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Abstract 

Background  Despite recent advances in understanding the drivers of tree-level delayed mortality, we lack a method 
for mapping delayed mortality at landscape and regional scales. Consequently, the extent, magnitude, and effects 
of delayed mortality on post-fire landscape patterns of burn severity are unknown. We introduce a remote sensing 
approach for mapping delayed mortality based on post-fire decline in the normalized burn ratio (NBR). NBR decline 
is defined as the change in NBR between the first post-fire measurement and the minimum NBR value up to 5 years 
post-fire for each pixel. We validate the method with high-resolution aerial photography from six wildfires in California, 
Oregon, and Washington, USA, and then compare the extent, magnitude, and effects of delayed mortality on land-
scape patterns of burn severity among fires and forest types.

Results  NBR decline was significantly correlated with post-fire canopy mortality (r2 = 0.50) and predicted the pres-
ence of delayed mortality with 83% accuracy based on a threshold of 105 NBR decline. Plots with NBR decline greater 
than 105 were 23 times more likely to experience delayed mortality than those below the threshold (p < 0.001). 
Delayed mortality occurred across 6–38% of fire perimeters not affected by stand-replacing fire, generally affecting 
more areas in cold (22–41%) and wet (30%) forest types than in dry (1.7–19%) types. The total area initially mapped 
as unburned/very low-severity declined an average of 38.1% and generally persisted in smaller, more fragmented 
patches when considering delayed mortality. The total area initially mapped as high-severity increased an average 
of 16.2% and shifted towards larger, more contiguous patches.

Conclusions  Differences between 1- and 5-year post-fire burn severity maps depict dynamic post-fire mosaics 
resulting from delayed mortality, with variability among fires reflecting a range of potential drivers. We demonstrate 
that tree-level delayed mortality scales up to alter higher-level landscape patterns of burn severity with important 
implications for forest resilience and a range of fire-driven ecological outcomes. Our method can complement 
existing tree-level studies on drivers of delayed mortality, refine mapping of fire refugia, inform estimates of habi-
tat and carbon losses, and provide a more comprehensive assessment of landscape and regional scale fire effects 
and trends.
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Resumen 

Antecedentes  A pesar de los recientes avances en el conocimiento sobre las causas de la mortalidad tardía (post-
fuego) a nivel de árboles, carecemos de un método para mapear esta mortalidad tardía a escala regional o de paisaje. 
Consecuentemente, la extensión, magnitud, y efectos de esta mortalidad tardía en patrones de severidad en paisajes 
post-fuego, son desconocidos. Introdujimos una aproximación usando sensores remotos para mapear la mortalidad 
tardía basados en declinaciones post-fuego en la relación normalizada de quema (NBR o Normalized Burn Ratio en 
Inglés). La declinación del NBR está definida como el cambio en NBR entre la primera medición post-fuego y el valor 
mínimo del NBR hasta cinco años luego del fuego para cada píxel. Validamos el método con fotografías aéreas de alta 
resolución en seis incendios en California, EEUU; luego comparamos la extensión, magnitud, y efectos de esa mortali-
dad tardía en los patrones de severidad de paisajes entre diferentes incendios y tipos forestales.

Resultados  La declinación del NBR se correlacionó significativamente con la mortalidad de doseles (r2 = 0,50), y 
predijo la presencia de mortalidad tardía con un 83% de exactitud basada en un umbral de 105 de declinación en el 
NBR. Las parcelas con una declinación NBR mayor a 105 fueron 23 veces más probable que experimenten una mor-
talidad tardía que aquellas que estaban por debajo de este umbral (p < 0,001). La mortalidad tardía ocurrió a través de 
6 a 38% de los perímetros de fuego no afectados por incendios de reemplazo de rodales, afectado generalmente más 
área en tipos forestales de sitios fríos (22–41%) y húmedos (30%), que en tipos forestales de sitios secos (1,7–19%). 
El área total inicialmente mapeada como no quemada, o quemada a muy baja severidad, declinó un promedio de 
38,1% y persistió generalmente en parches pequeños y fragmentados cuando fue considerada la mortalidad tardía. El 
área total inicialmente mapeada como de alta severidad se incrementó en promedio un 16,2% y derivó hacia parches 
más grandes y contiguos.

