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ABSTRACT 

Background. The increased interest in why and how trees die from fire has led to several 
syntheses of the potential mechanisms of fire-induced tree mortality. However, these generally 
neglect to consider experimental methods used to simulate fire behaviour conditions. Aims. To 
describe, evaluate the appropriateness of and provide a historical timeline of the different 
approaches that have been used to simulate fire behaviour in fire-induced tree mortality studies. 
Methods. We conducted a historical review of the different actual and fire proxy methods that 
have been used to further our understanding of fire-induced tree mortality. Key results. Most 
studies that assess the mechanisms of fire-induced tree mortality in laboratory settings make use 
of fire proxies instead of real fires and use cut branches instead of live plants. Implications. 
Further research should assess mechanisms of fire-induced tree mortality using live plants in 
paired combustion laboratory and landscape fire experiments.  

Keywords: behaviour, cambium, fire-induced mortality, intensity, phloem, physiology, severity, 
tree mortality, xylem. 

Introduction 

The mechanisms responsible for fire-induced tree mortality have received considerable 
attention and numerous hypotheses of extreme heat-induced tree mortality have been 
proposed with varied degrees of support (Sachs 1875; Hare 1961; Levitt 1972; Michaletz 
and Johnson 2007; Wahid et al. 2007; Bita and Gerats 2013; Hood et al. 2018; O’Brien 
et al. 2018; Bär et al. 2019; Kleynhans et al. 2021; Dickman et al. 2023; Hudiburg et al. 
2023; Partelli-Feltrin et al. 2021, 2023; West et al. 2023). Following Anderegg et al. 
(2012), we define tree mortality as the permanent cessation of critical physiological 
processes that allow the whole tree to function, such as the regeneration of meristematic 
shoots, hydraulic transport, resprouting, respiration and photosynthesis. Fire-induced 
tree mortality is likely complex and determined by multiple inter-related mechanisms, 
where the magnitude and timing of any given process will be impacted by the presence or 
absence of evolutionary adaptations, abiotic and biotic stressors, age and life cycle of the 
plant, and the degree and frequency of fire exposure (Agee 1993; Whelan 2002; Smith 
et al. 2018). Improved understanding of dynamic forest changes following wildfires is 
needed to reduce uncertainties of carbon stocks and fluxes in fire effects and fire-enabled 
Earth system models (Hanan et al. 2022; Shuman et al. 2022). This knowledge is also 
critical for advancing climate–vegetation models given the observed changes in global 
fire regimes (Archibald et al. 2013), the feedback between fire and forests in the global 
carbon cycle (Smith et al. 2014; Stenzel et al. 2019) and the potential role of forest 
management in moderating anthropogenic climate change (Bastin et al. 2019). Wildfires 
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and prescribed fires can cause both immediate and delayed 
(months to years) tree mortality (Ryan and Reinhardt 1988), 
and many tree species have developed evolutionary 
traits that allow them to survive multiple fires (Dieterich 
and Swetnam 1984; Niklasson and Drakenberg 2001;  
Lombardo et al. 2009). 

Although many syntheses exist that describe potential 
mechanisms of fire-induced tree mortality (Dickinson and 
Johnson 2004; Hood et al. 2018; O’Brien et al. 2018;  
Dickman et al. 2023; Hudiburg et al. 2023), less attention 
has been given to understanding the fire behaviour experi
ments used to assess the different potential mechanisms. For 
instance, use of fire proxies is widespread, but research to 
assess mechanisms connecting quantitative measures of heat 
transfer from actual fires to physiological impacts on trees, 
termed pyro-ecophysiology (Smith et al. 2017; Jolly and 
Johnson 2018), remains relatively sparse (e.g. Battipaglia 
et al. 2016; Smith et al. 2016; Steady et al. 2019; Partelli- 
Feltrin et al. 2021, 2023; Niccoli et al. 2023; Reed and Hood 
2024). Notably, Varner et al. (2021) highlighted that a key 
question in wildland fire science is the need to assess the 
relative advantages and disadvantages of different fire proxy 
methods, especially given their predominance in providing 
evidence in support of potential mechanisms of fire-induced 
tree mortality. Therefore, the objectives of the current study 
are to:  

i. Synthesise fire behaviour proxy and actual fire methods 
that have been applied to improve our understanding of 
fire-induced tree mortality mechanisms, and  

ii. Discuss the relative merits of each approach and present 
recommendations for future research. 

A historical look at the potential mechanisms of 
fire-induced tree mortality 

Multiple syntheses exist that describe the different potential 
mechanisms of fire-induced tree mortality (Hare 1961;  
Michaletz and Johnson 2007; Butler and Dickinson 2010;  
Hood et al. 2018; O’Brien et al. 2018; Bär et al. 2019;  
Kleynhans et al. 2021; Dickman et al. 2023; Hudiburg 
et al. 2023; West et al. 2023). In the present paper, we do 
not seek to repeat these reviews but rather seek to provide a 
historical context to the different methods applied to simu
late wildfire behaviour in studies to further understand fire- 
induced tree mortality. 

A historical assessment of fire-induced effects on trees 
starts with earlier work to evaluate extreme heat impacts on 
plant tissues. From the late 19th to mid-20th century, 
extreme heat-induced plant mortality research focused on 
multiple potential direct and indirect physiological mecha
nisms (Sachs 1875; Levitt 1972; Stephan et al. 2010). In this 
early research, apparatuses involving either heated water 
baths or candles were widely used in both research and 

teaching environments to simulate elevated high tempera
ture conditions on plants (Sachs 1875). However, it was 
recognised in an early textbook (Sachs 1875) and by later 
studies (Shirley 1936) that hot water was a poor surrogate 
for elevated heat in air and that higher temperatures and 
durations would be needed to cause the equivalent plant 
damage when exposed to hot air as compared with samples 
immersed in hot water (Shirley 1936). These studies docu
mented that heat stress on plants could occur above 54°C, 
but that the threshold at which heat caused adverse effects 
varied considerably across species and was highly depen
dent on the duration that the plants were exposed to ele
vated temperatures (Levitt 1972). Another early observation 
was that as the heat duration increases, the temperatures 
required to induce mortality decrease, which has clear 
implications for fires with long residence times and low 
intensities (Belehradek 1935), such as fires burning in mas
ticated fuel beds or deep organic soils (e.g. Kreye et al. 2014;  
French et al. 2020). An early theory of extreme heat-induced 
plant mortality was that increased temperatures led to the 
denaturation of protoplasmic proteins and nucleic acids that 
in turn led to irreversible coagulation and potential lique
faction of lipids (Peacocke and Walker 1962; Brock 1967;  
Stephan et al. 2010). Although little support has been pro
vided for these hypotheses (Levitt 1972), they remain 
widely discussed in literature describing the potential 
impacts of elevated heat stress on plants under climate 
change (Stephan et al. 2010; Bita and Gerats 2013). 

Importantly, heat stress temperatures do not mean tem
peratures that plants experience during wildland fires (i.e. 
peaks of 800–1100°C). As described in detail in several 
recent syntheses on cultivated plants, it is widely accepted 
that heat stress associated with sustained temperatures 
between 5 and 15°C above normal ambient conditions can 
impact several physiological processes including germina
tion rates, plant physiology and the metabolism of plant 
cells (Wahid et al. 2007; Bita and Gerats 2013; Hassan 
et al. 2021; dos Santos et al. 2022). Notably, elevated tem
peratures do not necessarily cause top kill or even whole 
plant death. It has also been widely understood that the 
duration of elevated temperatures is an important factor, 
as high temperatures over short durations may produce 
different physiological responses than lower elevated tem
peratures over longer durations (Levitt 1972; Stephan et al. 
2010). For instance, Kurtz (1958) documented that the seeds 
and seedlings of Prosopis spp. and Carnegiea gigantea 
remained viable after exposure to air temperatures exceed
ing 83°C for 4 and 7 days, respectively. Also, some dry plant 
tissues, seeds, wheat grains, mosses and lichens have been 
documented to exhibit heat-induced mortality temperatures 
thresholds of ~120–140°C for exposure durations upwards 
of 240 min (Beadle 1940; Watanabe 1953; Levitt 1972). In 
terms of mechanisms in living plants, high degrees of heat 
stress have been associated with numerous molecular and 
physiological processes. Molecular processes include 
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autophagy (Yang and Bassham 2015), unfolded protein 
responses and redox homeostasis (Malini et al. 2020), and 
production of ‘heat-shock’ proteins that increase the plant’s 
tolerance to heat stress (Maestri et al. 2002; Sakamoto and 
Murata 2002; Bita and Gerats 2013; Li et al. 2021; dos 
Santos et al. 2022). Physiological processes impacted by 
heat stress can include rates of net assimilation (Wahid 
et al. 2007), water transport and use within the plant 
(Mazorra et al. 2002; Choat et al. 2018), decreasing transpi
ration due to closure of the stomata (dos Santos et al. 2022) 
and decreasing photosynthesis (Barnabás et al. 2008; Farooq 
et al. 2009). 

