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A B S T R A C T

Fire-caused tree mortality has major impacts on forest ecosystems. One primary cause of post-fire tree mortality 
in non-resprouting species is crown scorch, the percentage of foliage in a crown that is killed by heat. Despite its 
importance, the heat required to kill foliage is not well-understood. We used the “lag” model to describe time- 
and temperature-dependent leaf cell necrosis as a method of predicting leaf scorch. The lag model includes two 
rate parameters that describe 1) the process of cells accumulating non-lethal damage, and 2) damage becoming 
lethal to the cell. To parameterize models, we used a water bath to apply heat to newly expanded and one-year- 
old spring and autumn needles of Pinus ponderosa (ponderosa pine) and Pseudotsuga menziesii (Douglas-fir) at five 
temperatures (45, 50, 55, 60, and 65 ◦C), for 2 s to 2 h and 50 min. Electrolyte leakage measurements were used 
as indicators of percent cell survival. We fit the lag model to resulting survival curves and developed models of 
leaf scorch that can be applied across a range of temperatures and under fluctuating temperatures. Newly 
expanded foliage in spring was the most heat sensitive for both species examined. P. menziesii foliage sampled in 
spring was significantly more heat sensitive than foliage sampled in autumn, regardless of needle age. These 
findings indicate the importance of species, season, and age of foliage for crown scorch estimation. The models 
and methodologies developed in this study are directly applicable to fire effects models to improve precision of 
crown scorch estimates.

1. Introduction

Tree mortality is one of the primary processes by which fire in
fluences plant communities and ecosystems (Bond et al., 2005). A main 
predictor of tree death in non-sprouting species is crown scorch, or fo
liage that is killed by heat but not consumed during a fire (Hood et al. 
2018; JM Varner et al. 2021; Barker et al. 2022). Crown scorch is used as 
an input in most post-fire tree mortality models (Woolley et al., 2011; 
Fernandes et al. 2008). Despite its widely recognized importance, the 
heat required to scorch foliage is not well understood. A lethal tem
perature threshold of 60 ◦C is commonly used to estimate crown scorch, 
and the duration at which foliage must remain at this temperature (or 
exceed this temperature) to cause necrosis is assumed to range from 
instantaneous to 60 s (e.g. Van Wagner 1973; Michaletz and Johnson 
2006, 2007; Bison et al. 2022). However, experimental studies have 
demonstrated that heat-induced leaf scorch depends on both the tem
perature of foliar tissue and the duration of time it remains at this 
temperature (Bigras 2000; Kelsey and Westlind 2017). A more 
comprehensive model of heat-induced leaf mortality is warranted to 

advance mechanistic understanding of fire-vegetation interactions and 
support improved predictions of fire effects to support fire management 
(Hiers et al. 2020).

The most commonly used crown scorch models for western US co
nifers were published by Van Wagner (1973). These models estimate a 
leaf mortality threshold (TL) as 60 ◦C with support for this threshold 
attributed to Kayll (1968) and Methven (1971). However, even Kayll 
(1968) showed a time-temperature response of leaf mortality as opposed 
to a threshold response, with lower temperatures requiring longer du
rations of heating to kill foliage. In fact, no published study of crown 
scorch has found evidence of a threshold response, where foliage sur
vives below a threshold and dies above the threshold. Despite numerous 
examples of time-temperature observations beginning in the earliest 
publications on the subject (e.g. Nelson 1952; Byram 1958; Hare 1961), 
no currently published process model combines temperature and dura
tion at temperature to estimate crown scorch. Empirical models (e.g. 
Van Wagner 1973) circumvent the complex biological processes that 
drive crown scorch and generalize unsubstantiated thresholds across a 
range of species and conditions.
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Crown scorch occurs when foliage is heated to high enough tem
peratures for long enough to cause cell necrosis without the foliage 
igniting. Crown scorch is common following low- and moderate in
tensity surface fires (Michaletz and Johnson 2006). Traditional equa
tions for crown scorch rely on fire behavior variables such as fire 
intensity (Kobziar et al. 2006) or flame height to estimate the height at 
which air temperature exceeds a TL, indicating crown scorch height (Van 
Wagner 1973). These equations have been parameterized from experi
mental data and crown scorch height observations. While TL is quali
tatively described as the temperature that kills foliage either 
instantaneously or after 60 s, neither the actual foliage temperatures nor 
the duration of heating is explicitly represented in these models. Instead, 
the temperature of canopy components as the fire passes, and the time 
required for foliage to scorch, are both implied by empirical relation
ships to fire behavior and weather variables (see Alexander and Cruz 
(2012) for thorough discussion of equations).

There are two physiological mechanisms which have been hypoth
esized to underly heat-induce foliar damage. First, foliage may undergo 
hydraulic failure. During a fire as air temperature increases and/or 
humidity decreases, the vapor pressure deficit (VPD; the difference be
tween the amount of moisture in the air and how much moisture the air 
can hold when it is saturated) increases. Under high water stress and 
VPD, embolisms (air pockets in the water column of plant vascular tis
sue) may occur in foliage and branches. This can affect the hydraulic 
function of vascular tissues and cause instantaneous leaf scorch i.e. the 
“heat plume cavitation hypothesis”; (Kavanagh et al. 2010; Lodge et al. 
2018). However, opinions differ as to the extent of leaf scorch this can 
cause during a fire and whether hydraulic failure can be easily repaired 
(Brodribb et al. 2016). More research is needed to determine how 
commonly hydraulic failure causes foliage necrosis and crown scorch in 
fires (Nolan et al. 2024). A second physiological mechanism of failure is 
that cells in a leaf can die from heat alone. Previous studies have 
observed leaf cell necrosis after applying heat using water baths, which 
maintains the hydraulic function of foliage while imposing damage from 
heat directly (Bilger et al. 1984; Balk et al. 1999; Bigras 2000). There is 
strong support in the literature that heat injury is a direct mechanism of 
leaf scorch and crown scorch in fire scenarios (Nolan et al. 2024). 
Consequently, while hydraulic failure may play a role in crown scorch, 
leaf tissue death by heat injury is the focus of this study.

