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Abstract

Background Snags, standing dead trees, are becoming more abundant in forests as tree mortality rates continue

to increase due to fire, drought, and bark beetles. Snags provide habitat for birds and small mammals, and when they
fall to the ground, the resulting logs provide additional wildlife habitat and affect nutrient cycling, fuel loads, and fire
behavior. Predicting how long snags will remain standing after fire is essential for managing habitat, understanding
chemical cycling in forests, and modeling forest succession and fuels. Few studies, however, have quantified how fire
changes snag fall dynamics.

Results We compared post-fire fall rates of snags that existed pre-fire (n = 2013) and snags created during or after
the fire (n = 8222), using 3 years of pre-fire and 5 years of post-fire data from an annually monitored, 25.6-ha spatially
explicit plot in an old-growth Abies concolor-Pinus lambertiana forest in the Sierra Nevada, CA, USA. The plot burned
at low to moderate severity in the Rim Fire of 2013. We used random forest models to (1) identify predictors of post-
fire snag fall for pre-existing and new snags and (2) assess the influence of spatial neighborhood and local fire severity
on snag fall after fire. Fall rates of pre-existing snags increased 3 years after fire. Five years after fire, pre-existing snags
were twice as likely to fall as new snags. Pre-existing snags were most likely to persist 5 years after fire if they were

> 50 cm in diameter, > 20 m tall, and charred on the bole to heights above 3.7 m. New snags were also more likely

to persist 5 years after fire if they were > 20 m tall. Spatial neighborhood (e.g., tree density) and local fire severity (e.g.,
fire-caused crown injury) within 15 m of each snag barely improved predictions of snag fall after fire.

Conclusions Land managers should expect fall rates of pre-existing snags to exceed fall rates of new snags within 5
years after fire, an important habitat consideration because pre-existing snags represent a wider range of size
and decay classes.

Keywords Abies concolor, Low-severity fire, Moderate-severity fire, Old-growth forest, Pinus lambertiana, Rim Fire,
Smithsonian ForestGEO, Snag fall, Snag persistence, Yosemite Forest Dynamics Plot

Resumen

Antecedentes Los arboles muertos en pie (snags en idioma inglés), estan siendo cada vez mas abundantes en
bosques a medida que la tasa de mortalidad se incrementa debido a incendios frecuentes, sequias, y a los escara-
bajos de la corteza. Los drboles muertos en pie (snags de ahora en mas), proveen de hébitat para aves y pequefios
mamiferos, y cuando caen sobre el suelo, los troncos resultantes proveen de hébitat adicional para la fauna, y afectan
el ciclo de nutrientes, la carga de combustible y el comportamiento del fuego. Predecir cuanto tiempo los grandes
troncos permaneceran en pie luego de un incendio es esencial para manejar el habitat, entender el ciclo quimico en
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los bosques, y modelar la sucesion y los combustibles en los bosques. Pocos estudios, por supuesto, han cuantificado
como el fuego cambia la dindmica de la caida de los snags.

Resultados Comparamos la tasa de caida post fuego de los snags que existian previo a un fuego en particular
(n=2.013) con aquellos creados durante o posterior a ese fuego (n = 8.222), usando datos de tres afos previos al
fuego y cinco afnos luego del fuego, monitoreados anualmente en una parcela espacialmente explicita de 26,5 ha en
un bosque maduro mixto de Abies concolory Pinus lambertiana en la Sierra Nevada de California, EEUU. La parcela se
quemd a una severidad baja a moderada en el incendio de Rim de 2013. Usamos modelos forestales al azar para: 1)
identificar predictores de caida de snags para aquellos snags preexistentes al fuego y para nuevos, y 2) determinar la
influencia espacial de arboles vecinos y la severidad local, en la caida de snags luego del incendio. La tasa de caida

de los snags preexistentes se incrementd tres afios luego del incendio. Cinco anos después del incendio, los snags
preexistentes tenian el doble de chances de caer que los snags recientes debido al incendio. Los snags preexistentes
tuvieron la posibilidad de permanecer en pie cinco afos luego del evento de fuego si tenfan > 50 cm de didmetro, >
20 m de altura, y estaban chamuscados en el tronco a alturas superiores a los 3,7 m. Los snags recientes post incendio
pudieron persistir mejor si su altura era > 20 m. La vecindad de otros arboles (i.e. su densidad) y la severidad local (i.e.
danos a la corona causados por el incendio) dentro de los 15 m de cada snag, mejoraron levemente las predicciones
de las caidas de los snags después del fuego.

Conclusiones Los manejadores de tierras deberian esperar tasas de caida mas altas de los snags preexistentes dentro

de los cinco afos luego del incendio, que de los nuevos snags causados por el incendio. Esto debe tenerse en cuenta
en la consideracion del habitat, ya que los snags preexistentes representan un rango mas amplio de tamafnos y clases

de descomposicion.

Background

Snags—standing dead trees—and logs perform vital
functions in forest ecosystems. Snags contribute to
gradual chemical cycling while providing habitat for
numerous species of birds and mammals (Thomas 1979;
Raphael and White 1984; Harmon et al. 1986; Rabe et al.
1998; Meyer et al. 2005). When snags fragment or fall, the
resulting logs provide denning habitat, protect movement
pathways, and accelerate soil development by cycling car-
bon and nutrients at a faster rate than snags (Harmon
et al. 1986; Bull and Heater 2000; Butts and McComb
2000; Ucitel et al. 2003; Cousins et al. 2015). Intersecting
or stacked logs (sensu Lutz et al. 2021; their Figure 8) can
spread fire, potentially killing vegetation and altering soil
characteristics (Monsanto and Agee 2008; Knapp 2015).
As tree mortality rates continue to increase in response
to drought, bark beetles, and fire (van Mantgem et al.
2009; Allen et al. 2010), snags will become more abun-
dant, and understanding post-fire snag dynamics will
become more central to managing habitat and modeling
fuels and fire behavior (Stephens et al. 2018, 2022; Good-
win et al. 2021).

Snag longevity depends on snag attributes, including
bole and crown architecture, wood strength, and resist-
ance to decay (Dunn and Bailey 2012). Large-diameter
snags commonly persist longer than small-diameter
snags (Morrison and Raphael 1993; Ritchie et al. 2013;
Grayson et al. 2019), as do shorter snags, particularly
those with broken tops (Dahms 1949; Morrison and

Raphael 1993; Everett et al. 1999; Chambers and Mast
2005; Russell et al. 2006; Battles et al. 2015; Grayson
et al. 2019). Species differ in wood strength and suscep-
tibility to decay. Abies snags typically persist longer than
Pinus snags, potentially due to faster heartwood decay in
Abies and higher bole breakage rates; in such cases, the
standing portion of the snag persists longer because it is
shorter and less susceptible to windthrow (Morrison and
Raphael 1993; Russell et al. 2006; Das et al. 2016). In con-
trast, stems with root rot (e.g., Heterobasidion annosum,
Armillaria spp.) are prone to structural weakness at the
base, which may increase their chance of falling, even if
the bole is not highly decayed (Harmon et al. 1986; Cous-
ins et al. 2015).