The 1930s saw increased interest in studies seeking to 
statistically model the likelihood of fire-induced tree mor
tality (Butler and Dickinson 2010). An indirect mechanism 
of fire-induced tree mortality that was first proposed in the 
1930s was that increases in the air temperature surrounding 
leaves could cause non-linear increases to the vapour pres
sure gradient and result in unsustainable water loss due to 
increases in leaf transpiration (Curtis 1936; Levitt 1972). 
Recently, this theory has been revisited through the hypoth
esis that these vapour pressure gradients may lead to the 
formation of irreversible emboli in the xylem conduits that 
lead to tree death (Kavanagh et al. 2010). However, the only 
study to assess this mechanism with fire-induced tree mor
tality did not evaluate emboli, but rather only measured 
water uptake on cut branches of Magnolia grandiflora in 
gasoline fires (Hoffmann et al. 2021). Although a compel
ling mechanism, given its physical basis, a major challenge 
in evaluating it is developing an approach that can be 
applied to living trees in real wildland fires. 

The mid to latter half of the 20th century saw an increase 
in studies specifically focusing on predicting fire-induced 
tree mortality from pre-fire morphology such as bark thick
ness and post-fire morphology such as crown scorch, bole 
char and damage (Peterson 1985), followed by studies 
incorporating this information with other tree morphologi
cal features to develop logistic regressions to predict fire- 
induced tree mortality (Wyant et al. 1986; Ryan and 
Reinhardt 1988; Butler and Dickinson 2010; Woolley et al. 
2012; Cansler et al. 2020). Many of these studies were 
conducted using trees burned in wildland fires (Ryan and 
Reinhardt 1988; Hood et al. 2007; Hood and Lutes 2017). 
Bark thickness remains a widely used metric to infer the 
critical time for the cambium to exceed ~60°C for 120 s, as 
these parameters have been widely assumed to cause cam
bium and tree death (Hare 1961). Although many studies 
continue to assume cambium death will occur under these 
conditions (e.g. Espinosa et al. 2021), others have expressed 
concerns regarding how long fires would need to be located 
beside mature trees to elevate internal cambium tempera
tures through conductive heat flux (van Mantgem and 
Schwartz 2003). Furthermore, as noted by Dickinson et al. 
(2004) and Dickinson and Johnson (2004), the simplification 
of the problem to these arbitrary cambium temperature and 

time thresholds likely limited research in exploring under
lying temperature-dependent physiological mechanisms. 

Around the start of the 21st century, the focus shifted 
back to the identification of potential physiological mecha
nisms of fire-induced tree mortality to improve mechanistic 
models (Dickinson et al. 2004; Jones et al. 2004, 2006;  
Butler and Dickinson 2010; Michaletz et al. 2012;  
Chatziefstratiou et al. 2013; Smith et al. 2017; Hood et al. 
2018; O’Brien et al. 2018; Dickman et al. 2023; West et al. 
2023). Since this shift, multiple mechanisms have been 
proposed, including (i) consumption of fine roots, leading 
to an inability for the fine root system to acquire enough 
water and soil nutrients to support canopy demand (Varner 
et al. 2009; O’Brien et al. 2010); (ii) heat altering plant 
oxygen supply, membrane function and enzymes leading 
to an increase in ethanol accumulation, impaired aerobic 
respiration and tree mortality (Kelsey and Westlind 2017); 
(iii) cambium damage through stem heating (Jones et al. 
2004, 2006; Chatziefstratiou et al. 2013); (iv) damage to 
canopy, crowns and meristematic tissues (Smith et al. 2017;  
Bison et al. 2022), including the vapour pressure gradient 
hypotheses (Kavanagh et al. 2010); (v) favourable nutrient 
conditions before and after fires leading plants to grow other 
components at the expense of repairing damaged critical 
tissues (Jump et al. 2017; Smith et al. 2017; Sparks et al. 
2023a); (vi) localised carbon starvation due to phloem fail
ure causing eventual hydraulic failure (Partelli-Feltrin et al. 
2023), (vii) insufficient plant sugars or soil nutrients pre
venting the rebuilding of photosynthetic machinery, meri
stematic tissues, or reproductive organs (Partelli-Feltrin 
et al. 2021, 2023); (viii) cambium death leading to an 
inability to repair phloem or xylem leading to delayed 
mortality (Partelli-Feltrin et al. 2023); and (ix) fire causing 
reductions in hydraulic conductivity due to irreversible 
emboli and irrevocable thermal softening to polymers in 
the xylem conduits (Michaletz et al. 2012; West et al. 
2016; Lodge et al. 2018). 

Although multiple syntheses support xylem-based 
hypotheses (Michaletz and Johnson 2007; Hood et al. 
2018; Michaletz 2018; O’Brien et al. 2018; Bär et al. 2019;  
Kleynhans et al. 2021; Dickman et al. 2023; West et al. 
2023), others have expressed doubts (Varner et al. 2021;  
Hudiburg et al. 2023). Importantly, studies that support 
xylem-based mechanisms predominately used proxies of 
fire behaviour applied to cut branches and did not use real 
fires applied to live trees to draw their conclusions. 
Additionally, no studies using real laboratory fires and pre
scribed fires in Pinus species have provided evidence to 
support the embolism or xylem deformation mechanisms 
(Battipaglia et al. 2016; Niccoli et al. 2023; Partelli-Feltrin 
et al. 2021, 2023). The laboratory-based studies each 
burned under well-watered conditions and assessed main 
stems, whereas Niccoli et al. (2023) assessed the impacts 
of a wildfire on the branches of Pinus pinaster in stands 
where available soil water capacities were <10%. This 
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suggests that some conifers may exhibit different dominant 
mechanisms of fire-induced tree mortality (Partelli-Feltrin 
et al. 2021), that fire-affected Pinus species may be more 
dependent on disruption of photosynthesis and carbon trans
port than hydraulic failure (Partelli-Feltrin et al. 2023; Reed 
and Hood 2024), or that some of the fire proxy methods may 
produce experimental artifacts that are potentially not 
observed when real fires are used (Nolan et al. 2024). This 
uncertainty has led some studies since 2020 to revisit cam
bium, phloem and crown-based related hypotheses of fire- 
induced tree mortality (Partelli-Feltrin et al. 2021, 2023;  
Bison et al. 2022; Reed and Hood 2024). 

Proxy methods to simulate fire behaviour 

Fire behaviour proxies are to real fires as models are to 
reality, i.e. as George Box is often quoted as saying, ‘all 
models all wrong, some are useful’. The same is true with 
fire behaviour proxies. Fire proxies and actual fires differ in 
heat transfer modes, heat fluxes, total heat incident on the 
organisms, and likely morphological and physiological 

impacts. However, the promise of proxies to assess fire 
impacts on trees is compelling, as they allow a diverse 
array of researchers to assess the morphological and physio
logical impacts of wildland fires on trees without the limita
tions of working with real vegetation fires, such as safety, 
access, specialised instrumentation, environmental control 
and permitting, among others. 

In some cases, fire proxies are associated with similar 
modes of heat transfer to fires (e.g. propane torches), but 
in others, they are limited by the modes of heat transfer they 
produce (e.g. convection ovens). Likewise, some fire proxies 
can be described in terms of heat (W) and energy (J), 
potentially enabling a more direct comparison with actual 
fire behaviour, whereas others can only provide information 
in terms of temperatures (K) and durations (s) (Fig. 1). A 
major challenge with proxy studies is that a lack of consist
ent experimental methods further limits inference of what 
could occur in real fires (see Tables 1–4). We acknowledge 
that we may not have included all studies that have used 
different fire behaviour proxy methods but contend that 
those that are included in this synthesis sufficiently illustrate 
the advantages and disadvantages of each approach. 