When plant tissues are sufficiently injured by heat, cells undergo 
structural destabilization. The cell membranes or proteins embedded in 
the cell membrane become damaged, causing electrolytes to be irre
trievably lost to intracellular space (Campos et al. 2003). This is termed 
electrolyte leakage and can be quantified by measuring the electrical 
conductivity (EC) of plant tissues (Hatsugai and Katagiri 2018). While 
damage to the cell membrane can be non-lethal initially, even minor 
damage often results in programmed cell death (Demidchik et al. 2014). 
Distinguishing between forms of cell death (e.g. programmed cell death 
versus cell necrosis) was outside the scope of the study (Shen et al. 
2023). While cell membrane damage and resulting electrolyte leakage is 
not equivalent to cell necrosis, it is frequently used as an effective and 
efficiently-measured proxy for the likely extent of cell death in plant 
tissues (Igarashi et al. 2013; Bethke et al. 2016; Hatsugai et al. 2016, 
2017; Hatsugai and Katagiri 2018). Electrolyte leakage was therefore 
used in this study to quantify heat injury to plant tissues.

Plant tissue injury from heat has best been characterised by Dick
inson and Johnson (2004). They fit the “lag” model (Jung 1986), orig
inally developed to describe mammalian cells, to experimental data 
from vascular phloem and cambium tissue collected from tree stems. In 
the lag model, cells within tissue that remain at high enough tempera
tures accumulate abnormalities or “lesions” resulting from the dena
turation of proteins. These lesions are often non-lethal in the early stages 
of heat injury, as evidenced by a “lag” in cell necrosis that occurs at the 
onset of heating. As cell lesions accumulate through continued heating 
the likelihood of the lesions killing the cell increases (Jung 1986). 
Dickinson and Johnson (2004) demonstrated that the lag model fit 

experimental data of heat-caused cell necrosis in cambium tissue. 
Furthermore, the lag model can be used to estimate cell necrosis under 
fluctuating temperatures by calculating necrosis at short intervals, with 
cell necrosis accumulating at each time step. This “book-keeping” 
approach was evaluated by Dickinson and Johnson (2004), who 
demonstrated good agreement between predicted and observed cell 
necrosis (R2 values between 0.53 and 0.95). The ability to calculate cell 
necrosis rates across fluctuating temperatures is critical to the deter
mination of crown scorch in real-world wildland fire scenarios, since 
temperatures fluctuate widely depending on fire and atmospheric con
ditions (Atchley et al. 2024). Despite the apparent usefulness of the lag 
model, to our knowledge the lag model has never been applied to cell 
necrosis in leaf tissue.

Cell necrosis rates can vary by species and by season (Dickinson and 
Johnson 2004), contributing to differential crown scorch given the same 
fire intensity (Cansler et al. 2020). Minor differences in amino acid se
quences can alter the thermal stability of proteins, which indicates a 
genetic mode of inheritance for determination of a species’ thermal 
tolerance (Somero 1995). Seasonal differences in heat tolerance may 
result from changes in physiology as plants break or enter dormancy. 
These physiological changes differ between newly developed foliage and 
older foliage developed in previous years (Van Wagner 1967; Jolly et al. 
2014). As such, there may be seasonal differences in heat tolerance 
between newly expanding foliage and older foliage within a single 
crown (Van Wagner 1967; Dickinson and Johnson 2004).

In this study, we used electrolyte leakage to estimate percent cell 
necrosis within leaf tissues resulting from different temperatures and 
durations of heating. We examined newly expanded and one-year-old 
needles of two western United States conifer species: Pinus ponderosa 
Lawson & C. Lawson var. ponderosa C. Lawson (ponderosa pine) and 
Pseudotsuga menziesii (Mirb.) Franco var. glauca (Beissn.) Franco 
(Douglas-fir) in two seasons, and modelled observations using the lag 
model. We chose P. ponderosa and P. menziesii because they have broad 
geographic distributions in western North America, regularly burn in 
wildfires and prescribed fires, and because their contrasting morpho
logical foliage traits allowed investigation of potentially different ther
mal tolerances (e.g., P. ponderosa has thicker, longer needles than 
P. menziesii) (Greenberg and Collins 2021; Rodman et al. 2021). These 
species have also been the focus of extensive prior work on thermal 
tolerance which has revealed enduring questions about the mechanisms 
for fire-induced tree mortality (e.g. Wallin et al. 2003; Sparks et al. 
2023). We used electrolyte leakage as an indicator of percent cell ne
crosis within leaf tissue, or leaf scorch. In doing so, we provide param
eters for leaf scorch for these two widespread species in North America 
that could be incorporated into fire effects modelling systems for crown 
scorch estimation.