Studies of snag longevity have previously focused on
two snag populations, trees killed by fire (Grayson et al.
2019) and trees killed by other causes (Keen 1929; Mitch-
ell and Preisler 1998; Conner et al. 2005; Garber et al.
2005; Russell and Weiskittel 2012; Runkle 2013; Battles
et al. 2015; Ganey et al. 2021). Little is known, however,
about snags that existed before a fire and remain stand-
ing after fire. The ecological importance of this pre-
existing snag population is expanding as more forest
burns each year (Parks and Abatzoglou 2020). Pre-exist-
ing snags may have recruited gradually, from different
causes of death, and are likely to represent a range of
size and decay classes, especially in old forests (Conner
et al. 2005). When a stand-level mortality event results
in a pulse of new snags, pre-existing snags can function
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as lifeboats for species, meeting the size and decay class
requirements that the new cohort of snags may not pro-
vide for years or decades (Franklin et al. 2000).

The attributes of pre-existing snags determine how
species use them and how long they remain standing
after fire. When the attributes of pre-existing snags dif-
fer from fire-killed snags, we expect snag fall rates to vary
between these populations, but kow fall rates would dif-
fer is unclear: pre-existing snags may include larger indi-
viduals that are less likely to burn through at the base
but are more likely to fall due to advanced decay (Keen
1929; Garber et al. 2005; Russell and Weiskittel 2012); in
contrast, fire-killed trees may be smaller and therefore
fall sooner (Gaines et al. 1958; Innes et al. 2006; Gray-
son et al. 2019). Local fire behavior should also alter snag
dynamics by consuming stems at the base and increasing
resistance to decay through charring, but whether the
sum of these effects increases or decreases snag longev-
ity is unknown. As both pre-existing and fire-killed snags
become more abundant in forests, an improved under-
standing of snag longevity after fire is needed to manage
habitat and parameterize fuel models.

We monitored 39,026 spatially explicit stems before
and after a low- to moderate-severity fire to compare
annual fall rates of pre-existing snags and snags created
in or after the fire. Specifically, we (1) identify important
predictors of snag fall after fire for pre-existing and new
snags and (2) determine if including spatial neighbor-
hood or local fire severity improves predictions of snag
fall. We expected higher local fire severity to increase
consumption at the stem base, making it more likely for
both pre-existing and new snags to fall after fire.

Methods

Study area

The Yosemite Forest Dynamics Plot (YFDP; 37.77° N,
119.92° W) is a 25.6-ha study area in an unlogged, old-
growth Abies concolor—Pinus lambertiana forest in
Yosemite National Park (Lutz 2015; Lutz et al. 2012;
Fig. 1). Elevation within the YFDP ranges from 1774 to
1911 m. Between 1981 and 2010, the modeled mean daily
low and mean daily high January temperatures were — 0.5
°C and 9.7 °C, respectively, and the mean daily low and
high July temperatures were 14.2 °C and 28.1 °C, respec-
tively; the mean annual precipitation was 1068 mm with
the majority falling as snow (Prism Climate Group 2016).
Principal tree species ordered by pre-fire live tree abun-
dance include Abies concolor [Gord. & Glend.] Lindl. ex
Hildebr. (white fir), Pinus lambertiana Douglas (sugar
pine), Cornus nuttallii Audubon ex Torr. & A. Gray
(Pacific dogwood), Calocedrus decurrens [Torr.] Florin
(incense-cedar), and Quercus kelloggii Newberry (Cali-
fornia black oak) (Table 1).
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Vegetation communities in the Sierra Nevada are
strongly influenced by the presence and absence of fire
(van Wagtendonk et al. 2020). The historical (pre-Euro-
pean settlement) fire regime of the YFDP was charac-
terized by low- to moderate-severity surface fires and a
mean fire return interval of approximately 30 years (Barth
et al. 2015), slightly longer than the mean values for other
lower montane mixed-conifer forests in the central Sierra
Nevada (Scholl and Taylor 2010). Although lightning-
ignited spot fires have occurred within the YFDP over
the past century, the area has been largely fire-excluded
since the last widespread event in 1900 (Scholl and Taylor
2010; Barth et al. 2015), leading to high tree density (Lutz
et al. 2012; Barth et al. 2015) and surface fuel accumula-
tion (Gabrielson et al. 2012, Lutz et al. 2014, Cansler et al.
2019).

On September 1 and 2, 2013, the YFDP burned in a fire
set by park managers to control the spread of the Rim
Fire (Stavros et al. 2016; Furniss et al. 2020). Fire severity
within the YFDP as inferred from Landsat-derived scenes
was largely low and moderate (Blomdahl et al. 2019).
Both severity and spatial pattern were consistent with
other fires in Yosemite since the mid-1970s (van Wag-
tendonk and Lutz 2007). The fire reduced aboveground
live shrub biomass from 3490 to 269 kg ha™! (Lutz et al.
2017a) and consumed 79% of the total surface fuel load-
ing, which had an average value of 192.0 Mg ha™' before
the fire (Cansler et al. 2019).

Data collection

The YFDP was installed in 2009 and 2010 following the
protocols of the Smithsonian Forest Global Observatory
(ForestGEQ; Davies et al. 2021). The 25.6-ha area (800 m
X 320 m) was subdivided into 20 m X 20 m cells, and field
crews surveyed the corners of each cell with total stations
(Lutz et al. 2012). Trees > 1 cm diameter at breast height
(DBH) and snags > 10 cm DBH were tagged and mapped
relative to the surveyed corners; DBH and species of each
tagged stem were recorded. Snag height was measured
with laser rangefinders (Impulse Rangefinder model 200,
Laser Tech, Centennial, CO, USA), top diameter and per-
cent of stem still standing were estimated, and each snag
was assigned to one of five decay classes (1, least decayed;
5, most decayed) (Maser and Trappe 1984).

In annual demographic surveys that began in 2011
(Lutz 2015), field technicians documented recruit-
ment (i.e., trees that had newly attained > 1 cm DBH),
tree mortality, and tree and snag fall (i.e., stem uprooted
or snapped below DBH). These records associated each
tagged individual with an annual status of live tree, snag,
or log. Field crews recorded the DBH, height, top diam-
eter, and percent of stem still standing for each new mor-
tality. Logs > 50 cm in diameter and > 1 m long were
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Fig. 1 A, B The Yosemite Forest Dynamics Plot (YFDP) is a 25.6-ha permanent study area in an old-growth Abies concolor-Pinus lambertiana forest
in Yosemite National Park in the central Sierra Nevada, CA, USA. The YFDP was installed in 2009 and 2010 and burned at low to moderate severity
in the 2013 Rim Fire. Stem maps (C) show the snag outcomes in 2018 for snags that existed before the fire (pre-fire) and snags that were created
in or after the fire (post-fire). Stem diameters appear four times larger than their measured size. Only the top panel includes consumed snags

because trees that were consumed in the fire never became snags

mapped relative to stems and grid corners; length, short-
and long-end diameters, and decay class were recorded.

In May 2014, following the Rim Fire, field crews reas-
sessed the decay class and re-measured DBH, height,
and top diameter of all snags documented before the
fire. Stems were recorded as consumed if stem height
was reduced to below DBH and no piece of bole > 1
m long was found nearby. Percent crown injury was
recorded for every tree that had been alive in 2013
(Varner et al. 2021). Maximum bole scorch height was
recorded for all stems. Logs > 50 ¢cm in diameter and >
1 m long were re-mapped and re-measured. If any piece
of re-mapped log moved during the fire, this was noted.
Unburned areas > 1 m? were mapped relative to stems
and grid corners (Blomdahl et al. 2019).