Common approaches to assess plant physiology responses to �re
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Table 1. Studies using water baths to assess fire-induced tree mortality mechanisms. PLC refers to percentage loss of conductivity, k refers to hydrualic conductivity, and n/a refers 
to not applicable.          

Species Water bath 
temperature (°C) 

Heating 
duration (min) 

Cooling 
duration (min) 

Part of tree Reported change in PLC or 
xylem conductivity (k)? 

Reported xylem cell wall 
deformation? 

Citation   

Populus tremuloides 43–65 0–10 Rapid Bark n/a n/a  Dickinson and 
Johnson (2004) 

Picea engelmannii 

Pseudotsuga 
menziesii 

Pinus contorta 

Acer rubrum 70–80 5–10 18–24 h Phloem tissue n/a n/a  Dickinson 
et al. (2004) 

Quercus prinus 

Psuedotsuga 
menziesii 

Pinus ponderosa 

Populus balsamifera 65 5 5 Branch n/a Yes  Michaletz 
et al. (2012) 

Populus balsamifera 95 5 5 Branch n/a Yes 

Kiggelaria africana 70 6 n/a Branch Yes (PLC) Yes  West et al. (2016) 

Kiggelaria africana 100 6 n/a Branch Yes (PLC) Yes 

Eucalyptus 
cladocalyx 

70 6 n/a Branch No No  Nel (2014) 

Eucalyptus 
cladocalyx 

100 6 n/a Branch No No 

Picea abies 90 60 20 Branch No (k) Yes  Bär et al. (2018) 

Pinus sylvestris 90 60 20 Branch No (k) Yes 

Fagus sylvatica 90 60 20 Branch Yes (k) Yes 

Pinus palustris 23 0 0 Branch n/a n/a  Lodge et al. (2018) 

Pinus palustris 41 5 0 Branch n/a n/a 

Pinus palustris 54 5 0 Branch n/a n/a 

Eucalyptus obliqua 40–70 1–5  Cambium 
tissue 

n/a n/a  Achchige 
et al. (2021) 

Eucalyptus radiata 

Eucalyptus ovata   
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Heat transfer in real fires 

The heat transfer dynamics associated with wildland fire 
behaviour are widely described in the literature (e.g.  
Gutsell and Johnson 1996; Kremens et al. 2010; Michaletz 
et al. 2012; Wooster et al. 2021; Dickman et al. 2023). The 
most salient points are that plants are physiologically 
impacted by conduction (through plant tissues and soil), 
radiation (preheating) and convection (canopy, soils), but 
that these vary in magnitude with fire intensity and duration 
(Figs 1 and 2). Also, multiple cooling mechanisms exist in 
live trees exposed to wildland fires including internal water 
flow (e.g. sap flux, transpiration), air entrainment due to 
fire behaviour, intumescence in response to heat, wind, 
heat occlusion due to other plants, heat dissipation due 
to heat absorption by bark, material and water within 
bark, bark ablation, heat transmission through multiple 
layers of varying heat capacities, heat required for preheat
ing and phase changes, among others (Gutsell and Johnson 
1996; Potter and Andersen 2002; Jones et al. 2004, 2006;  
Chatziefstratiou et al. 2013; Smith et al. 2013; O’Brien et al. 
2018; Dickman et al. 2023, Fig. 3b). 

As fire approaches a tree (Fig. 2a), radiative and con
vective heat dries and preheats the fuel, driving out mois
ture and enabling phase changes. The rising temperatures 
lead to the thermal decomposition of the plant components 
(i.e. pyrolysis) and the production of volatile gases and 
charring of wood. Convective cooling and evaporation of 
fuel moisture delay ignition until hot gases overcome the 
cooling (Finney et al. 2015). Volatiles ignite at a sufficient 
temperature (~325°C), concentration and oxygen level 
(Drysdale 2011). As the fire interacts with the tree 
(Fig. 2b), heat is transferred to the foliage and stem by 
convection and radiation (Michaletz et al. 2012). Within 
the stem, heat is transferred internally through conduc
tion; cooling mechanisms include heat dissipation through 
interactions with sap flow processes and losses due to 
transmission through multiple layers (e.g. bark, phloem, 
xylem: sapwood and heartwood) that can exhibit variable 
densities, thermal conductivities and heat capacities 
(Chatziefstratiou et al. 2013). Heat is also transferred 
belowground into the duff, litter and soil through conduc
tion and convection (Massmann et al. 2010). Flames trans
fer heat to the soil through convection and radiation, 
whereas smouldering combustion transfers heat to the 
soil through conduction, convection and radiation 
(Kremens et al. 2010). As fire passes the tree, radiation 
and convection will continue to heat the stem and foliage 
(Fig. 2c), and heat will be dissipated to the environment 
through convection, radiation and phase changes (O’Brien 
et al. 2018; Dickman et al. 2023). In the absence of accu
mulated fuels around the base of the plant that can cause 
extended smouldering combustion (e.g. Kreye et al. 2014), 
the fire will pass the plant and maximum temperatures 
may only last for a few seconds. 
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Table 3. Studies using heaters, heating rings and heating stips to assess fire-induced tree mortality mechanisms.         

Species Proxy type Temperature (°C) Duration Part of tree Observations Citation   

Pinus palustris Kerosene and Society of 
Automatic Engineers type 30 
motor oil tied around tree 

537–832 ~7 min Live stem (0.3048 m 
above ground) 

Primarily a methodology publication presenting an 
approach for a field-based fire behaviour proxy  

Hare (1965a) 

Pinus elliottii 

Quercus nigra 

Taxodium 
distichum 

Acer rubrum 

15 species A Burning rope tied around tree ~500 ~2.5 min Live stem Strong relationship between bark thickness and 
cambium temperatures  

Uhl and Kauffman (1990) 

16 species B Burning rope tied around tree ~600 Not reported Live stem Positive correlation between specific gravity and 
thermal conductivity  

Hengst and Dawson (1993) 

Pinus halepensis Electrical heating tape (500 W) 250 >1 min Live stem Near total cambium damage was needed to cause 
mortality after 5 months. Sap flow was 
significantly reduced in these trees after 1 week  

Ducrey et al. (1996) 

15 species C Burning rope tied around tree ~500 6 min Live stem Cambium temperature driven by bark thickness 
and less by bark moisture content or specific 
gravity  

Pinard and Huffman (1997) 

Pseudotsuga 
menziesii 

Copper heating pad 400 Varied Stem Lethal cambium temperatures observed after 
10 min of exposure in 1 cm bark trees  

Van Mantgem and 
Schwartz (2003) 

Calocedrus 
decurrens 

Pinus ponderosa Time to lethal temperatures increased 
logarithmically with bark thickness 

Abies concolor 

8 species D Type Lower Heat Platerod 
heater (400 W) 

70 Until cambium 
reached 70°C 

Branches Depth of tissue necrosis increased with total heat 
flux on stem sections  

Chatziefstratiou 
et al. (2013) 

Acacia nigrescens Paraffin-soaked wick wrapped 
around stem and ignited  

2 min Live stem Cambium damage was low when bark was intact. 
Xylem damage became important for fire-induced 
mortality when bark was removed  

Moncrieff et al. (2008) 

Symplocos 
tinctoria 

12 V (10 W) thin film polyimide 
resistive heater 

90 3–5 min Stem Reduced conductivity after several weeks  Hoffmann et al. (2024) 

No xylem cellular deformation in scanning 
electron micrographs  

AEcclinusa spp., Inga spp., Jacaranda copaia, Pourouma guiarensis, Macrolobium angustifolium, Dipopyros duckei, Tetragastris altissima, Inga alba, Metrodorea flavida, Xylopia aromatica, Cacropia 
sciacophylla, Cordia sericalyx, Lecythis idatimon, Lecythis lurida, Mankilkara huberi. 

BAcer saccarinum L., Acer saccarinum Marsh., Fraxinus americana, Juglans nigra, Liquidambar styraciflua, Liriodendron tulipifera, Platanus occidentalis, Populus deltoides Marsh., Prunus serotina Ehrh., 
Quercus alba, Quercus imbricaria, Quercus macrocarpa, Quercus muehlenbergii, Quercus rubra, Titlia americana, Pinus strobus. 

CAnadenanthera colubrina, Peoppigia procera, Peltogyne heterophylla, Phyllostylon rhamnoides, Caesalpinia floribunda, Aspidosperma rigidum, Acacia polyphylla, Tabebuia impetiginosa, Centrolobium 
microchaete, Eiotheca roserum, Machaerium scleroxylon, Astronium urundeuva, Spondias mombin, Cieba samauma, Amburana cearensis. 