We had three specific objectives. 1) To determine if the lag model fits 
experimental data of leaf cell death by heat. If so, this lends support for 
the underlying assumption of the lag model- that heat-induced leaf tis
sue death (leaf scorch) is driven first by the formation of non-lethal le
sions in cells, with lesions eventually killing the cells after sufficient time 
at lethal temperatures. 2) Develop models to describe the precise re
lationships between temperature and parameters of the lag under 
different conditions. These models can be used to calculate percent cell 
necrosis within foliage (i.e. leaf scorch) across different temperatures 
and under the fluctuating temperature regimes that occur in real-world 
situations. 3) Determine if species, season, and age of foliage signifi
cantly influence rates of cell necrosis. If so models of leaf scorch, and 
therefore crown scorch, should be parameterized for individual combi
nations of species, season, and age of foliage.

2. Materials and methods

2.1. Site description and sample collection

We sampled branches of P. ponderosa and P. menziesii saplings (DBH 
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2.5 to 12.7 cm) at Blue Mountain National Recreation Area on the Lolo 
National Forest in Missoula County, Montana, USA. We sampled sap
lings because there were enough saplings within a small area to mini
mize environmental variability, and because foliage from both species 
was easily accessible from the ground. Saplings are vulnerable to crown 
scorch even from low-intensity prescribed fires, as their crowns are often 
partially within the flaming zone and the degree of crown scorch can 
have significant bearing on their survival; saplings also contribute to fire 
spread via vertical and horizontal fuel continuity (Sayer et al. 2020). 
While foliar traits vary within trees by location within the crown and age 
class, these differences are small compared to interspecific variation 
(Weiskittel et al. 2008). Therefore, we feel that our results from saplings 
should extend to larger trees. The saplings were sampled within a 2 km2 

area. Elevation at the site ranged from 1107 m to 1197 m. Sites were 
north-facing with slopes ranging from 5 to 20 ◦. At the nearest weather 
station (“Missoula FTS Montana”; approx. 5.5 km away) from 2001 to 
2022, the mean monthly air temperature was 7.5 ◦C, the mean monthly 
minimum air temperature was 1.3 ◦C, the mean monthly maximum air 
temperature was 14.7 ◦C, and the mean annual precipitation was 402.0 
mm (Western Regional Climate Center 2024). Sampling took place be
tween June and October of 2023. The Standardized Precipitation Index 
(SPI) for the region indicated no drought conditions during this period 
(Svoboda et al. 2002). However, mean monthly air temperature in 
Missoula County was slightly elevated, between 0.9 and 1.9 ◦C above 
historical normals (NOAA National Centers for Environmental infor
mation 2024).

The stands where P. ponderosa and P. menziesii trees were located 
differed somewhat in their structural characteristics and fire histories. 
The stand with P. ponderosa saplings was more open, with saplings 
established in large gaps free of overstory. This stand burned in the 2003 

Black Mountain 2 wildfire (MTBS Project 2024). Char on the boles of 
larger trees was still evident. However, sampled trees did not show signs 
of past fire, and are believed to have established after the 2003 fire. The 
stand with P. menziesii saplings was more heavily shaded, and the 
P. menziesii saplings established beneath P. ponderosa in the overstory. 
No fires have occurred in this stand since at least 1984 (MTBS Project 
2024).

At each sampling time, one branch from each sapling was cut, placed 
in tap water, and transported to the lab within 2 h. The late spring/early 
summer samples (hereafter referred to as “spring”) were taken when the 
newly expanding needles were half the length of the previous year’s 
needles (June 26, 2023 to July 9, 2023) and again from the same trees in 
autumn when the new needles were fully expanded (Sept 27, 2023 – Oct 
11, 2023). Newly expanding/expanded needles (“new”) and one-year- 
old needles (“1 yo”) were removed from each branch − ten control 
and ten treatment needles for P. menziesii or three individual control and 
three individual treatment needles for P. ponderosa. Control and treat
ment samples were paired for calculations.

2.2. Experimental treatments

In the lab, samples were placed in an 8 L water bath (B2000 MyBath 
Digital Water Bath, Benchmark Scientific, Sayreville, NJ, USA), with 
temperature accuracy of ± 0.2 ◦C and temperature uniformity of ± 0.2 
◦C. The water bath was filled with de-ionized water (DI) heated to 
treatment temperatures of 45, 50, 55, 60, or 65 ◦C. Samples were 
immersed in the center of the heated water column for durations from 2 
s up to 2 h and 50 min. Starting with 1 min treatments, shorter treat
ments were added until reduced treatment duration showed no increase 
in survival percentage and longer treatments were added until increased 

Fig. 1. Survival curves by species, season, and foliage age predicted using the lag model. P. ponderosa shown in upper row and P. menziesii in lower row. Shaded 
areas around lines show standard errors.
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treatment duration showed waning reductions in survival percentage (i. 
e. survival curves approached apparent asymptotes; Fig. 1). Treatment 
temperatures required different durations of heating to complete sur
vival curves, as the duration of heating required for cells to die varies 
considerably by temperature. When the treatment was completed, 
samples were submersed in room temperature DI (25 ◦C) to rapidly 
reduce the temperature, ensuring little additional heating beyond the 
desired treatment duration. While the treatments were being applied, 
the control samples were placed in DI at room temperature for the same 
duration of time as the duration of the treatment with which they were 
paired, to account for possible injury from samples being handled and 
submerged in DI water. According to equations for the free convective 
heating of horizontal cylinders using the dimensions of P. menziesii and 
P. ponderosa needles, samples should have equilibrated with the tem
perature of the water bath in < 0.1 s (Figure S1). Needle temperature 
was therefore assumed to be equal to the temperature of the water bath 
for the purposes of this study.