Snag abundance, volume, biomass, and carbon content

We used DBH, height, and top diameter measurements
to calculate annual snag density, basal area, volume,
biomass, and carbon (C) content by species, diam-
eter class, and decay class for pre-fire and post-fire
snag populations. We estimated snag volume as the
sum of two conical frustums (i.e., decapitated cones),
from the base of the stem to DBH and from DBH to
the tip or break point of the bole. For conifers, we used
species-specific equations from Wensel and Krumland
(1983) to model the inside-of-bark diameter at the
stem base and species-specific equations from Biging
(1984) to model the inside-of-bark diameter at the top
of the stem if the stem was broken. We used species-
specific equations from Zeibig-Kichas et al. (2016) to
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Table 1 Abundance, density, and basal area of five species
of snags in the Yosemite Forest Dynamics Plot. Pre-fire snags
include snags inventoried at plot establishment in 2009 and
2010 and trees that died after plot establishment and before the
fire in September 2013. Post-fire snags include trees that died in
or up to 5 years after the fire (i.e,, 2014-2018)

Snag population Snag abundance  Density Basal area
(snags (m?2ha™")
ha™")

Pre-fire snags DBH > 10 cm

Abies concolor 1467 573 7.242
Pinus lambertiana 399 15.6 7.180
Quercus kelloggii 108 42 0.144
Calocedrus decurrens 36 14 0465
Cornus nuttallii 3 0.1 0.002
Total 2013 786 15.033

Post-fire snags DBH > 10 cm

Abies concolor 6202 2423 11476
Pinus lambertiana 1162 454 11.462
Quercus kelloggii 387 15.1 0.502
Calocedrus decurrens 282 11 0.907
Cornus nuttallii 189 74 0.100
Total 8222 3212 24447
Post-fire snags 1 < DBH < 10 cm
Abies concolor 10,759 4203 0.996
Pinus lambertiana 1777 694 0.143
Quercus kelloggii 1411 55.1 0.073
Calocedrus decurrens 601 235 0.053
Cornus nuttallii 232 9.1 0.020
Total 14,780 5774 1.285

model bark thickness at DBH. If the stem was broken,
we used species-specific equations from Wensel and
Olson (1995) to model bark thickness at the base of
the stem and at the top of the stem. For hardwoods, we
used DBH to represent outside-of-bark basal diameter
because allometric equations were not available for
these species.

We estimated pre-fire and post-fire snag biomass by
multiplying snag volume by species- and decay-class—
specific density values from Cousins et al. (2015) or
Harmon et al. (2008). Values from Cousins et al. (2015)
were used whenever possible because they were based
on wood samples from standing snags, whereas val-
ues from Harmon et al. (2008) were based on standing
snags and logs combined. We estimated pre-fire and
post-fire snag C content by multiplying snag biomass
by species- and decay-class—specific C concentra-
tion values from Cousins et al. (2015). When specific
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C concentration values were not available, we used 0.5
(Thomas and Martin 2012; Lutz et al. 2017b).

Snag status transitions

We determined annual recruitment, persistence, fall,
and consumption rates of snags by associating each
stem with an annual transition status for 2011 through
2018: tree to snag, snag to snag, snag to log, or snag to
consumed. We grouped snags as small (1 < DBH < 10
c¢m), medium (10 < DBH < 60 cm), or large (DBH >
60 cm) and low decay (class 1), moderate decay (class
2), or advanced decay (class 3, 4, or 5). We chose these
diameter classes to be consistent with other studies
(Michel et al. 2014; Lutz et al. 2018; Furniss et al. 2020)
and because snags < 10 cm DBH were not inventoried
when the YEDP was established. For each snag diame-
ter class, we calculated the probability of a stem under-
going each type of transition in each year (Additional
file 1: Figs. S1-S11). Snags could transition between
decay classes only in 2014, when the decay class was
reassessed.

Snag attributes

We characterized each snag by fixed, pre-fire, and post-
fire attributes (Additional file 1: Table S6). Fixed snag
attributes included species, years between fire and death
(for just post-fire snags), and topography. Slope, aspect,
topographic position, terrain ruggedness, and rough-
ness were calculated in R using the terrain function in the
raster package (Hijmans 2020). A 1-m digital elevation
model was aggregated to 10 m X 10 m cells. Topographic
metrics were calculated for each cell based on the cell and
the surrounding eight 10 m X 10 m cells, and these values
were assigned to the snags within the central cell. Pre-fire
snag attributes included pre-fire DBH, height, and decay
class. Post-fire snag attributes included post-fire DBH,
height, decay class, bole scorch, crown injury (for just
post-fire snags), and whether the snag was located in an
unburned patch > 1 m? (Blomdahl et al. 2019).

Neighborhood metrics

We used forest inventory data from 2013 to character-
ize the pre-fire spatial neighborhood around each snag
in two ways. First, we calculated snag isolation, repre-
sented by the distance from each snag to the nearest
tree, snag, or piece of log. We considered snag isolation
because it is a less labor-intensive way to summarize
neighborhood. Second, we calculated tree, snag, and
log density metrics in five annuli with radii of 0-3, 3-6,
6-9, 9-12, and 12-15 m, expanding out from each snag
(Additional file 1: Table S6). We considered five neigh-
borhood sizes by including metrics from successive
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annuli. Our purpose was to identify a threshold radius
beyond which neighborhood no longer influences snag
persistence after fire.

For annulus metrics based primarily on live trees
(i.e., live tree density, density of new mortalities, den-
sity of newly fallen stems, and log density), we calcu-
lated density by five diameter classes. We defined these
classes by identifying plot-wide DBH thresholds associ-
ated with an 80% (10 c¢cm), 60% (15 c¢m), 40% (21 cm),
and 20% (28 cm) 5-year mortality rate. We used DBH
thresholds based on fire effects rather than arbitrary
diameter classes so the neighborhood metrics would
relate more directly to local fire severity, not just forest
structure. For annulus metrics based on snags, we cal-
culated the density of small, medium, and large snags
(see the “Snag status transitions” section).

To characterize local fire severity around each snag, we
calculated the same metrics using forest inventory data
from 2014 and added metrics for consumed trees, snags,
and logs (Table 2; Additional file 1: Table S6). Logs (>
50 cm in diameter and > 1 m long) that had been pre-
sent before the fire were spatially adjusted back to their
pre-fire location if they had moved. We determined log
consumption by subtracting the post-fire volume and
biomass from the pre-fire volume and biomass within
each 1-m? area. We represented the influence of log con-
sumption on snag fall by estimating the total fire radiative
energy (FRE) reaching each focal snag from logs within
15 m that had been consumed (Additional file 1: Meth-
ods: Equation 1).

To represent the influence of neighborhood crown
injury on snag fall, we developed equations using basal
area and percent crown injury as a proxy for the volume
of crown injured within each neighborhood annulus
(Additional file 1: Methods: Equations 2—4). Lastly, we
represented the influence of neighborhood bole scorch
on snag fall by developing a metric where bole scorch of
stems within 15 m of the focal snag was weighted by dis-
tance from the focal snag according to the inverse-square
law (Additional file 1: Methods: Equation 5).