DAcer rubrum, Acer saccarum, Carya tomentosa, Liriodendron tulipifera, Nyssa sylvatica, Pinus strobus, Quercus prinus, Quercus rubra.  
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Table 4. Studies using gas torches and forced heated air to assess fire-induced tree mortality mechanisms.        

Species Proxy type and fire behaviour Heating 
duration 

Stage or 
part of tree 

Observations Citation   

14 species A Propane torch Until cambium 
reached 60°C 

Stem Bark thickness drives fire resistance  Hare (1965b) 

Segment 

Pinus strobus Air heated by a Bunsen burner 
or electric resistance coil 
element. Temperature 
controlled by rheostat 

15 s to 10 min Saplings Dormant saplings experienced greater 
resistance to fire. No saplings died, but 
several became defoliated; 6 weeks 
after, Larix spp. exhibited significant 
numbers of new needles  

Kayll (1968) 

Fagus grandifolia 

Picea abies 

Larix leptolepis 45–117°C 

Larix decidua 

Eucalyptus obliqua 40–100°C Varied Seedlings Mortality was a function of heating 
temperature and duration  

Moore 
et al. (1977) 

Pinus taeda 139–718°C 240–360 s Trees Mortality was a function of base stem 
temperature and stem diameter  

Greene (1983) 

Quercus nigra 36–98 kJ s−1 m−1     

Liquidambar 
styraciflua 

24 species B Propane torch on 5 × 5 cm bark 13 min Trees The presence of water in bark reduced 
cambium temperatures. Mortality 
driven by fire frequency and scorch 
height  

Brando 
et al. (2012) 

Eucalyptus globulus Cambium: blowlamp incident 
on metal plate 60–70°C 

5–7 min Saplings Changes in sap flow, cambium viability 
and lead stomatal conductance were 
related to the loss of physiological 
activity  

Jimenez 
et al. (2012) 

Crowns: foliage heated with 
propane torch 

Eucalyptus 
microcarpa 

Torch: 750°C 15 min Stem Bark thickness drives cambium heating. 
Water in the bark surface reduced heat 
pulses into cambium  

Wesolowski 
et al. (2014) 

Eucalyptus 
leucoxylon 

Eucalyptus tricarpa Segment 

Athrotaxis 
cupressoides 

Torch: 33 kW m−1 0, 15, 30, 
45, 60 s 

Seedlings Top kill driven by duration of flame 
and seedling size  

Prior et al. (2018) 

Eucalyptus 
coccifera 

Eucalyptus 
delegatensis 

Resprouting driven by species 

Leptospermum 
lanigerum 

Pinus canariensis Heated fan: 39°C plus 70°C 1 h plus 5 min Saplings Loss of hydraulic conductivity had no 
impact on resprouting  

Pita et al. (2023) 

Pinus pinea 

Pinus oocarpa 

Pinus pinaster 

APinus palustris, Pinus elliottii, Pinus taeda, Taxodium distichum, Magnolia grandiflora, M. virginiana, Acer rubrum, Quercus nigra, Cornus florida, Nyssa 
aquatica, Liquidambar styraciflua, Betula nigra, Ilex opaca, Prunus serotina. 

BAmaioua guianensis, Aspidosperma exelsum, Cesearia grandiflora, Chaetocarpus schomburgkianus, Dacryodes macrocarpa, Miconia punctata, Micropholis 
egensis, Mouriri brachyanthera, Mycia multiflora, Nectandra cuspidata, Ocotea acutangular, Ocotea guianensis, Pouteria ramiflora, Protium guianense, 
Sacoglottis guianensis, Schefflera morototoni, Sclerobium paniculatum, Sloanea eichleri, Tapirira guianensis, Trattinnickia burseraefolia, Trattinnickia glaziovii, 
Trattinnickia rhoifolia, Vochysia vismiifolia, Xylopia amazonica.  
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Fire proxy: heated water baths 

Heated water baths have been used to simulate exposure of 
plants to high temperature extremes in plant physiology 
research for over 150 years (Sachs 1875), and although 
many studies have stated that they do not represent the 
heat transfer conditions that trees would experience during 
wildland fires (Hood et al. 2018; Varner et al. 2021), results 
using them have nevertheless been widely used to infer what 
would happen during real wildland fires (Table 1). Notably, 
potential artifacts (i.e. where the choice of the experimental 
approach produces results that do not otherwise occur) have 
long been recognised as likely when using water baths to 

assess heat injury in plants (Gibson 1907; Nolan et al. 2024). 
Importantly, the heat transfer in water baths is very different 
from that in wildland fires as samples in water baths exhibit 
no cooling mechanisms and heat is predominantly transferred 
by convection, with conduction occurring as heat penetrates 
the sample (Balmer 2011, Fig. 1). 

In water bath studies, the sample is usually a partially 
trimmed and cut branch, which may lead to differences in 
heat penetration as compared with using the main live stems 
with bark present in a real fire. However, no study has yet 
shown what water bath conditions (such as duration and 
temperatures) lead to amounts of heat equivalent to those 
transferred under real fire behaviour conditions or that the 
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QCV

QCV QCV QCV

QRAD QRAD
QRAD

QC
QC QC

(b) (c)

Fig. 2. (a–c) Conceptual figure of heat transfer on trees during fires. Qcv denotes convective heat flux, Qc denotes 
conductive heat flux, and QRAD denotes radiative heat flux.   
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Fig. 3. (a) Conceptual figure of undamaged xylem, cambium and phloem. (b) Conceptual figure of cooling 
mechanisms occurring within the fire–tree system. Note: tissues not to scale.   
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physiological impacts of heat from hot water baths on cut 
branches are an effective surrogate to describe the physio
logical impacts of heat from fires on live main stems (Varner 
et al. 2021). Importantly, branches are not main stems 
(i.e. trunks). Damage to a single branch will not kill a tree, 
but damage to a main stem can (Johnson et al. 2022). This 
difference has led to significant debate within the plant 
hydraulics community on the suitability of branches being 
used as proxies for entire trees (e.g. McCulloh et al. 2019;  
Johnson et al. 2022). Again, the promise of proxies is com
pelling as collecting branches is fairly simple (except in very 
tall trees) and less destructive than cutting down an entire 
tree to assess potential fire impacts on the main stem. 
Working with branches in a laboratory is also easier than 
conducting experiments on the live tree in situ. It is also 
easier to fit branches within experimental apparatus such as 
ovens. 

As summarised in Table 1, in the studies that have used 
heated water baths as a proxy for actual fires, there is no 
clear or consistent methodology, further limiting cross- 
comparisons. When considering preparing samples for 
water bath treatment, multiple methodological differences 
are apparent. In Michaletz et al. (2012), in which air con
ductivity was used a proxy for hydraulic conductivity, the 
water bath sample preparation involved trimming and shav
ing branch segments. In Bӓr et al. (2018), the leaves 
remained attached during water immersion and, prior to 
vulnerability analysis, samples were debarked and recut 
multiple times under water. In Lodge et al. (2018), water 
bath sample preparation included removing all needles and 
bark from branch tips. In Nel (2014) and West et al. (2016), 
stems were used for the water bath and following the water 
bath treatment, shoots were debarked and defoliated under 
water by removing the lamina at its junction prior to subse
quent measurements. 

These water bath methodological differences are poten
tially important as they may lead to differences in heat 
penetration as compared with using the live stems with 
the entire bark present in a real fire, especially as the bark 
can contain surface water and live trees can transport water 
and sap to dissipate heat (Vines 1968). It is also difficult to 
cross-compare these water bath studies as no consistent 
parameters were used for heated water temperatures 
(45–95°C), immersion durations (5–60 min) and post- 
treatment cooling durations (2–30 min). The cooling dura
tion is of particular importance if assessments of hydraulic 
conductivity are being made immediately following treat
ment, given the viscosity of liquids is usually related to the 
inverse of the temperature (Balmer 2011). 

