a karri forest fuel accumulation model 
by quantifying fuel accumulation rates specific to red tingle forest. 
Studies on soil moisture and micro-climatic conditions relevant to fire 
behaviour that can be influenced by vegetation structure (e.g. see 
Pickering et al., 2021). Investigations on the environmental conditions 
required for successful long-term recruitment of red tingle. Attending to 
these knowledge gaps would provide substantial insights and context to 
the ongoing debates around best practice management in red tingle 
forest.

5. Conclusion

Our work here provides crucial evidence informing central facets of 
long-standing debates around prescribed burning in red tingle forest. 
Our findings indicate the species is sensitive to increases in fire 

frequency due to the development of more frequent, and bigger hollows 
which start at earlier life stages. Thus, the work here provides both a 
useful case study of informing monitoring and management, as well as 
valuable insights for a large tree species at the forefront of global 
warming and management challenges.
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