Conclusiones  Los mapas con las diferencias en severidad entre uno y cinco años post-fuego muestran mosaicos 
dinámicos que resultan de la mortalidad tardía, con variabilidades entre incendios, que reflejan un rango potencial 
conducente a esas situaciones. Demostramos que la mortalidad tardía a nivel de árboles, escala hasta alterar nive-
les más altos de severidad de incendios a escala de paisajes con importantes implicancias para la resiliencia de los 
bosques y un rango de resultados ecológicos derivados de los incendios. Nuestro método puede complementar los 
estudios existentes a nivel de árboles sobre los conducentes a la mortalidad tardía, refinar mapas de los refugios de 
fuego, informar estimaciones de hábitat y pérdidas de carbono, y proveer de una determinación más comprensiva de 
los efectos del fuego a nivel de paisaje, regional y sus tendencias.

Background
Numerous field studies from around the world document 
the occurrence of delayed tree mortality following fire 
(Barlow et al. 2003, Schwilk et al. 2006, Catry et al. 2010, 
Angers et al. 2011, van Mantgem et al. 2011, Cansler et al. 
2020, Robbins et  al. 2022). Studies tracking individual 
trees following fire document an important role of fire-
related injury (e.g., crown scorch), pre- and post-fire cli-
mate, competition from surviving trees, and insect and 
pathogens in predicting tree survival in the years fol-
lowing fire (Hood and Bentz 2007, van Mantgem et  al. 
2013; Hood et al. 2018; Barker et al. 2022). Despite these 
advances in understanding the drivers of delayed mor-
tality at the individual tree level, we lack a generalizable 
method for characterizing and quantifying delayed tree 
mortality at landscape and regional scales. The poten-
tial extent, magnitude, and effects of delayed mortality 
on post-fire landscape patterns of burn severity remain 
largely unknown.

Maps derived from remotely sensed imagery quantify 
fire effects and provide spatial data on patterns of burn 

severity and the magnitude and extent of tree mortal-
ity going back to the mid-1980s. These maps are an 
essential data source for ecological studies of landscape, 
regional, and continental fire effects across North Amer-
ica, Europe, Africa, Asia, and Australia (Miller and Yool 
2002, Soverel et al. 2010, Guo et al. 2022, Dwomoh and 
Wimberly 2017, Collins et al. 2018). The primary method 
for mapping fire-induced tree mortality and burn severity 
is based on change in the Normalized Burn Ratio (NBR) 
from  before and after fire occurrence (Key and Ben-
son 1999). NBR compares near-infrared and short-wave 
infrared reflectance to highlight changes in vegetative 
cover and exposure of bare mineral soil (Key and Ben-
son 1999). Absolute and relative changes in this index are 
correlated with both composite burn indices (Cocke et al. 
2005; Wimberly and Reilly 2007; Cansler and McKenzie 
2012; Parks et  al. 2014) and tree mortality observed in 
post-fire field studies (Miller and Thode 2007; Reilly et al. 
2017).

As the primary basis for assessing trends, drivers, and 
spatial patterns of burn severity, Landsat-based burn 
severity maps are an essential tool for scientists and forest 
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managers. Burn severity maps often provide the basis for 
post-fire restoration planning (e.g., Meyer et  al. 2021), 
estimating habitat loss (Lesmeister et al. 2021; Palm et al. 
2022) and carbon emissions (Zhao et al. 2021), and map-
ping biological legacies such as small patches of surviving 
legacy trees and patches of fire refugia that were unburned 
or experienced minimal fire effects (Krawchuk et  al. 
2020). However, these applications are currently based on 
immediate or 1-year post-fire assessments that inevitably 
underestimate severity wherever delayed mortality occurs. 
Incorporating the effects of delayed mortality can provide 
a more refined characterization and understanding of fire 
effects at landscape and regional scales.

We developed a novel method for mapping delayed 
mortality using an annual Landsat time-series approach. 
We first describe the method for mapping delayed mor-
tality up to 5  years post-fire and validate it with high-
resolution aerial photo interpretation from six fires in 
Oregon, Washington, and California (Fig.  1). We then 
assess the extent and magnitude of delayed mortality and 
compare among fires and forest types. Finally, we com-
pare the effects of delayed mortality on spatial patterns of 
classified burn severity across all fires.