A significant challenge with heated water baths is that 
they likely cannot be used to assess non-xylem mechanisms 
of fire-induced tree mortality, such as those related to the 
inability of trees to assimilate carbon or transport stored 
carbon reserves in the phloem. Phloem tissue is found on the 
outside of the stem of a woody plant after its first year of 

growth, so any heat must pass through the phloem and 
cambium before the xylem can be affected (Fig. 3). 
Phloem is a delicate tissue that operates under positive 
pressure, which makes it more susceptible to flow disruption 
than xylem cells (Cayla et al. 2019). Therefore, any heat 
pulses from fires that cause substantial damage to xylem 
tissues would already have had a destructive impact on 
phloem and cambium tissues, severely limiting a tree’s abil
ity to transport stored carbon resources to meet metabolic 
demand for tissue re-growth and repair post-fire (Partelli- 
Feltrin et al. 2023). 

Fire proxy: ovens 

Although ovens may anecdotally be thought of as a good fire 
behaviour proxy, they have infrequently been used to assess 
the mechanisms of fire-induced tree mortality (Table 2), 
likely owing to the challenges of what size of sample can 
be used within an oven chamber and how to limit contact of 
the tree components with the oven walls. In ovens, use of 
live plants of any size is not practicable given the impacts on 
soil and water dynamics and the mode of heat transfer that 
dominates depends on the type of oven. Nel (2014), later 
reported by West et al. (2016), used ovens at two tempera
tures (70 and 100°C) for 6 min to assess the impacts of fires 
on plume-induced xylem cavitation in 2-m sized branches of 
Eucalyptus cladocalyx and Kiggelaria africana. Nel (2014) 
reported in each species that deformation of xylem cells was 
not observed but that evidence of plume-based cavitation 
was present. In terms of the oven methodology, the end of 
the branches was wrapped in Parafilm™ and held upright by 
placing them in a beaker lined with polystyrene. Salladay 
and Pittermann (2023) also used ovens to expose Sequoia 
sempervirens branches to temperatures of between 70 and 
100°C for between 6 and 60 min as a proxy to assess the 
impacts of fire heat plumes on cambium and xylem tissues. 
Although this subsequent study recognised that ovens can
not simulate fire, it still concluded that the approach could 
be used to improve understanding of how cambium and 
xylem respond to fire (Salladay and Pittermann 2023). 
Like Nel (2014), the approach involved placing branches 
vertically in the oven, without contact with the walls and 
where the cut ends were held in beakers lined with 
Styrofoam™ to limit the impacts of conduction. However, 
this study concluded that cambium more than xylem injury 
likely drives fire-induced tree mortality given the xylem 
remained viable long after the cambium tissues were no 
longer viable (Salladay and Pittermann 2023). 

Fire proxy: heaters and stem wrapping methods 

Heaters can cover a range of equipment including radiant 
heaters and resistive heaters (Table 3) that fundamentally 
operate under different (and limited) modes of heat transfer 
compared with real fires. Radiant heaters predominately 
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transfer heat through radiation but can exhibit convective 
heat flows vertically above the heater. Resistive heaters are 
commonly used to enable heat transfer by conductive heat 
flux through contact with the bark or leaves with a plate, foil, 
or wrap. In Chatziefstratiou et al. (2013), which was con
ducted to parameterise and assess the stem heating model 
FIRESTEM 2D, rod heaters were positioned 5 cm away from 
an exposed 0.1 × 0.1 m section of bark, and the rest of the 
cut branch was wrapped in fire shelter material. A study 
using resistive heaters on Symplocos tinctoria saplings 
(~10 mm diameter, >1 m heights) observed internal stem 
temperatures exceeding 90°C after 86 s of sustained heating 
(Hoffmann et al. 2024). Although no xylem cell deformation 
was observed in this study, even with scanning electron 
micrographs (SEMs), the treatments did lead to delayed 
reductions in leaf conductivity and whole plant conductance 
(Hoffmann et al. 2024). Related to heaters are strips used to 
heat sections of the tree. Ducrey et al. (1996) used a heated 
electrical strip to assess cambium damage and observed that 
fires would need to wholly destroy the cambium to induce 
fire-induced tree mortality. In many respects, the work of  
Ducrey et al. (1996) highlights the limitations of looking 
for a sole mechanism to explain fire-induced tree mortality, 
as these results led future studies to dismiss the role of 
cambium injury processes (i.e. Kavanagh et al. 2010). 

A variant of heating rings that have been widely applied 
in the assessment of fire-induced tree mortality mechanisms 
in forests is to wrap tree boles with paraffin-soaked wicks or 
ropes and ignite them to assess the impacts of fire on tree 
cambium (Uhl and Kauffman 1990; Hengst and Dawson 
1993; Pinard and Huffman 1997; Moncrieff et al. 2008). 
Wick-based methodologies were proposed by Hare (1965a) 
as a repeatable field-based fire behaviour proxy. Pinard and 
Huffman (1997) applied this method to 16 tropical tree 
species and observed that durations to attain peak cambium 
temperatures (35–108°C) varied from 3 to 68 min.  
Moncrieff et al. (2008) used this fire proxy approach to 
assess the impacts of stem heating on Acacia nigrescens, 
where they allowed a paraffin-soaked wick that was 
wrapped around each stem to burn for a set duration. 
They calibrated the duration of the heating experiments 
by comparing water loss in aluminium cans during the 
proxy method and during real fires (Moncrieff et al. 2008). 
A challenge with this approach is that the thermal conduc
tivity of aluminium (~236 W m−2 K−1) is several orders of 
magnitude higher than the typical thermal conductivity of 
tree bark (~0.08 W m−2 K−1). 

Irrespective of any differences in the mode of heat trans
fer between these wick-based studies and real fires, an 
assessment of whether stem heating methods scale to larger 
trees is best considered through the study by van Mantgem 
and Schwartz (2003). In this study, they used a flexible 
copper heating pad affixed directly to the stem of young 
conifer trees (~5 cm diameter) across four species 
(Pseudotsuga menziesii, Calocedrus decurrens, Pinus 

ponderosa, Abies concolor). They demonstrated that 
although after 3 min outside bark temperatures reached 
400°C, trees that had ~1 cm of bark would only attain lethal 
cambium temperatures (>60°C) after at least 10 min of 
constant exposure of bark temperatures exceeding 400°C, 
which they noted would likely only be achieved during 
sustained smouldering combustion of woody or other accu
mulated debris (van Mantgem and Schwartz 2003). They 
further noted that this time to attain lethal cambium tem
peratures increased logarithmically as bark thickness 
increased (van Mantgem and Schwartz 2003), casting seri
ous doubt on stem heating as a significant driver of fire- 
induced tree mortality in mature conifers with thick bark. 

Fire proxy: gas torches and forced heated air 

Propane and other combustible gas torches have been used to 
assess fire effects and the mechanisms of fire-induced mortal
ity, likely in large part owing to their producing similar visual 
appearance to flames in real wildland fires (Table 4). Propane 
burners were used by Prior et al. (2018) to assess the degree 
of top kill and resprouting of seedlings of four species in 
Australia. Robberecht and Defosse (1995) also applied a 
ring of propane burners to assess fire impact on two bunch 
grass species. Wesolowski et al. (2014) also conducted a 
study in Australia focused on Eucalyptus macrocarpa, 
Eucalyptus leucoxylon and Eucalyptus tricarpa. In this 
study, they used a propylene torch set at 750°C to heat 
bark for 900 s to simulate an extreme fire scenario. They 
observed that bark thickness affected cambium heating, but 
that water in the bark surface reduced heat pulses into the 
cambium (Wesolowski et al. 2014). A key study that evalu
ated fire-induced tree mortality using propane torches in a 
neotropical forest was Brando et al. (2012). In this study, 
they evaluated 24 different tree species where the presence of 
water in the bark acted to mitigate the impacts of cambium 
heating (Brando et al. 2012). Pita et al. (2023) applied heated 
air to 2-year-old saplings of four pine species to assess the role 
of needle water potential and osmotic potential on the sur
vival of a resprouting pine species during fires. They observed 
that the loss of hydraulic conductance had no impact on the 
likelihood of resprouting (Pita et al. 2023) 

Real fires: indoor and outdoor pyro-ecophysiology 
experiments 

Research to assess the physiological mechanisms of fire- 
induced tree mortality in real fires includes the use of indoor 
laboratory and outdoor experiments during prescribed and 
wildfires. These types of experiments fall under the disci
pline of pyro-ecophysiology, which is the study of how fire, 
within its environment, mechanistically interacts with the 
physiology of an organism (Smith et al. 2017; Jolly and 
Johnson 2018). Rather than focusing on the mechanisms 
of fire-induced mortality, many landscape-scale studies have 
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assessed regressions to predict mortality based on pre- and 
post-fire tree morphology whereas others have focused on 
the degree of top kill and resprouting (e.g. Wener and 
Franklin 2010; Grayson et al. 2017; Trouvé et al. 2021). 
For example, Wyant et al. (1986) assessed fire-induced mor
tality in a Pinus ponderosa and Pseudotsuga menziesii forest 
and after 22 months found that crown scorch and bole char 
were the most significant predictors. Ryan and Reinhardt 
(1988) evaluated data from 43 prescribed fires across the 
northwestern United States and determined that crown 
scorch was a significant predictor of fire-induced tree mor
tality. Given that the focus of these studies is assessing 
potential mechanisms of fire-induced mortality, we refer 
interested readers to the review by Woolley et al. (2012) 
for more details on logistic regression models to predict fire- 
induced tree mortality. Further, Cansler et al. (2020) pro
vide information on the Fire and Tree Mortality database 
that includes details of empirical relationships derived from 
prescribed and wildland fires to predict fire-induced tree 
mortality in 142 tree species. 