Cell survival percentage was estimated by calculating the change in 
electrolyte leakage of treatment needles relative to control needles from 
the same branch and age of needles. To estimate electrolyte leakage, we 
measured electrical conductivity (EC; mS m-1). Temperature affects EC, 
so we compensated for changes in EC over temperature using industry 
standards for all EC measurements (Clesceri et al. 1998; Eq. (1)): 

EC = ECobserved + ECobserved ∗ [0.0191 ∗ (T − 25)] (1) 

where T is the temperature of the solution (◦C).
After each treatment, heated and paired control samples were thor

oughly rinsed with DI and left for 24 h in test tubes containing room 
temperature DI, following the methods of previous studies (Campos et 
al. 2003; Ahmad et al. 2016; Banerjee and Roychoudhury 2022). The EC 
of the resulting fluid (ECinitial) was then measured using a conductivity 
meter (AquaSearcher AB33EC Bench Meter, OHAUS Instruments Co. 
Ltd., Shanghai, China). The fluid was returned to the test tube and total 
EC was measured after boiling the needles for 20 min (ECtotal). Boiling 
releases all ions from the tissue, allowing estimation of percent elec
trolyte leakage resulting from treatments (Campos et al. 2003; Ahmad et 
al. 2016; Banerjee and Roychoudhury 2022).

Percent difference in EC relative to control was calculated using Eq. 
(2): 

heat injury (%) = 100 ∗ (Rt − R0)/(1 − R0) (2) 

where Rt = ECinitial/ECtotal of heat-treated samples and R0 = ECinitial 
/ECtotal of control samples. Because all samples yield some electrolyte 
leakage, and leakage from control samples was subtracted from the 
treatment samples, it was not possible to calculate a heat injury index of 
0. Values of R0 ranged from 0.00 to 0.44, and values of Rt ranged from 
0.00 to 0.93. Resulting curves showed minimum heat injury values 
ranging from 7 to 58 %. Elevated minimum heat injury percentages 
likely resulted from damage to control samples from handling and being 
submerged in DI water. It was important to account for this damage 
when estimating percent cell necrosis resulting from heat alone. To do 
so, we scaled the curves from 0 to 100 using the R statistical program 
version 4.1.3 (R Core Team 2022) and a range transformation from the R 
package “caret” version 6.0–92 (Kuhn 2021). The scaled curves repre
sented estimated percent cell necrosis resulting from heat injury. 
Percent cell survival was then estimated by subtracting percent cell 
necrosis from 100.

2.3. Data analysis

The lag model describes cells within “compartments” (Fig. 2). Each 
compartment contains a proportion of cells in the population. Initially 
all cells have no lesions (compartment S0). When cells are heated to a 
damaging temperature, non-lethal lesions accumulate randomly in the 
population, and cells move into compartments for cells with 

progressively more lesions. The rate at which cells move out of 
compartment S0 is described by Eq. (3): 

dS0/dt = − pS0 (3) 

where p (s-1) is the rate at which lesions accumulate in the cell popu
lation. The rate of change in the proportion of cells with lesions is: 

dSn/dt = pSn− 1 − pSn − ncSn (4) 

where Sn is the proportion of cells with n lesions, and c (s-1) is the rate at 
which lesions change from non-lethal to lethal. The first term describes 
cells moving from compartment Sn− 1 into compartment Sn, the second 
term describes the movement of cells out of compartment Sn to Sn+1, 
and the last term describes the portion of cells moving out of compart
ment Sn due to cell death. Note that the inclusion of nc in the final term 
means that the more lesions a cell has the more likely it is to die at any 
given time.

Using Eqs. (3) and (4), the proportion of cells across all compart
ments S0 to S∞ that survive (S(t)) after time t (s) when heated at a 
constant temperature is calculated using Eq. (5): 

S(t) = exp(p/c(1 − ct − exp(− ct))) (5) 

Together, the temperature-dependent rate parameters p and c define 
the shape of cell survival curves over time given a constant temperature. 
We estimated p and c by fitting the lag model to our experimental data. 
Following estimation of parameter values at each treatment tempera
ture, the relationship between rate parameters and temperature were 
then described with a function that was fit to the data, allowing for 
interpolation of the shape of survival curves across a range of 
temperatures.

The parameters p and c describe the rate of lesion formation from 
heat damage and the rate of cell necrosis resulting from lesions, 
respectively. These parameters have been shown to exhibit 

Fig. 2. Compartments described by the lag model. All cells have no lesions 
initially and belong to compartment S0. A temperature dependent rate 
parameter p (s-1) defines the rate at which non-lethal lesions randomly accu
mulate in the cell population. Live cells that develop lesions move into suc
cessive compartments Sn− 1 through S∞. A second temperature dependent rate 
parameter c (s-1) defines the rate at which non-lethal lesions are converted to 
lethal lesions. A cell with more lesions is therefore more likely to die. 
Figure adapted from Dickinson and Johnson (2004).

K.J. Fuller et al.                                                                                                                                                                                                                                 Ecological Modelling 507 (2025) 111192 

4 



approximately log-linear relationships with temperature (Jung 1986; 
Dickinson and Johnson 2004). Developing models of functional re
lationships between temperature and these rate parameters under 
different conditions was one of the main objectives of this study. 
Therefore, linear regressions of log-transformed p and c against tem
perature were developed for use in species- and condition-specific 
models for connecting dynamic heat exposure to foliar damage (leaf 
scorch).