Methods
Study extent
We selected six study fires across a latitudinal gradient of 
forested ecoregions in California, Oregon, and Washing-
ton (Table  1, Fig.  1). We chose fires based on the avail-
ability of high-resolution aerial photography from the 
National Agriculture Imagery Program (NAIP) at 1, 3, 
and, 5 years post-fire. Fires were a minimum size of 1000 
hectares and included high-severity patches according 
to immediate burn severity data from the Monitoring 
Trends in Burn Severity program (MTBS; Eidenshenk 
et al. 2007). The study fires include a range of forest types 
(Table 2; Simpson 2021) that span broad biophysical and 
climatic gradients and differ in terms of post-fire climatic 
conditions (Fig. S1).

Remote sensing methods
We assembled a stack of annual normalized burn ratio 
(NBR) grids from a medoid composite of surface reflec-
tance from USGS Collection 2. Cloud, shadow, and snow 
as identified by the QA bands were masked using Google 
Earth Engine (Gorelick et  al. 2017). NBR is calculated 
(Eq. 1) using a ratio derived from the near-infrared band 
(NIR) and the short-wave infrared (SWIR) band as:

Once stacks of annual composites were assembled, we 
used NBR from 1  year before the fire to represent the 

(1)NBR =
NIR− SWIR

NIR+ SWIR
∗ 1000

pre-fire condition. Non-forest cover from the Landscape 
Change Monitoring System (LCMS) and salvage logging 
(digitized manually based on time series imagery from 
Landsat and NAIP) were masked and excluded from fur-
ther analysis. We calculated a pixel-scale minimum NBR 
composite based on the lowest NBR value observed over 
the 5 years following fire (Fig. 2; Eq. 2). NBR decline was 
defined as the change in NBR between the first post-fire 
measurement and the delayed minimum (Eq.  3). We 
then calculated the relative change in the normalized 
burn ratio (RdNBR; Miller et al. 2009) for immediate and 
delayed burn severity using the year preceding the fire 
and the first-year post-fire and 5-year minimum, respec-
tively (Eq. 4).

where min represents a pixel-wise minimum over a set of 
years y.

where NBR1 represents the NBR 1 year after fire.

where NBRpre and NBRpost represent the NBR 1  year 
before and after fire, respectively.

Validation
A total of 353 30-m pixel plots were randomly selected 
and interpreted across the six study fires. To ensure a rel-
atively even distribution of plots in areas with and with-
out delayed mortality, we stratified based on NBR decline 
in the following classes: no change (0), low (1–75), mod-
erate (75–150), high (150–225), and very high (> 225) 
spectral decline. Plots were allocated within these strata 
to be reasonably representative of continuous NBR 
decline values across the study area, but class balance 
was prioritized over a strictly proportional distribution 
which would have been too heavily weighted towards 
zero-change pixels.

In each 900-m2 plot, corresponding to a single Land-
sat pixel, we estimated live tree canopy cover and live tree 
counts at 1, 3, and 5 years after fire using false color com-
posites from NAIP imagery. We defined the presence of 
delayed mortality as any decrease in live tree count after 
the first post-fire year. Of the allocated plots, 34 were 
removed as they fell within non-forest or salvaged areas 
that were masked from analysis, and 11 were skipped 
because the presence or absence of delayed mortality 
could not be confidently determined, typically due to 
inconsistent lighting or geometric error between images. 

(2)NBRmin =
5

min
y=1

NBRy

(3)NBRdecline = NBR1 − NBRmin

(4)RdNBR =
NBRpre − NBRpost

|NBRpre/1000|
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We then extracted NBR change at the Landsat pixel over-
lapping each of the 308 remaining plots.