Model framework

This study was designed to identify important predictors
of snag fall for two snag populations, snags that existed
before the fire (pre-fire snags) and snags that died in or
after the fire (post-fire snags). For each snag population,
the response variable was binary: 0 if the snag remained
standing 5 years after the fire or 1 if the snag fell within 5
years after the fire. We created one set of models based
on pre-fire predictors and another based on post-fire pre-
dictors (Table 2). Our purpose was to (1) produce results
relevant to managers who only have access to pre-fire
or post-fire data and (2) identify which fire effects most

Page 6 of 17

improve snag fall predictions. For each set of models, we
compared the predictive power of snag attributes, differ-
ent types of neighborhood metrics, and different neigh-
borhood sizes by running random forest models with
unique subsets of predictors. We compared 14 models
predicting the fall of pre-fire snags and 13 models pre-
dicting the fall of post-fire snags. Because neighborhood
metrics extended to 15 m from each snag, only snags that
were > 15 m inside of the plot boundary were included as
focal snags.

Variable selection

For each model, we used the Boruta function (Kursa and
Rudnicki 2010, 2020) to determine which variables were
confirmed to influence snag fall (Additional file 1: Meth-
ods: variable selection—Boruta function variable confir-
mation). We removed variables that were not confirmed
from future analyses.

Next, we selected and removed some remaining vari-
ables to avoid correlations among predictors at or above
three thresholds, r = 0.7, r = 0.5, and r = 0.3 (Additional
file 1: Table S7), because the importance values generated
by random forest are not meaningful if the predictor vari-
ables are highly correlated (Additional file 1: Methods:
variable selection—random forest variable importance
function). We compared random forest models using
predictor variables selected at these three thresholds to
determine how sensitive our model results were to arbi-
trary thresholds (Additional file 1: Figs. S12, S13, and
S14).

For each model, we selected predictors to remove by
identifying all variables that correlated with other vari-
ables at or above the specified threshold (e.g., r = 0.7).
We identified the pair of variables with the highest cor-
relation. Then, we kept the variable in the pair that had
higher correlations with other variables and removed all
the variables it correlated with. This process was repeated
until no pairs of variables correlated with each other at or
above the specified threshold.

Random forest models

We used the randomForest function (Cutler et al. 2007;
Liaw and Wiener 2018) to determine which variables
were important predictors of whether a snag fell within
5 years after the fire (1) or not (0). We computed model
accuracy using 10-fold cross-validation. We calculated
sensitivity (percent of outcomes correctly classified as
fallen), specificity (percent of outcomes correctly classi-
fied as persisting), and PCC (percent of outcomes cor-
rectly classified, a weighted average of sensitivity and
specificity). We repeated this procedure 15 times on each
model using different seeds to ensure that our results
were robust.
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For each snag population (i.e., pre-fire snags or new
post-fire snags) and predictor set (i.e., pre-fire or post-fire
attributes and neighborhood metrics), we used the best
performance in the lowest performing metric (e.g., speci-
ficity or sensitivity) to identify the most predictive collin-
earity threshold and the most predictive model within that
group (Additional file 1: Figs. S12 and S13). We chose this
method because there was little variation in PCC values
among the models, and we wanted to identify the model
that performed best at what the models in each group did
worst (Additional file 1: Methods: random forest models).

For each of the selected models, we averaged variable
importance values across runs with different seeds to
determine the mean importance of each predictor vari-
able. We report the five most important variables in each
model (Tables 3 and 4) and include complete variable
importance results in Additional file 1: Table S7.

Partial dependence plots

For the models selected as “best,” we used the partialPlot
function in the pdp package (Greenwell 2018) to visual-
ize the relationships between snag fall and each of the
nine most important, continuous predictor variables.
We inspected the partial dependence plots and used val-
ues from the literature and natural breaks in the data to
demarcate threshold values. We subset the snag fall data

Table 3 The mean variable importance across 15 model runs for
the five most important variables in the most predictive models
of the post-fire fall of pre-fire snags > 10 cm DBH

Predictor set Snag population: pre-fire DBH > 10 cm

Variable Mean importance
Post-fire Model A: Neighborhood: 0-3 m; collinearity
threshold: r=0.7
Post-fire DBH 67.1
Post-fire snag height 38.1
Bole scorch 212
Distance-weighted 14.2
crown injury in 0-3
m circle
Post-fire decay class  14.0
Pre-fire Model B: Neighborhood: 0-15 m; collinearity

threshold: r=0.7

Pre-fire DBH 644
Pre-fire snag height 275
Species 10.8

Pre-fire density of live  10.3
trees > 28 cm DBH
in 0-3 m circle

Pre-fire basal area 838
of live trees in 0-3 m
circle

Snag attributes are in bold text. Neighborhood attributes are in plain text. Model
letters correspond to Fig. 3
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Table 4 The mean variable importance across 15 model runs for
the five most important variables in the most predictive models
of the post-fire fall of newly dead post-fire snags > 10 cm DBH

Predictor set Snag population: post-fire DBH > 10 cm

Variable Mean importance
Post-fire Model C: Neighborhood: 0-6 m; collinearity thresh-
old:r=07
Species 61.5
Post-fire snag height 55.7
Years between fire and death 320
Bole scorch 279
Topographic position 236
Pre-fire Model D: Neighborhood: 0-3 m; collinearity thresh-
old:r=05
Species 81.6
Years between fire and death 583
Topographic position 46.6
Slope 41.1
Aspect 387

Snag attributes are in bold text. Model letters correspond to Fig. 3

according to these thresholds and ran the partialPlot func-
tion to depict interactions between snag fall and the three
most important post-fire predictor variables. All analyses
were conducted in R version 4.0.2 (R Core Team 2020).

Results

Fall rates of pre-fire snags

In 2009 and 2010, there were 2282 medium and 436 large
snags, together representing 7.2% of total inventoried
stems (My,ms = 37,546; Fig. 2; Additional file 1: Tables S1—
S3). During the pre-fire period from 2011 to 2013, recruit-
ment rates (100 X new snags/snags of the previous year)
of medium and large snags ranged from 9.5 to 21.8% and
exceeded fall rates (100 X newly fallen snags/snags of pre-
vious year), which ranged from 0.0 to 4.4%. Pre-fire snags
were more likely to persist through the fire year if they had
a larger DBH and were less decayed. Snag fall rate in the
fire year was highest for small snags (8.3%) and lower for
medium (4.4%) and large (4.8%) snags.

The fire consumed 45.7% of small, 17.8% of medium,
and no large pre-fire snags of low decay. Excluding the
partial consumption of pre-fire snags that fell during
the fire year, 51.3% of total pre-fire snag biomass was
consumed; biomass of pre-fire snags of low decay was
reduced by 39.1% for small, by 26.2% for medium, and
by 25.3% for large snags (Additional file 1: Table S1).