Indoor pyro-ecophysiology research has predominately 
followed a toxicological dose–response framework on con
tainerised saplings (Table 5), where fire behaviour metrics 
associated with the energy incident on plants are dosage 
levels, and the morphological and physiological impacts on 
the plants are the responses (Smith et al. 2016; Smith et al. 
2017; Jolly and Johnson 2018). Dose–response studies that 
subject trees to known doses of heat flux via surface fires 

have shown that post-fire physiology, morphology and mor
tality of several sapling species vary as a function of fire 
intensity measures such as fire radiative power (W m−2) and 
its temporal integral fire radiative energy (J m−2) (Smith 
et al. 2016, 2017; Sparks et al. 2016, 2017, 2023a, 2023b;  
Steady et al. 2019; Partelli-Feltrin et al. 2021, 2023; Wilson 
et al. 2022). These studies have shown that increasing max
imum fire radiative power and its time integral of fire 
radiative energy results in decreased physiological function 
in terms of photosynthesis (Smith et al. 2017; Sparks et al. 
2023b), chlorophyll fluorescence and phloem function 
(Smith et al. 2017; Partelli-Feltrin et al. 2023; Sparks et al. 
2023b), decreased diameter and height growth (Smith et al. 
2017; Steady et al. 2019), and increased probability of 
mortality in multiple conifer sapling species (Fig. 1d) 
(Smith et al. 2017; Steady et al. 2019; Sparks et al. 
2023a). These studies with well-watered scenarios provided 
evidence to support cambium, phloem and crown damage 
processes as potential indicators of fire-induced tree mortal
ity (Smith et al. 2017; Partelli-Feltrin et al. 2021, 2023;  
Sparks et al. 2023). These dose–response experiments also 
included studies where the fire dosage was held constant 
and different levels of water stress were applied to assess fire 
and drought interactions on post-fire recovery processes 
(Sparks et al. 2018a, 2024; Partelli-Feltrin et al. 2020;  
Wilson et al. 2022). 

A major limitation of many planned landscape fire 
experiments is the inability to simulate wildfire intensity 

Table 5. Studies using real fires in indoor laboratory experiments to assess fire-induced tree mortality mechanisms. NSC denotes non- 
structural carbohydrates.      

Species Part 
of tree 

Observations Citation   

Notholithocarpus densiflorus Branch Foliage consumption driven by foliar moisture content  Kuljian and 
Varner (2013) 

Pinus contorta Live sapling Spectral indices may be used to predict fire impacts on tree physiology  Sparks et al. (2016) 

Larix occidentalis 

Pinus contorta Live sapling Net photosynthesis and stomatal conductance following fires exhibit as dose 
response with fire radiative energy treatments. Chlorophyll fluorescence ‘false 
recovery’ trends may serve as an indicator of fire-induced mortality  

Smith et al. (2017) 

Larix occidentalis 

Larix occidentalis Live sapling Severely water stressed plants had lower fire-induced mortality  Sparks et al. (2018a) 

Pinus ponderosa Live sapling Water stress increases vulnerability to fire-induced tree mortality  Partelli-Feltrin 
et al. (2020) 

Pinus ponderosa Live sapling Fires did not impact xylem hydraulic conductivity or xylem cell structure. Long- 
term new xylem growth in surviving plants showed deformations  

Partelli-Feltrin 
et al. (2021) 

Pinus palustris Species if very resistant to fires, where mortality and resprouting only occurs at 
very high fire intensity levels  

Wilson et al. (2022) 

Pinus ponderosa Live sapling Fires did not impact xylem hydraulic conductivity or xylem cell structure. 
Photosynthesis and whole plant/root NSCs decreased following fires  

Partelli-Feltrin 
et al. (2023) 

Pseudotsuga menziesii Live sapling Provided more evidence to support that chlorophyll fluorescence ‘false recovery’ 
trends may serve as an indicator of fire-induced mortality. Also shows that 
spectral induces may be used to predict fire impacts on tree physiology  

Sparks et al. (2023) 

Pinus monticola Live sapling   
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conditions. To overcome this, Trouvé et al. (2021) took 
advantage of the 2009 Black Saturday fires to evaluate the 
susceptibility of 10 Australian tree species to fire-induced 
mortality. This retrospective study, however, did not con
sider physiological drivers of fire-induced mortality. A non- 

exhaustive list of studies that have used real landscape fires 
to assess fire-induced tree mortality mechanisms is provided 
in Table 6. Although many studies take advantage of mea
surement opportunities on wildfires or planned fires, some 
conduct tree-level experiments. For example, in Brown and 

Table 6. Selected studies using real fires in outdoor field experiments to assess fire-induced tree mortality mechanisms. DBH denotes diameter 
at breast height and NSC denotes non-structural carbohydrates.      

Species Tree characteristics Observations Citation(   

Pseudotsuga menziesii >13 cm DBH Scorched volume, rather than scorched height, drove fire-induced tree 
mortality  

Peterson (1985) 

Pinus contorta 

Abies lasiocarpa 

Thuja plicata 

Pinus contorta 

Populus tremuloides 10–25 cm DBH Mortality strongly related to degree of charring  Brown and 
DeByle (1987) 

Pinus halepensis 2.7–58.1 cm DBH Crown scorch and depth of charring were drivers of fire-induced tree 
mortality  

Rigolot (2004) 

Pinus pinea 

Pinus sylvestris ~30–45 years Mortality driven by wind speed and flame height  Sidoroff et al. (2007) 

Pinus palustris Mature trees Changes in root NSC strongly correlated with duration of >60°C heat at 
5 cm into soil  

Varner et al. (2009) 

Pinus palustris ~35 cm DBH Crown scorch was unrelated to post-fire sap flow but was related to forest 
floor consumption, providing evidence for fine root damage  

O’Brien et al. (2010) 

Eucalyptus miniata Varied Small eucalypts (<150 cm tall) were top killed but resprouted irrespective of 
fire season. Saplings (150–199 cm) exhibited mixed results and saplings 
>200 cm rarely exhibited top kill or mortality  

Wener and 
Franklin (2010) 

Eucalyptus tetrodonta 

Corymbia porrecta 

Pinus pinea 40 ± 11 cm DBH No impact on xylem cells and no impact on resistance to hydraulic failure  Battipaglia 
et al. (2016) 

Pinus ponderosa ~30 years old Post-fire growth reduced for up to 8 years after the fire, where impact was 
proportional to the maximum fire radiative power on trees. Short-term 
(1 year) increase in resin ducts following fires of all intensities  

Sparks et al. (2017) 

Acacia dealbata 10–70 cm DBH Top kill of non-eucalypt species was driven by fire intensity and not 
tree size  

Trouvé et al. (2021) 

Acacia melanoxylon 10–48 cm DBH 

Atherosperma 
moschatum 

10–77 cm DBH 

Nothofagus 
cunninghamii 

10–164 cm DBH 

Olearia argophylla 10–31 cm DBH 

Eucalyptus obliqua 10–112 cm DBH Top kill of eucalypt species was driven by tree size and to a lesser degree 
fire intensity 

Eucalyptus dives 10–80 cm DBH 

Eucalyptus radiata 10–162 cm DBH 

Eucalyptus viminalis 19–100 cm DBH 

Eucalyptus regnans 12–376 cm DBH 

Pinus pinaster ~35 years old Fires did not alter xylem hydraulics. Crown damage reduced growth and 
transpiration  

