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ARTICLE INFO ABSTRACT

Keywords: Mixed evergreen forest systems have many resprouting species, allowing individuals to regrow following fire and
Wildfire facilitating resilience at the community level. The Tubbs Fire (Sonoma Co., California, October 2017) burned
Mixed evergreen forests with mixed severity across the Pepperwood Preserve, impacting a network of pre-existing forest plots, with a
g:;’:\:’?;;ﬂ;nds total of 10,284 tagged stems of 29 species. Based on pre- and post-fire surveys, we evaluated post-fire fates of
Resilience individuals (mortality, topkill with basal resprouting, green crown survival), resprout growth, above-ground
Biomass loss biomass (AGB) killed by mortality or topkill, and changes in community composition. As expected, mortality
Demography increased with fire severity and decreased with stem diameter across all species. Notably, in evergreen hard-

woods we found that the fraction of topkill/resprouting is highest in medium-sized individuals, as small in-
dividuals had high mortality and large individuals escaped topkill. Pre-fire AGB averaged 299 Mg/ha. Percent of
AGB in stems that died or were topkilled increased with fire severity and was highest in conifer plots, followed by
evergreen hardwood and white oak woodlands. Communities with differential mortality of non-sprouting co-
nifers vs. resprouting hardwoods exhibited significant compositional changes, whereas hardwood stands
exhibited less change due to resprouting and similar proportional mortality across species. Our results illustrate
the importance of resprouting as a fire survival mechanism for medium-sized hardwood individuals, and as a
factor that reduces fire impacts on community composition. Our findings also highlight the role of fire severity in
determining the extent of resprouting across species and size classes. Studies of resprout growth and biomass
accumulation are needed to understand the long-term effects of fire on both community composition and
biomass dynamics in hardwood systems dominated by resprouting species.

1. Introduction resprouting, or tree mortality if there is no resprouting. Following high

severity fire, forest regrowth and recovery may occur via resprouting of

In recent years, wildfires in the American west, especially in Cali-
fornia, have intensified in size, frequency, and severity, due to the effects
of drought and increasing temperature, together with long-term fire
suppression and resulting fuel accumulation (Kreider et al., 2024).
Long-term impacts of wildfire on forests and shrublands depend on the
interaction of fire severity and the post-fire regeneration strategies of
species in different communities. Fire regimes span a range, from low
severity ground fires with minimal impacts on larger trees, characteristic
of both open oak woodlands and some conifer forests, to high severity
crown fires that cause extensive topkill (scorch or combustion of foliage
and fine twigs), followed in some cases by epicormic or basal

topkilled trees, regeneration from seed stored in canopy or soil seed
banks, or post-fire seed rain and regeneration from surviving trees
within or adjacent to the burned area (Pausas and Keeley, 2014).
Increasingly, frequent and/or high severity fire is causing vegetation
type conversion, due to shrub and tree mortality in systems with limited
or exhausted soil seed banks, or a lack of surviving trees to provide seed
sources for regeneration, especially in large fires (Coop et al., 2020).
Understanding impacts of fire on different species and at different life
history sizes and stages is critical to project long-term demographic
impacts of wildfire and to evaluate the potential for varying manage-
ment strategies, including prescribed burning and understory fuel
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removal.

In California, and the American west more broadly, responses of
plant communities to wildfire have been extensively studied in montane
conifers, redwood forests, chaparral shrublands, and both grasslands
and oak woodlands that serve as rangeland for grazing cattle (van
Wagtendonk et al., 2018). California’s mixed evergreen systems,
composed of varying densities of oaks, other hardwoods, and different
conifer species, have received less attention. (Following North American
forestry usage, ‘hardwood’ in this paper refers to all angiosperm tree
species.) This is in part due to their lower economic value for timber or
rangeland, and also because high severity fires have been infrequent in
these systems until recent years. With the expansion of the
wildland-urban interface (WUI) across the west, wildfires in mixed
hardwood forests in the past twenty years have impacted many rural and
urban areas, with extensive structure loss, loss of life, and economic
damage. Coastal California has been especially impacted, notably by the
Lake County fires in 2015, 2016, Wine Country fires in 2017, Mendocino
Complex in 2018, and the LNU Lightning Complex fires in 2020. These
events underscore the need for enhanced understanding of post-fire
mixed evergreen community dynamics, to understand mechanisms of
resilience and vulnerability to future wildfires, which will shape future
biodiversity and carbon dynamics.