Previous studies that parameterized the lag model sometimes iden
tified a bend or discontinuity in the log-linear relationship between 
either p or c and temperature (mammalian tissue, Jung 1986; plant bark 
tissue, Dickinson and Johnson 2004), and fit a second regression line to 
accommodate for these deviations. Our method of estimation favored a 
log-linear fit for these relationships and did not account for any dis
continuities. However, we found that log-linear regression fit the 
modeled relationships well, and that introducing potential discontinu
ities was unnecessary. As such, we decided to forego more complex 
models in favor of parsimonious solutions.

The parameters p and c are collinear, which results in a flexible so
lution space. To identify a solution that provided high accuracy metrics 
for all models, we used a grid search approach followed by optimization. 
Data were jackknife resampled 100 times by leaving three randomly 
selected observations out of each round of grid search and optimization. 
This method was applied to each combination of species, season, and age 
of foliage separately. We merged datasets for combinations of species, 
season, and age of foliage that were not statistically significantly 
different from each other and repeated the procedure to generate final 
models for merged groups. All optimization in this study employed 
simulated annealing because it avoids local optima in favor of global 
optima, using the R package “optimization” version 1.0–9 (Husmann et 
al. 2017). All statistics were calculated use the base R package “stats” 
unless otherwise indicated.

The grid search was carried out on combinations of values of p and c, 
evaluating the accuracy of the lag model for each combination of values. 
Within the ranges of values of p and c based on data from Dickinson and 
Johnson (2004), we generated 100 values of each variable. With each 
combination of these values, we predicted survival percentage using the 
lag model (Eq. (5)). Predictions were compared to observed survival 
percentages, with accuracy calculated as the normalized root mean 
squared error (NRMSE). This procedure resulted in 40,000,000 pre
dictions total – 5,000,000 predictions per combination of species, sea
son, and age of foliage – with 50,000 predictions per jackknifed data 
subset. Initial values of p and c, as well as the minimum and maximum 
limits, to be used in optimization were selected for each jackknifed 
subset by examining the top 1 % of results from the grid search.

Using initial values and limits identified in the grid search, we 
optimized values of p and c for each jackknifed subset. Optimization was 
conducted on three models simultaneously: lag model fits to survival 
curves, linear regression of log-transformed p against temperature, and 
linear regression of log-transformed c against temperature. The algo
rithm minimized the maximum NRMSE of all models. In doing so, we 
identified a solution which minimized error for all applications of p and c 
to ensure good fits to raw data as well as generalizability across tem
perature for future applications. The results provided a distribution of 
each rate parameter, with 100 values of p and 100 values of c at each 
temperature. We used NRMSE to compare optimization results because 
it can be compared across response variables, and is independent of 
sample means (Faifer et al. 2020). However, we reported model pre
dictions in root mean squared error (RMSE; Table S1) because it is in the 
same units as the response variable (percent survival), making inter
pretation more straightforward. We calculated RMSE by multiplying 
NRMSE by σ.

The mean predicted p and c were calculated and the lag model was 
used to predict survival percentage across temperatures (45, 50, 55, 60, 
and 65 ◦C). Significant differences between groups were identified by 
conducting analysis of variance (ANOVA) at each combination of 

temperature and duration of heating, followed by Tukey Honest Sig
nificance Difference tests. Mean standard errors (selag) for lag model fits 
to observed survival were then calculated. We log-transformed the 100 
predicted values of p and c from our jackknife procedure and used linear 
regression to model their relationships with temperature. Standard er
rors (selog− linear) from the linear models of log-transformed rate param
eters against temperature were calculated. To determine which linear 
regression lines were statistically different from each other, we propa
gated error terms selag and selog− linear, and calculated final standard er
rors, following the methods of Ku (1966) and Efron (1981; Eq. (6)): 

sefinal =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(1/T)2
∗ log

(
selag

)2
+ (θ ∗ T)2

∗ se2
log− linear

√

(6) 

where sefinal is the final standard error, and θ is the model estimate for 
each linear regression of log-transformed rate parameters against tem
perature. Confidence intervals were calculated by multiplying the 
standard error by 1.96 (ɑ = 0.05), and adding to and subtracting from 
the estimate from each linear model of log-transformed rate parameters 
against temperature. Confidence intervals were compared between each 
model of species, season, and age of foliage. If confidence intervals 
overlapped across the entire range of temperatures for both p and c, 
combinations were merged. The approach described above was repeated 
until no additional combinations could be merged, and final models for 
all groups were defined. Finally, we used optimization to estimate 
curves showing the temperature at which 50 % of cells are expected to 
die after 1 to 90 s of exposure (LD50) using interpolations of log-linear 
models of rate parameters against temperature. We then compared 
LD50 after 60 s of exposure because 60 ◦C for 60 s is assumed to cause 
crown scorch in many existing models (e.g. Van Wagner 1973). It is not 
currently known what percentage of cells within leaf tissue must 
necrotize before whole leaves are considered scorched. We estimated 
LD50 because it is a well-established metric for describing lethal dose in 
plant physiology (Hammond et al. 2019), and a convenient threshold for 
discussing differences between treatment groups. Future research is 
needed to determine if LD50 is an appropriate threshold for assuming 
whole leaf scorch.