Niccoli et al. (2023) 

Pinus ponderosa 2–17 cm DBH Trees that died exhibited a strong negative relationship between 
reductions in phloem and stem NSC and crown scorch  

Reed and 
Hood (2024)   
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DeByle (1987), 1 m2 circular fuel beds were used around the 
base of trees to assess fire-induced mortality. A similar 
experimental set-up was used by Varner et al. (2009) to 
assess damage to roots. However, although they used a 
controlled experiment, Brown and DeByle (1987) still 
sought to develop logistic regression rather than a more 
refined physiological understanding of fire-induced tree 
mortality. Notably, several outdoor pyro-ecophysiology 
research studies have provided evidence to support cam
bium, phloem and crown damage processes as indicators 
of fire-induced tree mortality. Specifically, Varner et al. 
(2009) observed that changes in root non-structural carbo
hydrates (NSCs) occurred during high levels of bole heating 
and Reed and Hood (2024) observed that Pinus ponderosa 
fire-induced tree mortality was associated with reductions in 
phloem and stem NSCs as well as crown scorch, providing 
evidence supporting prior indoor pyro-ecophysiology 
research on saplings (i.e. Partelli-Feltrin et al. 2023). 

Discussion 

Potential research directions 

Crown scorch and related metrics of crown and bole damage 
(bole scorch height, scorch height, percentage crown dam
aged, etc.) remain widely used to predict fire-induced tree 
mortality in a wide range of species (Ryan et al. 1994;  
Stephens and Finney 2002; McHugh and Kolb 2003; Fowler 
et al. 2010; Shearman et al. 2022). However, crown scorch 
estimates are known to have significant errors given they rely 
on subjective ocular estimates acquired post-fire (i.e. often 
determined without knowledge of the pre-fire condition of 
the tree crown) (Smith et al. 2016; Varner et al. 2021). These 
measures also lack scalability beyond the plot scale as current 
methods require ground-based assessment and the measures 
are inherently three-dimensional rather than two- 
dimensional measures of cover that are easier to scale. 
Furthermore, crown scorch and bole char models are also 
known to exhibit higher uncertainties when predicting 
delayed fire-induced mortality beyond 1 year post-fire, 
implying that other mechanisms, stressor interactions and/ 
or feedback processes may influence long-term fire-induced 
tree mortality (Shearman et al. 2022). Therefore, regardless 
of the fire-induced tree mortality mechanisms of interest, 
studies should explore the potential integration of physiolog
ical traits as a first step to developing improved logistic or 
other regressions of fire-induced tree mortality that could be 
used with mechanistic fire–vegetation models. Future studies 
could assess whether a critical percentage threshold of dam
aged branches exists that leads to whole tree mortality. Using 
single branches as a subset of an entire damaged crown could 
then provide important insight into how whole tree processes 
respond to fire, for example assessing how the whole tree 
hydraulic system responds to compounded stressors such as 

when fires occur during extreme drought stress scenarios 
(Brodribb and Cochard 2009; Tonet et al. 2023). 

One fire proxy approach that has merit for further inves
tigation is the wick-based approach used by Moncrieff et al. 
(2008). This method could be refined: given the thermal 
conductivity of both the aluminium cans and the bark can be 
determined, with a uniform thickness, the convective and 
conductive components could be estimated to determine the 
heat transfer into the trees. Further research should investi
gate the development of an experimental approach to assess 
the potential formation of emboli due to vapour pressure 
gradients (Curtis 1936; Kavanagh et al. 2010; Hoffmann 
et al. 2024), given this remains a compelling mechanism 
of fire-induced tree mortality, but no study has yet proposed 
how to achieve this using living trees. Although it is feasible 
that some of the other fire-similar proxies such as propane 
torches and convection ovens may provide a reasonable 
approximation of fire convective heat flux, no study has 
presented data. As such, research should be conducted that 
compares experiments with live plants in real fires with the 
closest equivalent fire proxy approximation to assess whether 
potential experimental artefacts exist, and if none are 
observed, steps could then be taken to establish a repeatable 
and transferable fire-proxy methodology, where durations 
and temperatures could be assessed to simulate certain wild
land fire conditions. In developing these experiments, it may 
not be possible to quantify or match the heat doses on the 
plants between the proxy and real fire cases. Therefore, an 
initial comparative assessment could evaluate extreme condi
tions (i.e. lethal doses) to objectively assess whether different 
morphological and physiological responses are observed 
between the proxy and real fire conditions. 

Although considerable advances have been made in 
assessing how different tree species respond to fires in 
indoor and outdoor pyro-ecophysiology experiments, sev
eral questions warrant further investigation (Smith et al. 
2017; Jolly and Johnson 2018; Sparks et al. 2018b, 2023a):  

(i) Do results from these containerised saplings extend to 
similar aged trees grown via natural regeneration?  

(ii) Do the sapling-based results scale to mature trees?  
(iii) To what extent does phenotypic plasticity impact the 

observed responses to fire?  
(iv) Can we use pyro-ecophysiology to explore recovery 

when considering interactions between fire and other 
stressors beyond drought?  

(v) Can we use pyro-ecophysiology to inform selection of 
species or variants that exhibit greater fire or heat 
resistance?  

(vi) Do the drivers of fire-induced mortality change when 
considering trees under increasing levels of concur
rent severe drought and heat stress? 

(vii) How do individual and coupled plant water and car
bon processes within leaves, plants and communities 
regulate flammability and fire behaviour? and 
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(viii) Can we describe plant traits and strategies for fire 
using a pyrogeography framework by drawing on 
eco-evolutionary, spatial sciences and landscape 
genetic principles? 

Future indoor and outdoor pyro-ecophysiology experiments 
could also explore the impacts of convective heat flux on 
tree crowns and bud necrosis (Bison et al. 2022), especially 
given crown damage-related metrics are excellent predictors 
of 1-year post fire-induced tree mortality (Ryan et al. 1988;  
Stephens and Finney 2002; McHugh and Kolb 2003; Fowler 
et al. 2010; Shearman et al 2022). 

Many other potential mechanisms of fire-induced tree 
mortality remain fairly unexplored (Dickman et al. 2023) 
and pyro-ecophysiology research into these could also help 
tangential lines of inquiry such as research into potential 
impacts of elevated heat stress on trees due to changing 
climates. More research is needed to assess how trees, 
plants, cones and seeds physiologically respond to elevated 
temperatures, whether within or adjacent to fires, or under 
higher air temperature conditions associated with anthropo
genic climate change. Studies should also explore whether 
fine root consumption from fires contributes to fire-induced 
tree mortality in shallow-rooted species and whether the 
impacts of fires on other belowground mechanisms contrib
ute to fire-induced tree mortality, such as impacts to soils, 
mycorrhiza and morphological features that enable 
resprouting such as lignotubers (Adkins et al. 2020). 
Future indoor and outdoor pyro-ecophysiology experiments 
should explore the wide array of potential mechanisms, as 
improved knowledge of how fires kill trees could aid land 
management mitigation actions, such as decisions to wrap 
boles of trees or methods to reduce canopy damage. 

The need for paired indoor and outdoor pyro- 
ecophysiology experiments 

As highlighted by Van Wagner (1971) and Smith et al. 
(2016), there are advantages and disadvantages to both 
indoor and outdoor fire behaviour and pyro-ecophysiology 
experiments (Table 7). Van Wagner (1971) made clear that 
both indoor and outdoor fire experiments were needed, but 
that the two research approaches were often estranged. 
Outdoor experiments enable a scaling assessment of how 
fire impacts trees over a range of ages allow fire impacts to 
be monitored for extended periods of time, and allow an 
evaluation of interactions and feedback associated with 
weather, vegetation composition, soils and animals, among 
other ecosystem components (Battaglia et al. 2009). 
However, outdoor experiments are often limited by the 
ability to produce and safely control the upper limit of 
wildfire intensities (e.g. Canadian Crown Fire Experiment) 
and it can be difficult to accurately characterise the four- 
dimensional heat transfer and physiological processes (Van 
Wagner 1971). As a result, regression-based study sample 

sizes are usually large; given that they are determined by the 
number of individual trees within a landscape-scale fire, 
conversely, the sample sizes associated with exploring spe
cific mechanisms at discrete levels of fire intensity are usu
ally low owing to the challenges associated with 
instrumentation, size of tree to be investigated and monitor
ing resources. However, using planned landscape-scale fires 
to assess fire effects on multiple trees burning under a single 
prescription can lead to pseudoreplication errors and a lack 
of statistically significant replicates (Legendre 1993;  
Bataineh et al. 2006). Further, owing to increased complex
ity and high variance in outdoor experimental datasets, 
statistical over mechanistic approaches are often used to 
tease out generalities (Van Wagner 1971). 