We trained a logistic regression classifier to predict 
the presence or absence of delayed mortality based on 
the magnitude of NBR decline using the scikit-learn 
package in Python (Pedregosa et  al. 2011). We used a 

Monte Carlo cross-validation approach, training and 
testing the model with 100 different random 50% splits 
of the plot data across all fires. Accuracy metrics, error 
matrices, and classification thresholds for the presence 
or absence of delayed mortality were averaged over all 
runs. Using the mean NBR decline threshold identified 

Fig. 1  Study area in Oregon, California, and Washington with locations of six study fires from the Monitoring Trends in Burn Severity program 
(MTBS; Eidenshink et al. 2007)
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Table 1  Summary data for delayed mortality predictions based on a 5-year NBR decline threshold of 105 in the six study fires  in 
Oregon, Washington, and California. The total area burned  and area of delayed mortality exclude non-forest cover and areas that 
were salvage logged. Areas and percentages in parentheses exclude stand-replacing fire (immediate RdNBR > 828). The delta severity 
metric (Δ SM) represents the change in severity distributions between one and five years post-fire  as measured with the severity 
metric (Lutz et al. 2011). Larger values indicate greater shifts towards higher levels of burn severity

Fire Year Ecoregion Area burned (ha) Delayed mortality (ha) Delayed mortality (%) Δ severity metric

Aspen 2013 Sierra Nevada 7672 (7280) 1806 (1805) 24% (25%) 0.049

Ukonom 2008 Klamath Mtns 14,703 (14,053) 923 (906) 6% (6%) 0.014

Table Mountain 2012 E. Cascades 22,262 (17,332) 2353 (2,340) 11% (13%) 0.023

Cascade Creek 2012 W. Cascades 7758 (6,018) 1822 (1,804) 23% (30%) 0.052

Dollar Lake 2011 W. Cascades 2459 (1,481) 576 (557) 23% (38%) 0.045

Mother Lode 2011 W. Cascades 1163 (779) 245 (242) 21% (31%) 0.052

Table 2  Summary data for delayed mortality predictions based on a 5-year NBR decline threshold of 105 in different forest types in 
Oregon, Washington, and California (Simpson 2021). The total area burned  and area of delayed mortality exclude non-forest cover 
and areas that were salvage logged. Areas and percentages in parentheses exclude stand-replacing fire (immediate RdNBR > 828). The 
delta severity metric (Δ SM) represents the change in severity distributions between one and five years post-fire as measured with the 
severity metric (Lutz et al. 2011). Larger values indicate greater shifts towards higher levels of burn severity

Biophysical 
environment

Forest type Area burned (ha) Delayed mortality (ha) Delayed mortality (%) Δ severity metric

Dry Douglas-Fir 11,724 (11,275) 190 (189) 1.6% (1.7%) 0.008

Hardwoods 2897 (2828) 55 (55) 1.9% (2.0%) 0.008

Yellow Pines 3734 (3,520) 551 (551) 15% (16%) 0.035

White Fir/Grand Fir 17,149 (15,643) 3066 (3,050) 18% (19%) 0.036

Moist Western Hemlock 619 (493) 150 (149) 24% (30%) 0.050

Cold Subalpine Fir—Engelmann Spruce 8607 (4,868) 1087 (1,073) 13% (22%) 0.025

California Red Fir—Shasta Red Fir 461 (450) 111 (110) 24% (25%) 0.048

Mountain Hemlock 4749 (3,159) 976 (952) 21% (30%) 0.043

Silver Fir 3808 (3,172) 1284 (1,271) 34% (41%) 0.071

Fig. 2  Approach for creating the lowest NBR composite used for calculating NBR decline to characterize the magnitude of delayed mortality
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above, we generated binary maps of predicted delayed 
mortality for each of the six study fires to quantify the 
spatial extent of delayed mortality.

We then used the lm function in R (R Core Team 
2022) to perform linear regression and assess the rela-
tionship of NBR decline with both canopy mortality 
based on the change in live tree cover and the number 
of trees as metrics of the magnitude of delayed mortal-
ity. We also assessed the relationship between canopy 
mortality and the number of trees that died to evaluate 
their consistency as metrics of delayed mortality.

Extent and magnitude of delayed mortality
We quantified the extent of NBR decline in each fire 
and forest type (Table  2; Simpson 2021) based on the 
area of pixels in which NBR decline exceeded the classi-
fication threshold for the presence of delayed mortality. 
To quantify cumulative shifts in RdNBR distributions 
between the 1-year immediate and 5-year delayed con-
ditions as a landscape-scale indicator of the magnitude 
of delayed mortality, we calculated severity metrics for 
each fire and forest type following Lutz et  al. (2011). 
This method converts a cumulative distribution of 
RdNBR values into a single value that can be used to 
compare distributions between two or more events.