Patterns of pre-fire snag fall during the post-fire period
from 2014 to 2018 exceeded pre-fire fall rates and varied
by diameter class and decay class (Fig. 2; Additional file 1:
Tables S1-S3). Small snags had the highest fall rate of the
three diameter classes 1 year after the fire (29.7%), and
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these rates remained high throughout the study period
(23.5-33.3%), meaning that although the number of pre-
fire snags still standing was reduced each year, a similar
proportion of those snags fell annually. In contrast, the
fall rate of medium snags decreased 1 year after the fire
(1.5%) and then increased over the next 3 years, from 7.1
to 25.3 to 40.9%. As the number of medium pre-fire snags
decreased during the post-fire period, a higher proportion

of those snags fell each year. Large snags of advanced
decay were more likely to fall than less decayed snags, but
this difference was not apparent until 4 years after the fire.
Fall rates for large snags were low (0.0-2.3%) for the first
3 years after the fire. This changed in 2018, when 12.0-
18.2% of large snags of advanced decay fell, compared
with only 3.1% of large snags of low decay.
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Fall rates of post-fire snags

In the fire year, 15,925 small, 5472 medium, and 44
large snags were recruited, reflecting fire-year mortal-
ity rates of 77.6, 44.6, and 3.2% for the three size classes,
respectively (Fig. 2; Additional file 1: Tables S4 and S5).
The abundance of small snags remained high for 1 year
after the fire and then decreased when fall rates (12.5—
33.2%) far exceeded recruitment rates (0.5-0.7%). The
abundance of medium snags increased for 2 years post-
fire, then decreased, but biomass continued to increase
through 2017, indicating that, within the medium-size
class, smaller snags were falling as larger snags were
recruited. Abundance of large snags increased substan-
tially 3 years after the fire and represented 75.3% of the
snag biomass in 2018.

Snag fall model comparisons

For the four categories of random forest models (2 snag
populations X 2 predictor sets), the most predictive mod-
els were associated with higher collinearity thresholds, r
= 0.7 and r = 0.5 (Fig. 3). Among these selected models,
the median PCC ranged from 68 to 75%. The median sen-
sitivity (i.e., correctly classified fallen) and specificity (i.e.,
correctly classified persisting) ranged from 57 to 80%
(Fig. 3). Random forest models of pre-fire snags were best
at predicting snag fall, the more common outcome in that
population, whereas models of post-fire snags were bet-
ter at predicting snag persistence, the more common out-
come in that population. When the post-fire snag dataset
was balanced, models were better at predicting snag fall
than snag persistence (Additional file 1: Fig. S14).

Models based on post-fire predictors had higher PCC
by about 2% than models based on pre-fire predictors
(Fig. 3). PCC increased by about 1% when any type of
neighborhood predictor was included. When considering
just the “best” model in each panel, no single neighbor-
hood size was optimal. Neighborhood sizes of the “best”
models ranged from a 3-m to a 15-m radius.

Important predictors of snag fall
For pre-fire snags, DBH and snag height were the most
important predictors of snag fall after fire (Table 3, Addi-
tional file 1: Table S7, Figs. S19 and S20). When pre-fire
predictor variables were considered, species was the
third most important variable, followed by two neighbor-
hood metrics that represented the presence of medium
and large trees within 3 m. Among post-fire predictors,
bole scorch was the third most important predictor, fol-
lowed by the neighborhood metric of crown injury to
stems within 3 m; snag class was the fifth most important
predictor.

For snags created in or after the fire, species and years
between fire and tree death were important predictors of
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snag fall (Table 4). When pre-fire variables were consid-
ered, size- and decay-class—related snag attributes were
not included, and topographic position index, slope, and
aspect were more important than pre-fire neighborhood
variables (Additional file 1: Table S7). In models based
on post-fire predictors, snag attributes were included,
and snag height ranked just below species in importance.
DBH was likely important as well but was removed prior
to running the model due to a high correlation with
height (r = 0.87, Additional file 1: Table S7). No neigh-
borhood metrics were among the top five most impor-
tant predictors for models of newly dead post-fire snags.

Interactions of important variables

The fall rate of subpopulations of pre-fire snags ranged from
0.22 to 0.64 (Fig. 4). Fall rate was most sensitive to DBH. As
DBH increased up to 50 cm, the fall rate decreased, then
stabilized. Among larger snags (> 50 cm DBH), higher bole
scorch (> 3.7 m) decreased the probability of falling. Taller
snags (> 16 m) were also less likely to fall.

Fall rate of subpopulations of post-fire snags > 10 cm
DBH ranged from 0.19 to 0.48 (Fig. 5). Fall rate decreased
as post-fire snag height increased up to 20 m, at which
point the fall rate stabilized. At all heights, the fall rate
was higher for trees that died within 1 year of the fire and
lower for trees that died 2 or more years after the fire. The
fall rate was barely higher for P. lambertiana compared to
A. concolor, and this difference was only observed among
snags that died 2 or more years after the fire.

Discussion

This study is the first to report fall rates of pre-fire snags
before and after fire and to compare fall rates of pre-fire
and newly dead post-fire snags. Fall rates of pre-fire snags
increased after low- to moderate-severity fire. By 3 years
after fire, pre-fire snags were more than twice as likely to
fall as newly dead post-fire snags (Fig. 2). These results
are consistent with current understanding of how snag
size, decay class, and fire interact. For a given size class,
pre-fire snags would be more decayed than newly dead
snags, making pre-fire snags more likely to fall (Garber
et al. 2005; Russell and Weiskittel 2012). Pre-fire snags
are also more likely to be consumed at the base during
a fire than fire-killed snags due to lower water content
(Campbell et al. 2007) and absent, thinner, or loose bark.
Managers should expect low- and moderate-severity fire
to reduce populations of large, decayed snags through
consumption and accelerated snag fall, decreasing post-
fire habitat quality and increasing subsequent fuel loads
(Lutz et al. 2020). Although the loss of pre-fire snags dur-
ing and after fire may be dwarfed by recruitment from
the delayed mortality of large trees (Additional file 1:
Tables S1 and S4), the new snag recruits will require
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time to reach the moderate and advanced decay classes
that characterize preferred vertebrate habitat (Thomas
1979; Raphael and White 1984). Longer-term studies are
needed to determine how the different fall rates of pre-
existing and newly dead post-fire snags affect the avail-
ability of snags of different size and decay classes through
time.

Snag attributes

Previous research has shown that snag attributes,
topography, and neighborhood metrics can improve
predictions of snag fall (Everett et al. 1999; Chambers
and Mast 2005; Russell et al. 2006; Grayson et al. 2019).
Our models found that predictor variables in these cat-
egories were important, but the order of importance
differed between pre-fire and newly dead post-fire
snags. Snag attributes—such as species, DBH, height,

decay class, and bole scorch height—were better pre-
dictors of snag fall than topography, pre-fire spatial
neighborhood, and local fire severity.

Species was moderately important for pre-fire snags
but was the most important predictor for newly dead
post-fire snags (Tables 3 and 4). For post-fire snags that
died 2—4 years after the fire, fall rates tended to be slightly
higher for P lambertiana than A. concolor (Fig. 5). This
result is consistent with previous research showing that
Pinus spp. fall sooner than Abies spp. (Morrison and
Raphael 1993; Dunn and Bailey 2012; Ritchie et al. 2013)
and a species-specific comparison by Grayson et al.
(2019) showing that P lambertiana fell sooner than A.
concolor during the first 10 years after death. The small
difference in fall rates between P lambertiana and A.
concolor that we observed is also supported by a species-
specific result from Bagne et al. (2008), who found that P
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lambertiana and A. concolor snags were equally likely to
fall 1 year after prescribed fire.

For pre-fire snags, DBH supplanted species as the
most important predictor variable (Fig. 4). Fall rates for
pre-fire snags dropped sharply as DBH increased to 50
cm, but beyond this DBH threshold, fall rates stabilized
at lower values (i.e., 0.2—0.4). Because our study took

place in an old-growth forest with a substantial popula-
tion of large-diameter trees, the 50-cm DBH threshold
at which fall rates stabilized is meaningful: 392 pre-fire
snags (19.5%) had a pre-fire DBH > 50 cm, and 326 pre-
fire snags (16.2%) had a post-fire DBH > 50 cm. The
low fall rates for pre-fire snags > 50 cm DBH support
work by Grayson et al. (2019), who found that post-fire
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snags > 50 cm DBH were likely to persist for 10 years
after death.