3. Results

All observed survival data showed a decline in survival as the 
duration of heating increased (Fig. 2 and S2). Rates of decline in survival 
increased as temperature increased. A lag in necrosis was present for all 
combinations of species, season of sample, and age of foliage upon 
initiation of heating treatments. The lag model showed good agreement 
between predicted and observed survival for all groups (mean adjusted 
R2 value of 0.79; Table S1). Linear regression of log-transformed lag 
model rate parameters p and c against temperature also showed good 
explanatory power for all models (Table 1; adjusted R2 between 0.89 
and 0.99; Fig. 3).

We found statistically significant differences between species, sea
sons of sampling, and ages of foliage. However, some categories were 
not significantly different from each other and were merged. Identifying 
the final groups required modelling rate parameters and testing for 
significance twice (Figs. S3 and S4), after which all groups were 
significantly different. Within categories of P. ponderosa, new foliage 
sampled in spring, new foliage sampled in autumn, and 1 yo foliage 
sampled in autumn were not significantly different from each other and 
were merged (Fig. 3). Within categories of P. menziesii, new foliage 
sampled in autumn, and 1 yo foliage sampled in autumn were merged.

P. menziesii exhibited higher necrosis rates than P. ponderosa under 
most circumstances, with all P. menziesii foliage categories becoming 
especially heat sensitive at higher temperatures (above 50 ◦C; Figs. 2 and 
S2). At the lowest temperatures examined in this study (45 and 50 ◦C), 
new P. menziesii foliage sampled in spring was the most heat sensitive 
(significance test p-value < 0.001). All other sampled foliage categories 
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were comparable in sensitivity at these temperatures. At 55 ◦C and 
higher, new and 1 yo P. menziesii foliage sampled in spring were similar 
in heat sensitivity. At the highest temperature examined in this study (65 
◦C), the merged P. ponderosa foliage category of 1 yo foliage sampled in 
spring and all autumn foliage was more tolerant of heat than any other 
category (p-value < 0.001). New P. ponderosa sampled in spring was 
second most heat tolerant, statistically significantly more heat tolerant 
than all P. menziesii foliage (p-value < 0.001).

As temperatures increased, 1 yo P. menziesii foliage sampled in spring 
showed the greatest increase in sensitivity as indicated by the greatest 
slope of regression lines in Fig. 3. The merged P. ponderosa foliage 
category of 1yo foliage sampled in spring and all autumn foliage 
exhibited the least increase in sensitivity (lowest slope) over the tem
peratures examined in this study. Examining LD50 values at 60 s of 
exposure, categories of foliage ranked from most heat sensitive to least 
heat sensitive were as follows: new P. menziesii foliage sampled in spring, 
1 yo P. menziesii foliage sampled in spring, P. menziesii foliage sampled in 

autumn, new P. ponderosa foliage sampled in spring, and all other 
P. ponderosa foliage (Fig. 4).

4. Discussion

Cell necrosis-caused crown scorch is driven by the denaturation of 
proteins in leaf cells at high temperatures, resulting in loss of function 
and loss of membrane stability. As proteins denature, cells survive or die 
depending on protein function (Demidchik et al. 2014). Heat injury in 
animal cells is cumulative (Jung 1994), with abnormalities or lesions 
accumulating as a result of damage to proteins until cells eventually die. 
The “lag” model describes this process based on two rate parameters, p 
being the rate of lesion formation, and c being the rate at which lesions 
become lethal to the cell. However, the lag model has never been tested 
using foliage. We found that the lag model fit our experimental data 
well. This supports the theory that leaf tissue death is driven first by 
non-lethal damage within cells, followed by necrosis. We developed a 

Table 1 
Predicted values of log(p) and log(c) from linear regressions against temperature and accuracy metrics by species, season, and foliage age. The natural logarithm was 
calculated using Napier’s constant. The parameters p and c describe the rate of lesion formation from heat damage, and the rate of cell necrosis resulting from lesions, 
respectively. All groups had statistically significant differences (p-value < 0.05) between values of p and c compared to all other groups. Note: p and c estimates shown 
in units of log(s-1).

Species Season and age of foliage 45 ◦C 50 ◦C 55 ◦C 60 ◦C 65 ◦C Std. error Adj R2

P. ponderosa Spring - new p − 8.09 − 6.70 − 5.30 − 3.90 − 2.50 0.003 0.95
c − 6.94 − 4.71 − 2.48 − 0.24 1.99 0.007 0.89

Spring - 1 yo & autumn - all p − 6.97 − 6.00 − 5.03 − 4.06 − 3.10 0.003 0.89
c − 8.74 − 7.11 − 5.48 − 3.86 − 2.23 0.002 0.97

P. menziesii Spring - new p − 6.75 − 5.27 − 3.78 − 2.29 − 0.81 0.001 0.99
c − 5.27 − 3.48 − 1.70 0.08 1.86 0.003 0.96

Spring - 1 yo p − 7.21 − 5.63 − 4.05 − 2.47 − 0.89 0.002 0.98
c − 8.82 − 6.10 − 3.39 − 0.67 2.05 0.002 0.99

Autumn – all p − 7.37 − 5.98 − 4.60 − 3.21 − 1.82 0.001 0.99
c − 9.59 − 7.07 − 4.56 − 2.04 0.47 0.004 0.98

Fig. 3. Predicted values of the rate parameters p and c against temperature by species, season, and needle age. The parameters describe the rate of accumulation of 
non-lethal lesions (p) and the rate of conversion of these non-lethal lesions to lethal lesions (c) during heating at different temperatures. Shaded areas around lines 
show propagated standard errors. Note: y-axes are shown on a log scale.