Effects of delayed mortality on landscape patterns of burn 
severity
Immediate and delayed RdNBR were classified with the 
following thresholds based on the percent of basal area 
mortality following Reilly et  al. (2017): unburned/very 
low (10%), low (< 25%), moderate (25–75%), and high 
(> 75%). We compared the size distribution for unburned/
very low-severity patches and high-severity patches with 
the PyLandStats package (Bosch 2019) between imme-
diate and delayed maps across all fires combined. We 
assessed shifts in the equality of area in each size class 
using the Gini coefficient which ranges from zero (perfect 
equality of area among patch size classes) to one (perfect 
inequality of area among patch size classes) using the 
DescTools package (Signorell 2023) in R.

Results
Validation
We observed NBR decline and delayed mortality across 
all study fires, although the extent and magnitude var-
ied considerably (Fig.  3). NBR decline was widespread, 
occurring in 95% of plots with observed delayed mortality 
and in 54% of plots without observed mortality, although 
the magnitude of decline was consistently higher in plots 
that experienced delayed mortality (203 ± 109) than those 
that did not (44 ± 65) (Fig. 4).

Fig. 3  Five-year NBR decline for the six study fires and examples of corresponding NAIP imagery highlighting areas with visible delayed mortality. 
NAIP imagery is visualized in false-color infrared, where live tree canopies appear red due to high near-infrared reflectance. Missing data within fire 
perimeters represents masked non-forest cover or salvage logging in white
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A threshold of 105 ± 5 NBR decline classified delayed 
mortality presence in our test plots with 83% ± 2 overall 
accuracy (Table  3, Fig. S2). The proportion of mapped 
mortality that was correctly identified, or user’s accuracy, 
was 84 ± 3%. The proportion of all mortality that was 
mapped, or producer’s accuracy, was 83 ± 3%. Errors of 
commission—plots with NBR declines greater than 105 
and no observed mortality—accounted for 8% of all plots, 
of which one third had no live trees in the year follow-
ing fire. Errors of commission—plots with no canopy loss 
that exceeded the 105 NBR decline threshold—accounted 
for 12% of the total plots. On the other hand, 9% of all 
plots experienced some level of tree mortality without 
meeting the NBR decline threshold—errors of omission. 
The magnitude of mortality was also generally lower in 
these plots, with two or fewer trees dying in 71% of cases, 
compared to 33% across all mortality plots. Overall, plots 
with NBR decline over the 105 threshold were 23 times 
more likely to experience delayed mortality than those 
below the threshold (p < 0.001).

Both canopy mortality (r2 = 0.50, p < 0.001; Fig.  5) 
and the number of trees that died (r2 = 0.47, p < 0.001; 

Fig. S3) were significantly correlated with the magni-
tude of NBR decline between year-1 post-fire and the 
5-year minimum NBR composite value. There was 
also a significant positive relationship between canopy 
mortality and the number of trees that died (r2 = 0.73, 
p < 0.001).

Extent and magnitude of decline
Based on an NBR decline threshold of 105, delayed 
mortality affected a total of 7725 hectares (14%) across 
the six study fires (Table  1, Fig.  3). Excluding stand-
replacing fire, the total extent of delayed mortal-
ity increased to 16%. The percentage of area burned 
experiencing delayed mortality varied from 6 to 24% 
among fires, (Table 1, Fig. 3) or 6 to 38% when exclud-
ing patches of stand-replacing fire. The change in the 
severity metric and percentage of area burned experi-
encing delayed mortality was generally greater in the 
wet and cold ecoregions of the western Cascades com-
pared to the drier east Cascades and Klamath Moun-
tains fires (Table 1). The 2013 Aspen fire in the Sierra 
Nevada of southern California was an exception to 
this pattern with a large increase in the severity metric 
and a relatively high percentage of area burned expe-
riencing delayed mortality in a dry ecoregion. Delayed 
mortality generally affected a higher percentage of 
area burned in cold (22–41%) and wet (30%) forest 
types than in dry (1.7–19%) types which also gener-
ally experienced greater changes in the severity metric 
(Table 2).