Numerous studies of post-fire snags have found that
fall rate decreases with larger DBH (Dahms 1949; Lyon
1977; Morrison and Raphael 1993; Everett et al. 1999;
Chambers and Mast 2005; Russell et al. 2006; Dunn and
Bailey 2012; Ritchie et al. 2013; Battles et al. 2015; Gray-
son et al. 2019). This was clearly supported in our study
as well, with only 28.2% of medium and large post-fire
snags falling compared to 59.5% of small post-fire snags
(Fig. 2). In fact, the difference in fall rates between the
small size class and the larger size classes was greater
than the difference between post-fire and pre-fire snags
of the same size class—only 51.2% of medium and large
pre-fire snags fell within the 5-year study period. Despite
the obvious influence of DBH on the fall rates of post-fire
snags, DBH was not included as a predictor in the final
models because it was highly correlated with post-fire
snag height (Additional file 1: Table S7).

Snag height was an important predictor for pre-fire
and newly dead post-fire snags (Figs. 4 and 5). For both
populations, fall rates decreased as height increased,
until fall rate stabilized at lower values (i.e., 0.4) for snags
taller than 20 m (Additional file 1: Figs. S19, S20, and
$22). These results differ from several studies that found
shorter snags were less likely to fall (Dahms 1949; Morri-
son and Raphael 1993; Chambers and Mast 2005; Russell
et al. 2006). In the case of Dahms (1949) and Morrison
and Raphael (1993), this difference could be attributed to
the 11- to 15-year period between when the fire occurred
and when snag monitoring began. However, Chambers
and Mast (2005) and Russell et al. (2006) conducted stud-
ies within a similar time frame to ours. Another explana-
tion could be the different species studied (only Morrison
and Raphael [1993] included A. concolor) and the appar-
ent tendency of the species in our study to break below
1.37 m (Grayson et al. 2019). Grayson et al. (2019)
included both A. concolor and P. lambertiana and, similar
to our result, found that taller snags were less likely to fall
10 years after death.

Years between fire and death was an important predic-
tor of snag fall for newly dead post-fire snags. Trees that
survived 2 or more years after fire had a lower chance
of falling within 5 years of the fire (Fig. 5). This result is
explained by the higher mortality rates for larger-diame-
ter trees 3 and 4 years after the fire (Jeronimo et al. 2020);
these snags would have been less likely to fall because of
their larger DBH and lower degree of decay. However,
our results differ from Grayson et al. (2019), who show
that years between fire and death did not affect snag per-
sistence for A. concolor and P. lambertiana. We attribute
this inconsistency to the different time scales of our stud-
ies. Our analysis was limited to 5 years post-fire, so snags
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that died 3 years after the fire only had 2 years in which to
fall, whereas Grayson et al. (2019) monitored snags for 10
years after death.

Bole scorch height was an important predictor of snag
fall for pre-fire and post-fire snags. Fall rates were gen-
erally lower for pre-fire snags with bole scorch > 3.7 m
tall, if DBH was > 50 cm (Fig. 4). For post-fire snags, the
fall rate decreased slightly as bole scorch increased to the
height of 7 m (Additional file 1: Fig. S22). We had antici-
pated that fire might accelerate snag fall by consuming
snags at the base but might also increase snag persistence
if charred wood slowed colonization by decay fungi. Our
data, however, did not support these mechanisms. The
greater persistence of snags with higher bole scorch sug-
gested that fire intensity at the snag base was not the pri-
mary factor controlling snag fall rates. Instead, we found
that higher bole scorch correlated with post-fire snag
height (r = 0.52 for pre-fire snags and r = 0.41 for post-
fire snags; Additional file 1: Figs. S15 and S17) and conse-
quently DBH and that the relationship to DBH was likely
driving the perceived relationship between bole scorch
height and snag fall. For example, among pre-fire snags
with post-fire height from 3.7 to 16 m, those with bole
scorch < 3.7 m had a mean post-fire DBH of 19.0 c¢m,
and 66.5% of them fell; those with bole scorch > 3.7 m
had a mean post-fire DBH of 39.8 c¢cm, and just 39.3% of
them fell. Mean post-fire snag height was similar between
the two bole scorch groups (7.7 m and 8.1 m), indicating
that bole scorch was more closely related to DBH than
snag height. Given that post-fire DBH was the strong-
est predictor of snag fall for pre-fire snags (Table 3) and
that higher bole scorch was a proxy for larger DBH, we
suggest that larger DBH was more important to snag per-
sistence than the effects of charring on the colonization
rates of decay fungi.

Topographic variables were more important for pre-
dicting the fall of post-fire snags than pre-fire snags, but
the magnitude of the effect was low (Table 4, Additional
file 1: Table S7). For post-fire snags, fall rates were slightly
higher on convex terrain, perhaps due to increased wind
exposure (Additional file 1: Figs. S21 and S22). These
results differ from a study by Everett et al. (1999), which
found that snags were less likely to fall on convex terrain.
Few other studies have found relationships between top-
ographic variables and snag fall. Russell et al. (2006) con-
sidered slope and aspect as potential predictors of snag
fall, but neither variable was included in the best models.
Similarly, Dunn and Bailey (2012) found no relationship
between slope or aspect and snag fall.

Neighborhood variables
Neighborhood metrics barely improved predictions
of snag fall, similar to other studies that have found no
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relationship between neighborhood and snag fall (Dunn
and Bailey 2012; Ritchie et al. 2013; Grayson et al. 2019).
We had expected higher local fire severity to increase
fall rates due to greater consumption at the snag base.
Instead, we found that charring from bole scorch made
snags less likely to fall, likely due to a correlation with
DBH, and that including neighborhood metrics only
improved model PCCs by 1% (Figs. 3 and 4). Although
the magnitude of the effect was low, pre-fire snags were
slightly less likely to fall (< 8% change) if medium or large
live trees were present within 3 m (Table 3, Additional
file 1: Fig. S19), consistent with results from Chambers
and Mast (2005) and Russell et al. (2006). The presence
of larger neighbors might extend snag longevity by pro-
tecting the focal snag from windthrow. Our prevailing
message, however, is that the relationship between neigh-
borhood and snag fall was weak. We assessed the impor-
tance of neighborhood more directly than any prior study
because we used spatially explicit measurements—not
remote sensing (Russell et al. 2006), stand-level treat-
ments (Ritchie et al. 2013), or non-spatially explicit stand
metrics (Chambers and Mast 2005; Dunn and Bailey
2012; Grayson et al. 2019). The trivial 1% improvement
in PCC associated with neighborhood predictors makes
clear that managers should focus on species, diameter,
height, bole scorch height, and decay class rather than
neighborhood if the goal is to predict snag fall.

Study limitations and future directions

This study quantified the effects of fire on pre-fire snags
and explored the relationship between local fire behav-
ior and snag dynamics after fire. The scope of inference,
however, was constrained by the low to moderate fire
severity, the single forest type, and the single location.
Recent studies show that abundant snags from prior fire,
drought, and bark beetle mortality can fuel higher-sever-
ity fires and even mass fire behavior (Stephens et al. 2018,
2022; Goodwin et al. 2021). We would expect greater
consumption of pre-fire snags from these events than we
observed in our study area; still, snags with larger DBH
would be the most likely to persist. Future studies should
examine how pre-fire snags in different forest types are
affected by a range of fire severities.