K.J. Fuller et al.                                                                                                                                                                                                                                 Ecological Modelling 507 (2025) 111192 

6 



model describing time evolution of heat-induced leaf scorch that can be 
applied across a range of temperatures and under fluctuating tempera
tures. Since heat is considered the primary cause of leaf scorch, the 
models developed in this study can be used to improve crown scorch 
estimates from wildland fire given foliar temperatures over time. Lastly, 
we found significant differences between some combinations of species, 
season, and age of foliage, indicating that these variables can affect 
susceptibility to heat-induced crown scorch.

4.1. Crown scorch as a process

The temperature at which foliage dies (TL), typically assumed to be 
60 ◦C, is used in fire effects models to predict crown scorch height 
(Atchley et al. 2024). The basis for the value of TL lies in a number of 
studies that identified 60 ◦C as the temperature which kills pine needles 
after 60 s (Pinus strobus L.; Kayll 1968; Pinus resinosa Ait., and P. strobus; 
Methven 1971), although other studies suggest shorter times from 
instantaneous (Wade and Johansen 1986) to 30 s (Alexander et al. 
2020). Crown scorch height equations implicitly incorporate assump
tions about heating times, ambient wind penetration into the canopy 
(tied to convective cooling), fire line shape and plume intermittency, 
and real-world temperatures of canopy elements, rather than repre
senting them explicitly (Atchley et al. 2024). This neglects to account for 
scorch that could result from foliage exposed to higher temperatures for 
shorter durations or lower temperatures for longer durations, thus 
oversimplifying how heat affects foliage survival. Existing crown scorch 
equations are also reliant on TL as a constant across species and situa
tions that previous studies have shown are important factors in thermal 
sensitivity (Li et al. 1991; Somero 1995).

In the lag model, cells heated to lethal temperatures initially accu
mulate non-lethal damage, followed by cell necrosis. This delay or “lag” 
in cell necrosis was observed in our study, indicating that heat is initially 
non-lethal to plant cells as the lag model suggests (Jung 1986). This 
finding mirrors the results of Dickinson and Johnson (2004), who found 
that the lag model fit experimental data of cambium cells and refutes the 
notion of instantaneous leaf tissue death at a temperature and/or 

duration threshold. That the lag model was originally developed to 
model mammalian tissue (Jung 1986) yet fits experimental observations 
of plant cells suggests that protein denaturation and loss of membrane 
stability may underpin cell death by heat across taxa and tissue types. 
Future research should examine lag model fits to experimental data in 
other taxa to test this assertion.

4.2. Factors affecting thermal tolerance

Species differences in thermal tolerance have long been acknowl
edged (e.g. Nelson 1952). These differences are partially determined by 
differences in amino acid sequences of proteins, which confer varied 
levels of structural stability at high temperatures (Somero 1995). Other 
heritable differences in membrane structure and composition have also 
been proposed as possibly contributing to thermal tolerance (Somerville 
and Browse 1991).

With few exceptions, we found that P. menziesii was more heat sen
sitive than P. ponderosa, especially at temperatures above 55 ◦C. 
P. menziesii is therefore expected to exhibit greater crown scorch volume 
given the same initial ambient conditions, phenological stages, and fire 
intensities. This is supported by conventional wisdom, which suggests 
that P. menziesii should be more heat sensitive than P. ponderosa based 
on foliage traits (Fernandes et al. 2008; Varner et al. 2021). For example, 
P. ponderosa has much longer, thicker needles than P. menziesii (Keane et 
al. 1990; Weiskittel et al. 2008). Thicker needles correspond to higher 
leaf mass per area and lower specific leaf area and surface area to vol
ume ratio, which positively correlate with heat tolerance (Rigolot 2004). 
However, while foliage trait values exist, potential differences in foliage 
heat tolerance to fire has received very little attention. This may be due 
to other traits related to branch morphology and crown architecture that 
also influence whole-tree fire tolerance (Fernandes et al. 2008; Hood 
et al. 2018). LD50 after 60 s for P. menziesii deviated substantially from 
the commonly used TL of 60 ◦C (53.33 to 57.41 ◦C; Fig. 4), suggesting 
crown scorch height may be underpredicted for this species using cur
rent fire effects models (e.g. Reinhardt 2003; Heinsch and Andrews 
2010; Hood and Lutes 2017). Conversely, LD50 after 60 s for P. ponderosa 
was reasonably close (58.17 to 61.12 ◦C). This is perhaps unsurprising, 
since the standard 60 ◦C threshold is based on studies using material 
from pine species (Nelson 1952; Kayll 1968; Methven 1971). Here, we 
assumed 50 % cell necrosis would result in whole leaf scorch. To our 
knowledge this has never been tested. LD50 is a well-established metric 
of lethal dose in plant physiology. However, further research is needed 
to determine if 50 % cell necrosis is a reliable threshold for estimating 
whole leaf scorch.