Fig. 4  Distribution of NBR decline values at plots with and without delayed mortality. The dashed line at NBR = 105 represents the threshold 
where the probability of mortality exceeded 50% in our study fires

Table 3  Confusion matrix for the classification of delayed 
mortality in test plots, based on NBR decrease. The confusion 
matrix was averaged over 100 random train-test splits

Mortality No mortality

Predicted mortality 65 ± 3 12 ± 3

Predicted no mortality 13 ± 3 63 ± 3
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Effects on cumulative landscape patterns of burn severity
The proportion of unburned/very low decreased an 
average of 38.1% (min = 8.8%, max = 75%) when con-
sidering delayed mortality and transitioned primarily 
to low or moderate severity in the delayed maps (Fig. 6, 
Fig. S4–S9). The Gini index for unburned/low-severity 
patches declined from 0.32 to 0.20 over the 5-year period, 
reflecting the loss of approximately 75% of the area of 
patches > 1000  ha (Fig.  7). Increases in the proportion 
of high severity averaged 16.2% of the immediate pro-
portion when considering delayed mortality and ranged 
from 6.6 to 22.2% (Fig. 6). The Gini index for high-sever-
ity patches increased from 0.18 to 0.42 over the 5-year 
period reflecting an increase of 73% of the area burned in 
patches > 1000 ha (Fig. 7).

Discussion
Our method provides a generalizable approach to char-
acterize and quantify delayed tree mortality following fire 
at landscape and regional scales. The area, magnitude, 
and effects of delayed mortality on landscape patterns 
of burn severity were highly idiosyncratic among fires 
but were generally greater in moist and cold forest types 
than in dry types. Spatial patterns of delayed mortality 
were highly clustered in localized  patches, demonstrat-
ing a high degree of within landscape-scale variability 
in the effects of delayed mortality (Fig. 3). Cumulatively, 
shifts in spatial patterns of burn severity depict dynamic 
post-fire mosaics with the effects of tree-level delayed 

mortality scaling up to alter higher level landscape pat-
terns of burn severity.

Post-fire NBR decline based on the 5-year minimum 
provides a method for mapping delayed mortality with 
high classification accuracy and was positively correlated 
with both canopy and tree mortality interpreted from 
NAIP as a metric of the magnitude of delayed mortality. 
Loss of canopy is the primary driver of changes in NBR 
post-fire (Fassnacht et al. 2021), and the relationship with 
canopy mortality in our study of delayed mortality was 
similar to field-based studies examining percent canopy 
mortality with NBR-based metrics of immediate burn 
severity (Miller et  al. 2009). Minimum post-fire NBR 
composites captured post-fire spectral decline related 
to delayed mortality as well as other post-fire effects at 
the 30-m pixel scale. NBR declines > 105 were almost 
always (84%) associated with delayed mortality of one 
or more trees, and tree mortality in the absence of NBR 
decline > 105 was rare and typically restricted to mortality 
of one or two small, unhealthy trees (i.e., yellow canopy). 
On the other hand, low levels of NBR decline (< 105) were 
widespread even in the absence of tree mortality and 
may be related to other post-fire processes we observed 
at low levels of decline including partial canopy mortal-
ity and  loss of dead needles, foliage, or small branches 
that were scorched but remained on the tree. In addition, 
spectral decline could also result from increased expo-
sure of mineral soil and shadows (Fassnacht et al. 2021). 
In some cases, spectral decline below our mortality 
threshold may still indicate ecologically relevant delayed 

Fig. 5  Regression for post-fire canopy mortality (%) and change in NBR derived from the minimum NBR of value for each pixel over 5 years 
following fire. Points are color-coded by a classification of RdNBR from the 1-year-post-fire basal area mortality where very low/unburned = 0–10%, 
low = 10–25%, moderate = 25–75%, and high =  > 75% (Reilly et al. 2017). Note that points have been offset slightly along the x-axis to avoid 
overlapping points at the low end
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Fig. 6  Changes in the distributions of RdNBR (left) and severity classes (right) from 1-year post-fire and 5-year delayed (minimum NBR composite) 
burn severity maps. Each distribution is summarized by a severity metric score (Lutz et al. 2011) where values closer to 1 indicate a higher severity 
distribution. Sankey diagrams depict pixel-scale shifts between immediate post-fire and delayed severity, with the proportion of the fire extent 
listed at the left and right, respectively
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fire effects that could reduce photosynthetic capacity or 
resilience to pests or drought in the future and possibly 
lead to mortality beyond our 5-year window.