Conclusions

Predicting how long snags will remain standing after
fire is important for managing habitat, understanding
chemical cycling in forests, and modeling forest succes-
sion and fuels. In our study, pre-fire snags were at least
twice as likely to fall as new snags within 3-5 years after
fire. For pre-existing snags, diameter, height, and bole
scorch height were better predictors of snag fall after fire
than spatial neighborhood or local fire severity metrics.
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Pre-existing snags were most likely to persist 5 years
after a fire if they were > 50 cm in diameter, > 20 m tall,
and charred on the bole above 3.7 m. When anticipating
habitat availability and fuels, managers should expect fall
rates of pre-existing snags to initially exceed fall rates of
new snags.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/542408-023-00225-z.

Additional file 1: Table S1. Annual abundance, recruitment, and loss of
pre-fire snags in the 25.6-ha Yosemite Forest Dynamics Plot. The Rim Fire
burned the plot in the fall of 2013. Counts of snag recruitment and loss
represent changes between the year of the row they are in and the next
year. Only snags DBH > 10 cm were inventoried at plot establishment.
Beginning in 2011, mortalities of snags DBH > 1 cm were documented.
Snag diameter and decay class were remeasured in 2014. Recruitment and
loss due to change represent snags that had reduced in size or entered a
different decay class. Stems were recorded as consumed if stem height
was reduced to below 1.37 m and no piece of bole > 1 m long that
belonged to that stem was found nearby. Snags that died in the fire year
were considered post-fire snags. Biomass consumed does not include the
partial consumption of pre-fire snags that fell during the fire. Table S2.
Annual basal area and volume of pre-fire snags in the 25.6-ha Yosemite
Forest Dynamics Plot. The Rim Fire burned the plot in the fall of 2013.
Table S3. Annual biomass and carbon content of pre-fire snags in the
25.6-ha Yosemite Forest Dynamics Plot. The Rim Fire burned the plot in the
fall of 2013. Table S4. Annual abundance, recruitment, and loss of
post-fire snags in the 25.6-haa Yosemite Forest Dynamics Plot. The Rim Fire
burned the plot in the fall of 2013. Counts of snag recruitment and loss
represent changes between the year of the row they are in and the next
year. Dynamics of pre-fire snags are reported in Sl Tables 1-3. Table S5.
Annual basal area, volume, biomass, and carbon (C) content of post-fire
snags in the 25.6-ha Yosemite Forest Dynamics Plot. The Rim Fire burned
the plot in the fall of 2013. Decay class 5 values were < 0.1 for every metric
and are not reported. Dynamics of pre-fire snags are reported in Tables
S1-S3. Fig. S1. Snag dynamics in the Yosemite Forest Dynamics Plot from
2011 to 2018 by density, basal area, volume, and carbon (C) content. The
vertical dotted line represents the fire event in the fall of 2013. Because
snags 1 < DBH < 10 cm were not included in the dataset at plot
establishment, all snags 1 < DBH < 10 cm are trees that died after 2010.
Low Decay: decay class 1; Moderate Decay: decay classes 2 or 3; Advanced
Decay: decay classes 4 or 5. Fig. S2. Snag dynamics for Abies concolor
(white fir) in the Yosemite Forest Dynamics Plot from 2011 to 2018. Snag
persistence and fall rates were calculated as changes in the snag
population between summer field seasons. The vertical dotted line
represents the fire event in the fall of 2013. Because snags 1 < DBH < 10
cm were not included in the dataset at plot establishment, all snags 1 <
DBH < 10 cm are trees that died after 2010. Low Decay: decay class 1;
Moderate Decay: decay classes 2 or 3; Advanced Decay: decay classes 4 or
5. Fig. $3. Snag dynamics for Abies concolor in the Yosemite Forest
Dynamics Plot from 2011 to 2018 by density, basal area, volume, and
carbon (C) content. The vertical dotted line represents the fire event in the
fall of 2013. Because snags 1 < DBH < 10 cm were not included in the
dataset at plot establishment, all snags 1 < DBH < 10 cm are trees that
died after 2010. Low Decay: decay class 1; Moderate Decay: decay classes
2 or 3; Advanced Decay: decay classes 4 or 5. Fig. S4. Snag dynamics for
Calocedrus decurrens (incense-cedar) in the Yosemite Forest Dynamics Plot
from 2011 to 2018. Snag persistence and fall rates were calculated as
changes in the snag population between summer field seasons. The
vertical dotted line represents the fire event in the fall of 2013. Because
snags 1 < DBH < 10 cm were not included in the dataset at plot
establishment, all snags 1 < DBH < 10 cm are trees that died after 2010.
Low Decay: decay class 1; Moderate Decay: decay classes 2 or 3; Advanced
Decay: decay classes 4 or 5. Fig. S5. Snag dynamics for Calocedrus
decurrens in the Yosemite Forest Dynamics Plot from 2011 to 2018 by
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density, basal area, volume, and carbon (C) content. The vertical dotted the accuracy of each model is represented by the three boxplots that

line represents the fire event in the fall of 2013. Because snags 1 < DBH < occupy that row. The boxplots represent the distribution of the model

10 cm were not included in the dataset at plot establishment, all snags 1 accuracy of 15 random forest analyses, each run with a different seed. The
< DBH < 10 cm are trees that died after 2010. Low Decay: decay class 1; r-values indicate the maximum level of collinearity between predictor
Moderate Decay: decay classes 2 or 3; Advanced Decay: decay classes 4 or variables. Fig. S13. Random forest metrics for models of the fall of

5. Fig. S6. Snag dynamics for Cornus nuttallii (Pacific dogwood) in the post-fire snags DBH > 10 cm. Model accuracy was determined by 10-fold
Yosemite Forest Dynamics Plot from 2011 to 2018. Snag persistence and cross validation. Panel rows indicate whether the models were con-

fall rates were calculated as changes in the snag population between strained to pre-fire or post-fire predictor variables. Within each panel,
summer field seasons. The vertical dotted line represents the fire event in models occupy six or seven rows (see Manuscript Table 2); the accuracy of
the fall of 2013. Because snags 1 < DBH < 10 cm were not included in the each model is represented by the three boxplots that occupy that row.
dataset at plot establishment, all snags 1 < DBH < 10 cm are trees that The boxplots represent the distribution of the model accuracy of 15

died after 2010. Low Decay: decay class 1; Moderate Decay: decay classes random forest analyses, each run with a different seed. The r-values

2 or 3; Advanced Decay: decay classes 4 or 5. Fig. S7. Snag dynamics for indicate the maximum level of collinearity between predictor variables.
Cornus nuttallii in the Yosemite Forest Dynamics Plot from 2011 to 2018 by Fig. S14. Random forest metrics for models of the fall of post-fire snags
density, basal area, volume, and carbon (C) content. The vertical dotted DBH > 10 cm run with balanced data. To verify whether an imbalance in
line represents the fire event in the fall of 2013. Because snags 1 < DBH < snag outcomes was driving the difference in sensitivity and specificity for
10 cm were not included in the dataset at plot establishment, all snags 1 the post-fire snag population, which is slightly imbalanced, we randomly
< DBH < 10 cm are trees that died after 2010. Low Decay: decay class 1; selected subsets of the more common outcome to generate a balanced
Moderate Decay: decay classes 2 or 3; Advanced Decay: decay classes 4 or dataset: 2,315 snags were randomly selected without replacement from