Season and age of foliage also affect thermal tolerance of these two 
species in different ways. P. menziesii foliage was overall more heat 
sensitive in spring than autumn. This suggests that spring fires may 
result in greater percentages of crown scorch in P. menziesii than autumn 
fires given the same fire intensity and initial physiological and envi
ronmental conditions. In the western US, conifer carbon stores are 
replenished in late summer, such that loss of foliage has a greater impact 
on tree mortality when trees are entering the growing season compared 
to entering dormancy (Kramer 2012). Presumably, with less carbon 
store replenishment in the early growing season and higher thermal 
sensitivity shown here, the potential for tree mortality of P. menziesii 
may be greater in the early growing season. Tree mortality may be even 
higher if burns occur after bud break during active new needle elonga
tion, since more foliage would be exposed and unprotected during a fire 
(Harrington 1993). Season alone was less relevant for P. ponderosa and 
was only significant for new foliage. Additional research is needed to 
test how our needle-based results translate to tree-level mortality based 
on season of burn, as well as how season and age of foliage affect thermal 
tolerance in other species.

Age of foliage alone did not affect thermal tolerance of either species. 
However, season-by-age interactions were evident. In our study, new 
foliage sampled in spring was in the process of developing. The literature 

Fig. 4. LD50 as the temperature at which 50 % of cells die after different du
rations of exposure to heat, presented in 1 s intervals, by species, season, and 
needle age. The dotted line highlights LD50 at 60 s.
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is divided on whether developing foliage is more sensitive to heat injury 
than older foliage. For example, a study in Capsicum annuum L. (bell 
pepper; Anderson et al. 1990) found that immature foliage was less heat 
tolerant than fully expanded foliage, while a study in Zea mays L. (maize; 
Karim et al. 1999) showed that heat injury was less severe in developing 
foliage than in fully developed foliage. Studies reporting that developing 
foliage is more heat sensitive suggest that this may result from differ
ences in the anatomy of cellular membranes (Wahid et al. 2007). We 
found that within categories of P. ponderosa foliage, developing spring 
foliage was significantly more sensitive to heat than all other season and 
age categories (Figs. 2 and S2). For P. menziesii foliage, developing 
spring foliage was the most heat sensitive followed by 1 yo foliage 
sampled in spring, and lastly any foliage sampled in autumn. Our find
ings indicate that by autumn, when new needles are fully developed, 
they are no less tolerant of heat than older foliage.

The greater thermal sensitivity of new conifer foliage in spring 
compared to autumn suggests that new foliage will be scorched more 
readily after a spring burn than after an autumn burn given the same fire 
behavior. One study showed that stands of P. ponderosa scorched after 
bud break in spring exhibited greater mortality than stands scorched in 
autumn given the same crown scorch volume (Harrington 1987). 
However, it is generally thought that if stands burned in spring before 
new needles emerge, mortality rates will be lower than if burned during 
the growing season (Crane and Fischer 1986). If true, these observations 
together with our findings suggest that increased mortality from spring 
burns (Harrington 1987) may result from disproportionate damage to 
developing foliage in our two study species.

The seasonal trends presented in this study may have important 
ecological repercussions. A higher proportion of damage to developing 
foliage in spring than in autumn may result in increased losses to carbon 
resources at a critical time. Newly developed foliage has greater 
photosynthetic capacity and greater nitrogen per unit mass than older 
foliage (Mediavilla and Escudero 2003). Consequently, loss of new fo
liage reduces nutrient pools more than loss of old foliage given the same 
mass lost. If stands burn after bud break in spring, scorch may therefore 
be expected to result in even greater impacts to a tree’s carbon stores 
than might be expected given crown scorch volume estimates under 
existing models (e.g. Hood and Lutes 2017). Carbon reserves are espe
cially important in the growing season (Hoch 2015). Needles can be 
retained on trees for as long as 5 y by P. ponderosa (Grulke and Retzlaff 
2001) and 4 y by P. menziesii (Mulvey et al. 2013). This suggests a 
new-to-old foliage ratio of at least 1:4 and 1:3 within crowns, respec
tively. Scorch after bud break in spring is therefore expected to increase 
mortality of P. menziesii more than P. ponderosa, since developing foliage 
accounts for a greater proportion of the crown.

To our knowledge this is the first study to examine heat-induced leaf 
cell necrosis across phenological stages and species of conifer saplings, 
and to identify mechanisms of heat-driven leaf scorch that can be inte
grated into existing tree mortality prediction models. Our field-based 
study focused on two widespread species in the North American west. 
We were unable to control for all possible environmental factors, and 
these results should be considered specific to the species evaluated. We 
also limited our analysis to saplings, and these findings may differ for 
other size classes. Future studies should examine these species and 
others across a wider geographic range to capture possible relationships 
between inter-species variation, tree size class, plant traits, climate, and 
seasonal environmental changes.

5. Conclusion

We detailed heat-induced mechanisms of foliar cell necrosis (i.e. leaf 
scorch) in two ubiquitous western US conifers and characterize their 
dependence on both temperature and duration of heating. Our results 
dispute the characterization of crown scorch as a temperature threshold 
response. The lag model of heat injury fit experimental data well, sup
porting its broader application across taxa, across tissue types, and 

under more circumstances. The models detailed in this study can readily 
be applied to improve estimates of crown scorch in fire effects models for 
these species. While the models describe leaf scorch in only two species, 
our study demonstrates a novel approach for assessing foliar thermal 
tolerance that can be used to inform crown scorch estimates for other 
tree species. We found that species, season, and age of foliage can all 
influence thermal sensitivity. These findings refute the notion of the 
universal 60 ◦C threshold of crown scorch currently used in many fire 
effects models and highlights a need for crown scorch models to incor
porate species and phenological data to improve accuracy.
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