The main advantage of indoor experiments is the ability 
to conduct these and assess the physics of heat transfer and 
the physiological impacts through a series of repeatable and 
traceable treatments, replicates and controls (Smith et al. 
2016). Another advantage of indoor pyro-ecophysiology 
experiments is the ability to assess each plant individually, 
minimising pseudoreplication errors and producing statisti
cally significant results (Steady et al. 2019). During indoor 
fire experiments, the fuels can be well characterised and 
controlled, which is rarely possible in outdoor fire experi
ments without significant resources (Van Wagner 1971). 
Indoor pyro-ecophysiology experiments clearly limit 

Table 7. Indoor and outdoor pyro-ecophysiology research 
descriptions. Adapted from  Smith et al. (2016) and  Van Wagner (1971).   

Indoor pyro-ecophysiology research characteristics and assumptions    

• Fire behaviour is sufficiently complex that it is extremely difficult to 
predict plant physiological responses directly from theory without 
using laboratory experiments  

• Research focuses on furthering understanding of the mechanisms of how 
heat from fire impacts physiological processes of resistance, recovery and 
death  

• Other plant stressors such as droughts and disease exhibit sufficiently 
complex interactions with fires that it is extremely difficult to decouple 
or predict plant physiological responses without using laboratory 
experiments  

• In laboratory experiments, it is possible to isolate and assess the 
individual contributions of both intrinsic and extrinsic variables that 
affect how plants physiologically respond to fires  

• The results from laboratory fires will yield relationships that can be scaled 
to natural fire settings and tree grown through natural establishment 
processes (seed dispersal, resprouting, cones, etc.)   

Outdoor pyro-ecophysiology research characteristics and assumptions    

• Provided fire behaviour and effects can be modelled from factors such as 
meteorological data and fuel properties, it is not necessary to conduct 
experiments under repeatable meteorological, stressor treatment, or 
complex fuel scenarios  

• Provided fire-induced mortality and effects can be inferred from 
assessing fire impacts on plant morphology (e.g. crown scorch), it is not 
necessary to understand the mechanisms associated with heat transfer in 
fire or the physiological responses of plants  

• The natural variation associated with outdoor experiments can be 
resolved using statistical approaches   
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inferences associated with local meteorological, micro
climatic and soil conditions. Also, using containerised plants 
(i.e. those grown in pots) may not produce readily transfer
able results compared with plants grown via natural regen
eration processes (seed dispersal, cones, resprouting, etc.), 
owing to differences in water and nutrient availability 
(Piper and Paula 2020). However, in many managed forests, 
this may be of lower concern given the widespread planting 
of containerised plants as part of restoration initiatives, due 
to a lack of regional seed sources (Thiffault et al. 2014;  
Chirico 2019). 

As Van Wagner (1971) highlighted, a major limitation of 
outdoor fire experiments that does not arise in indoor fire 
experiments is how to decouple the variations associated with 
natural fuel complexes from the meteorological conditions at 
the time of each fire experiment. Several other experimental 
challenges can exist with outdoor fire experiments. Using 
opportunistic wildfires can lead to limited pre-fire data, limit
ing inferences (Smith et al. 2016). During planned fires, trees 
of interest are usually burned within the perimeter of a large 
fire, which can lead to pseudo-replication concerns. Equally, 
concerns can exist regarding how much heat is incident on a 
given tree of interest, owing to either nearby trees blocking 
heat or combusting and applying additional heat to the tree. 
A further challenge that has been difficult to assess in outdoor 
fire science experiments is the impact of interactions such as 
fire with drought, fertilisation, frost or other disturbances. 
Further complicating these questions is the nature of the 
interaction, including whether two or more stressors are 
concurrent (i.e. occurring at the same time) or consecutive 
(one followed by the other). Such differences can be more 
readily assessed using indoor pyro-ecophysiology fire experi
ments (e.g. Sparks et al. 2018b; Partelli-Feltrin et al. 2020;  
Wilson et al. 2022; Sparks et al. 2024), enabling potential 
mechanisms to be identified for future investigation during 
well-instrumented wildland fires such as those conducted 
under RxCadre (Ottmar et al. 2015), the Fire and Smoke 
Model Evaluation Experiment (FASMEE, Prichard et al. 
2019), or FireSense field campaigns (Falkowski et al. 
2024). Other outdoor pyro-ecophysiology experiments have 
included the Pine Integrated Network: Education, Mitigation, 
and Adaptation Project (PINEMAP), which conducted con
trolled experiments involving fire, drought and fertilisation 
with the goal of advancing process models of forest growth 
(e.g. Gonzalez-Benecke et al. 2016). 

Conclusions 

Even though the use of real fires is recommended in most 
cases, we acknowledge that some fire behaviour proxies 
have merit for further investigation to help understand the 
mechanisms of fire-induced tree mortality. Although some 
recent studies have suggested that future pyro- 
ecophysiology research should primarily focus on outdoor 

field experiments (e.g. Piper and Paula 2020; Hudiburg et al. 
2023; Reed and Hood 2024), we assert both indoor and 
outdoor pyro-ecophysiology experiments are critically 
needed and are essential to advance wildland fire science 
(Van Wagner 1971; Smith et al. 2016; Shuman et al. 2022;  
Dickman et al. 2023). There is a clear trade-off between 
control and realism in these types of pyro-ecophysiology 
experiments, where indoor experiments maximise control 
over experimental treatments and outdoor experiments 
approach a higher degree of realism to wildfires in a field 
setting. Taking everything into account, indoor pyro- 
ecophysiology experiments enable investigations to isolate 
and narrow in on specific fire–vegetation system questions 
through repeatable experiments on a wide variety of topics 
that include, but are not limited to: assessing the different 
modes of heat transfer; evaluating the roles of rate of heat 
flux (duration and magnitude); testing physiological mech
anisms of repair, death and recovery; and assessing the 
dynamic impacts of consecutive and concurrent stressors. 
In turn, outdoor pyro-ecophysiology experiments can assess 
how those results transfer to the natural environment, across 
spatial-temporal scales, species and genera. Future indoor 
and outdoor pyro-ecophysiology experiments should ideally 
be associated with each other at the planning stage, where 
comparative studies between containerised and naturally 
grown trees are conducted during field-based experiments. 
Such paired experiments could aid in the development of 
mechanistic fire effects sub-models of operational 
fire–atmosphere models (e.g. QUIC-FIRE) that seek to link 
the physics of fire heat transfer to the physiological impacts 
of fires on plants (Linn et al. 2020). The essentiality of paired 
indoor and outdoor fire behaviour experiments has been 
demonstrated in multiple other fire behaviour applications, 
such as increasing our understanding of the formation, 
dynamics and behaviour of fire whirls, fire scar formation 
from leeward vortices, ember generation, fire plumes and 
smoke transport, and the effectiveness of different mitigation 
strategies to limit fire ignition in the wildland–urban inter
face (Gutsell and Johnson 1996; Tohidi et al. 2018; Shuman 
et al. 2022; Dickman et al. 2023). In many of these examples, 
it is difficult to deliberately plan and safely implement wild
land fires that can generate the fire behaviour conditions 
necessary to assess impacts of extreme fire behaviour events. 
Rather, indoor fire experiments can explore the potential 
mechanisms, their impacts, and through using dimensionless 
numbers (Froude, Reynolds, Prandtl, Rossby, etc.), help 
improve models to scale predictions to landscape scales 
(Gutsell and Johnson 1996; Tohidi et al. 2018). 

In closing, we applaud the studies that have used fire 
proxies to further understand how extreme heat and fires 
impact the morphology and physiology of plants, as these 
studies initiated new conversations and lines of inquiry that 
undoubtedly have helped move wildland fire science for
ward. Yet we caution on the use of results from fire proxies 
to make conclusions about how plants will respond to actual 
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wildland fires. To further advance wildland fire science, 
studies should ideally use indoor, outdoor, or paired pyro- 
ecophysiology experiments using real fires on live plants. 
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