5. Fig. 8. Snag dynamics for Pinus lambertiana (sugar pine) in the the 5,907 snags that persisted. Five random draws were run on each of
Yosemite Forest Dynamics Plot from 2011 to 2018. Snag persistence and three seeds. When we reran the random forest models with balanced

fall rates were calculated as changes in the snag population between data, the results resembled the pre-fire snag population models:

summer field seasons. The vertical dotted line represents the fire event in sensitivity tended to be the higher metric and, for each model, the

the fall of 2013. Because snags 1 < DBH < 10 cm were not included in the difference between sensitivity and specificity was reduced. Model

dataset at plot establishment, all snags 1 < DBH < 10 cm are trees that accuracy was determined by 10-fold cross validation. Panel rows indicate
died after 2010. Low Decay: decay class 1; Moderate Decay: decay classes whether the models were constrained to pre-fire or post-fire predictor

2 or 3; Advanced Decay: decay classes 4 or 5. Fig. S9. Snag dynamics for variables. Within each panel, models occupy six or seven rows (see

Pinus lambertiana in the Yosemite Forest Dynamics Plot from 2011 to 2018 Manuscript Table 2); the accuracy of each model is represented by the

by density, basal area, and volume. The vertical dotted line represents the three boxplots that occupy that row. The boxplots represent the

fire event in the fall of 2013. Because snags 1 < DBH < 10 cm were not distribution of the model accuracy of those 15 random forest analyses.
included in the dataset at plot establishment, all snags 1 < DBH < 10 cm The r-values indicate the maximum level of collinearity between predictor
are trees that died after 2010. Low Decay: decay class 1; Moderate Decay: variables. Fig. S15. Correlation matrix of important continuous variables in
decay classes 2 or 3; Advanced Decay: decay classes 4 or 5. Fig. $10. Snag the most predictive model (i.e., 0-3 m neighborhood, r = 0.7) that used
dynamics for Quercus kelloggii (California black oak) in the Yosemite Forest just post-fire variables to predict fall of pre-fire snags DBH > 10 cm (See
Dynamics Plot from 2011 to 2018. Snag persistence and fall rates were Manuscript Table 2). Variables that correlated with at least one other
calculated as changes in the snag population between summer field variable at r* > [0.15] were selected for display. See Sl Table 6 for predictor
seasons. The vertical dotted line represents the fire event in the fall of variable definitions. Fig. S16. Correlation matrix of important continuous
2013. Because snags 1 < DBH < 10 cm were not included in the dataset at variables in the most predictive model (i.e, 0-15 m neighborhood, r = 0.7)
plot establishment, all snags 1 < DBH < 10 cm are trees that died after that used just pre-fire variables to predict fall of pre-fire snags DBH > 10
2010. Low Decay: decay class 1; Moderate Decay: decay classes 2 or 3; cm (See Manuscript Table 2). See SI Table 6 for predictor variable
Advanced Decay: decay classes 4 or 5. Fig. S11. Snag dynamics for definitions. Fig. S17. Correlation matrix of important continuous variables
Quercus kelloggii in the Yosemite Forest Dynamics Plot from 2011 to 2018 in the most predictive model that used the most predictive model that

by density, basal area, volume, and carbon (C) content. The vertical dotted used just post-fire variables (i.e., 0-6 m neighborhood, r = 0.7) to predict
line represents the fire event in the fall of 2013. Because snags 1 < DBH < fall of post-fire snags DBH > 10 cm (See Manuscript Table 2). See Sl Table 6
10 cm were not included in the dataset at plot establishment, all snags 1 for predictor variable definitions. Fig. $18. Correlation matrix of important
< DBH < 10 cm are trees that died after 2010. Low Decay: decay class 1; continuous variables in the most predictive model (i.e, 0-3 m neighbor-
Moderate Decay: decay classes 2 or 3; Advanced Decay: decay classes 4 or hood, r = 0.5) that used just pre-fire variables to predict fall of post-fire

5. Table S6. All predictor variables initially considered for modeling snag snags DBH > 10 cm (See Manuscript Table 2). See Sl Table 6 for predictor
fall. Diameter class thresholds based on crown injury represent the 0-20" variable definitions. Fig. S19. Partial dependence plots of the nine most
percentile (least scorched; 1-9 cm DBH), 20-40"" percentile (10-14 cm important continuous pre-fire predictor variables in random forest models
DBH), 40-60™ percentile (15-20 cm DBH), 60-80™" percentile (20-27 cm of the fall of pre-fire snags DBH > 10 cm. Solid lines represent mean partial
DBH), and >80" percentile (=28 cm DBH). Diameter class thresholds for dependence values from 15 model runs. Gray dotted lines represent
snags were 1 < DBH < 10 cm, 10 < DBH < 60 ¢cm, and DBH > 60 cm DBH. minimum and maximum partial dependence values from the 15 model
Pre-fire Neighborhood and Neighborhood Fire Severity metrics were runs. Density units are trees ha™'. Basal area units are m? ha™'. Volume units
calculated within annuli of radii 0-3, 3-6, 6-9,9-12,and 12-15m are m*> ha™'. Fig. $20. Partial dependence plots of the nine most important
surrounding each focal snag. ®Variable only applied to snags in the continuous post-fire predictor variables in random forest models of the fall
post-fire populations. Table S7. Model inputs for four selected models. of pre-fire snags DBH > 10 cm. Vertical red dashed lines and the

Bold, italicized blue text indicates variables that were confirmed by Boruta, corresponding values indicate thresholds that were used to categorize
were retained after collinear variables were removed, and were run as snags in multi-variate partial dependence plots (Manuscript Fig. 4). Solid
inputs to random forest. Bold text indicates variables that were confirmed lines represent mean partial dependence values from 15 model runs. Gray
by Boruta but were removed because they exceeded the collinearity dotted lines represent minimum and maximum partial dependence
threshold for that model and were not selected to be kept. Numbers in values from the 15 model runs. Density units are trees ha™'. Basal area units
parentheses are mean importance values averaged across 15 runs of are m” ha™'. Fig. $21. Partial dependence plots of the nine most important
random forest. Variables in bold, italicized blue text are ordered by mean continuous pre-fire predictor variables in random forest models of the fall
importance value. Fig. S12. Random forest model accuracy metrics for of post-fire snags DBH > 10 cm. Solid lines represent mean partial

models of the fall of pre-fire snags DBH > 10 cm. Model accuracy was dependence values from 15 model runs. Gray dotted lines represent
determined by 10-fold cross validation. Panel rows indicate whether the minimum and maximum partial dependence values from the 15 model
models were constrained to pre-fire or post-fire predictor variables. Within runs. Density units are trees ha™'. Basal area units are m? ha™'. Biomass units
each panel, seven models occupy seven rows (see Manuscript Table 2); are Mg ha™'. Fig. S22. Partial dependence plots of the nine most
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important continuous post-fire predictor variables in random forest
models of the fall of post-fire snags DBH > 10 cm. Solid lines represent
mean partial dependence values from 15 model runs. Gray dotted lines
represent minimum and maximum partial dependence values from the
15 model runs. Basal area units are m? ha™.
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