Both the extent and magnitude of delayed mortal-
ity varied among the six study fires (Table 1, Fig. 3). The 
effects of delayed mortality were consistently greater in 
the western Cascades than in other ecoregions despite 
post-fire climatic conditions characterized by normal 
or above-normal summer precipitation and cooler than 
normal summer temperatures following two of the three 
fires (Fig. S1). Moist and cold forest types in this ecore-
gion experienced higher levels of initial burn severity 
and are composed of less fire-resistant tree species (e.g., 
Abies spp., Tsuga spp.) with the exception of Douglas-fir 
(Pseudotsuga menziesii) (Stevens et al. 2020), thus these 
forest types may be more vulnerable to first-order fire 
effects such as crown scorch which are strong predictors 
of delayed mortality in field studies (Cansler et al. 2020). 
The effects of delayed mortality were generally lower and 
more variable in dry ecoregions where fires were less 
severe and dominant tree species [e.g., Douglas-fir, pon-
derosa pine (Pinus ponderosa)] are more resistant to fire 
with the exception of grand fir (Abies grandis) and white 
fir (Abies concolor). Delayed mortality was notably high 
in the 2013 Aspen fire which burned during an excep-
tional period of drought and beetle-related tree mortality 
between 2012 and 2015 in the Sierra Nevada (Fettig et al. 
2019). This highlights the potential for second-order fire 
effects (e.g., beetles and climate) which can cause sub-
stantial amounts of post-fire delayed mortality (van Man-
tgem et al. 2013; Hood et al. 2018). The generality of these 

patterns based on six fires remains to be seen, but our 
results provide some basic hypotheses to be tested across 
a larger sample of fires in future work. Our approach 
has great potential to complement existing tree-level 
research, however accurate mapping of salvage logging at 
large scales will be necessary prior to expanding across 
more fires at broader spatial and temporal scales.

Landscape-scale changes in classified burn sever-
ity maps depict dynamic post-fire mosaics as a result of 
delayed tree mortality that are likely to negatively affect 
forest resilience and further exacerbate habitat loss for 
fire-sensitive species. High-severity patches increased 
in size, reflecting both expansion of patches and losses 
of non-stand-replacing patches (e.g., low or moderate) 
within high-severity patches. An increase in high-sever-
ity patch size means seeds will have greater distances 
to travel for recolonization of severely burned patches, 
while loss of patches of legacy trees within severely 
burned patches will reduce propagule pressure from 
local seed sources. Declines in the area and size of very 
low-severity/unburned patches may also negatively affect 
species that rely on fire refugia for persistence or are sen-
sitive to higher levels of burn severity (Krawchuk et  al. 
2020) as  smaller, more fragmented patches will poten-
tially have reduced ecological function as refugia.

While our method is generalizable across fires and for-
est types, it is also subject to similar uncertainties and 
limitations of immediate burn severity maps (Harvey 
et al. 2019; Furniss et al. 2020; Saberi et al. 2022). The res-
olution of Landsat imagery is coarser than an individual 
tree in most cases and limited to either mapping presence 
or absence and estimating stand-level mortality within a 
900-m2 pixel. Additionally, NBR recovery post-fire can be 
rapid, with an average of 40% recovery of pre-fire NBR 
by 5 years (Bright et al. 2019). Accordingly, our method 
likely underestimates mortality in cases where much of 
the canopy was removed and post-fire spectral trajecto-
ries are dominated by the response of understory vegeta-
tion or resprouting trees (e.g., hardwoods). A final caveat 
is the potential for “background” or non-fire-induced tree 
mortality to also affect NBR decline, something that we 
currently do not account for. More field-based observa-
tions across a broad geography and diversity of forest 
types will provide a better understanding of the limita-
tions and increase confidence in the method with addi-
tional validation.

Conclusions
Our study provides a novel way to incorporate delayed 
tree mortality into burn severity maps based on post-fire 
NBR decline and demonstrates that tree-level delayed 
mortality scales up to alter higher-level landscape pat-
terns of burn severity. Differences between burn severity 

Fig. 7  Size class distributions of unburned/ very low (< 10% 
mortality) and high (> 75% mortality) severity patches based 
on immediate (1-year post-fire) and delayed (5-year minimum NBR) 
burn severity maps for all six study fires. Inset maps depict example 
shifts between immediate and delayed severity maps
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maps from 1 and 5 years post-fire reveal dynamic post-
fire burn  mosaics resulting from delayed tree mortal-
ity, with variability among fires reflecting a range of 
potential drivers. Assessing the effects, trends, and 
drivers of delayed mortality is possible in future stud-
ies and can provide a complementary understanding 
of delayed mortality to that derived from field studies. 
Application in future studies can inform post-fire resto-
ration, refine mapping of unburned areas and fire refu-
gia, update  estimates of carbon and habitat  loss  from 
fire, and provide a more comprehensive assessment 
and understanding of landscape and regional-scale fire 
effects and trends.
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Additional file 1: Figure S1. Departure from the 30-year (1991-2021) 
average of mean temperature, summer precipitation, and vapor pressure 
deficit, averaged over five years post-fire from PRISM data (Daly et al. 
2008). Figure S2. Classification accuracy for delayed mortality by fire, 
and cumulatively. The same threshold of 105 NBR decline was used to 
classify delayed mortality across fires. Figure S3. Regression for tree 
mortality (number of trees dying) and change in NBR derived from the 
minimum NBR of value for each pixel over five years following fire. Points 
are color-coded by a classification of RdNBR from the one year-postfire 
basal area mortality where: very low/unburned=0-10%, low=10-25%, 
moderate=25-75%, high=>75% (Reilly et al. 2017). Note that points have 
been offset slightly along the x-axis to avoid overlapping points at the 
low end. Figure S4. Burn severity maps based on immediate and delayed 
tree mortality in the 2013 Aspen Fire (7,672 ha) in the Sierra Nevada 
Mountains of California. Maps are classified based on RdNBR thresholds 
of tree basal area mortality where very low/unburned=0-10%, low=10-
25%, moderate=25-75%, high=>75% (Reilly et al. 2017). Figure S5. Burn 
severity maps based on immediate and delayed tree mortality in the 2008 
Ukonom Fire (14,703 ha) in the Klamath Mountains of California. Maps 
are classified based on RdNBR thresholds of tree basal area mortality 
where very low/unburned=0-10%, low=10-25%, moderate=25-75%, 
high=>75% (Reilly et al. 2017). Figure S6. Burn severity maps based 
on immediate and delayed tree mortality in the 2012 Table Mountain 
Fire (22,262 ha) in the Eastern Cascade Mountains of Washington. Maps 
are classified based on RdNBR thresholds of tree basal area mortality 
where very low/unburned=0-10%, low=10-25%, moderate=25-75%, 
high=>75% (Reilly et al. 2017). Figure S7. Burn severity maps based on 
immediate and delayed tree mortality in the 2012 Cascade Creek Fire 
(7,758 ha) in the Western Cascade Mountains of Oregon. Maps are classi-
fied based on RdNBR thresholds of tree basal area mortality where very 
low/unburned=0-10%, low=10-25%, moderate=25-75%, high=>75% 
(Reilly et al. 2017). Figure S8. Burn severity maps based on immediate and 
delayed tree mortality in the 2012 Dollar Lake Fire (2,459 ha) in the West-
ern Cascade Mountains of Oregon. Maps are classified based on RdNBR 
thresholds of tree basal area mortality where very low/unburned=0-10%, 
low=10-25%, moderate=25-75%, high=>75% (Reilly et al. 2017). Figure 
S9. Burn severity maps based on immediate and delayed tree mortality in 
the 2012 Mother Lode Fire (1,163 ha) in the Western Cascade Mountains 
of Oregon. Maps are classified based on RdNBR thresholds of tree basal 
area mortality where very low/unburned=0-10%, low=10-25%, moder-
ate=25-75%, high=>75% (Reilly et al. 2017).
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