The capacity for resprouting is a critical mechanism of post-fire
regeneration and community resilience (Bellingham and Sparrow,
2000; Pausas et al., 2016). While resprouting is uncommon in Northern
Hemisphere conifers (Burrows, 2021), it is widespread in angiosperm
trees and shrubs. Resprouting may occur along the trunk and major
branches (epicormic sprouting) and new leaves can be produced from
surviving terminal meristems at twig tips. After higher severity fire that
kills most or all above-ground tissues (topkill), resprouting occurs from
the root collar at ground level (basal resprouting). Some tree and shrub
species in fire-prone ecosystems exhibit a large burl or lignotuber at or
just below ground level that provides protection for large numbers of
dormant buds (Clarke et al., 2013). Resprouting shrubs and trees regrow
from a large root system, providing ample water and nutrients to support
resprout growth, with height growth rates of resprouts often > 1 m per
year (Moreira et al., 2009). At times, dozens of resprouts will emerge
from the base of a single tree following topkill, and over time most die
off until a resprouting tree will have a few large stems. The frequency of
multi-stemmed individuals throughout mixed evergreen systems is
suggestive of the long-term importance of fire. In California, this is
especially notable in Umbellularia californica (California bay), Arbutus
mengziesii (madrone), and Quercus agrifolia (coast live oak). It remains
unclear how successful resprouting species will be under increasingly
frequent and severe wildfire regimes.

The frequency of complete mortality vs. topkill followed by
resprouting depends critically on fire intensity, individual size, and
species. In general, mortality rates increase with fire intensity and for
smaller stems (Bennett et al., 2016). However, in oaks and other hard-
woods, even small saplings may resprout following low to moderate
intensity fire. Many of these species have large seeds (e.g., acorns) that
do not have a soil seed bank, and the seeds are killed by fire if lying on
the ground. As a result, regeneration depends on seed germination and
establishment in the window between fires, coupled with the capacity of
the saplings to survive fire by resprouting and grow to maturity. How-
ever, the increased frequency and extent of high severity fires is
increasing the potential for mortality, carbon emissions, and long-term
community change in mixed hardwood systems. Understanding
species-specific responses provides the basis to project such long-term
change.

In this study, we examine wildfire impacts in diverse evergreen
forests and woodlands following the 2017 Tubbs Fire in Sonoma Co.,
California, based on a pre-existing forest plot network installed at the
Pepperwood Preserve in 2013 (Oldfather et al., 2016). The network
spans oak woodland, mixed evergreen forest, and conifer (Pseudotsuga
mengziesii, Douglas-fir) forest, stratified across topographic and
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hydrologic gradients. Pre-fire, the plot network included a total 10,284
stems of 29 shrub and tree species (Table S1), allowing an exceptionally
detailed analysis of size-dependent responses by species group and
species (for the eight most common species, which comprised 95% of all
stems, Table 1). Following the fire, for each individual stem we recorded
whether the crown was killed (D=dead, L=live), and whether or not it
resprouted from the base (R=resprouted; N = no resprouts). This sets up
four possible outcomes, which we collapse to three ‘fates’ for analysis:
DN = mortality; DR = topkill with resprouting; LN and LR (designated
Lx below) = crown survival, with or without resprouting, which has less
importance if the tree survives at the crown level. Based on these ob-
servations, and accompanying data on fire severity and other variables,
we evaluate post-fire responses at the stem level in: 1) rates of mortality,
topkill/resprout, and crown survival as a function of species, species
group (see below), size and fire severity; 2) rates of delayed mortality
and new sapling establishment in the 2nd year post-fire; and 3) rates of
resprout growth. At the plot-level, we then examine 4) the proportion of
basal area lost to mortality or topkill, with estimates of above-ground
carbon loss, and 5) evidence of community change based on changes
in numbers of individuals by species and size class. We discuss the im-
pacts of resprouting on the resilience of different community types
(conifer stands, mixed evergreens, and open oak woodlands), as a
function of fire severity. Note that preliminary results of this study were
presented in Ackerly et al. (2019), and the current paper provides a more
thorough analysis and evaluation of the results.

2. Study system

Pepperwood Preserve is a 1263 ha conservation, research and edu-
cation preserve, located in the Mayacamas Range of northern California
(Sonoma County Ca, 38.57°N, —122.68°W). The site has a
mediterranean-type climate, with mean annual temperature of 14.7°C
and total average rainfall of 783 mm, with the majority of the rain falling
in the cool, winter season (climate values from the Grass Met on-site
weather station, 13-year averages from 2010 to 2023). The site has
undulating topography, with steep slopes, and an elevation range from
137 to 477 m asl. Vegetation includes annual grassland, chaparral, oak
woodland, mixed hardwoods, and conifer stands.

The landscape sits within the historical territory of the Wappo tribe.
Indigenous burning was widespread in California over the past
10-15,000 years. Due to the low frequency of lightning strikes in this
region of Central California, pre-colonization fire return intervals pri-
marily reflected indigenous burning (Finney and Martin, 1992). All
woodland and forest vegetation in Central California (with the exception
of coastal, closed-cone pine forests) tolerates low-intensity, ground fires.
Indigenous and cultural burning maintained open understory, reduced
pest prevalence on acorns, and promoted resprouting of species impor-
tant for basketry. While lightning is rare in this region, occasional
lightning storms combined with unusual fire weather probably triggered
larger, landscape-scale fires, similar to the 2008 and 2020 lightning
storms that hit Central California (Potter, 2023; Wallmann et al., 2010).
Pre—1950 fire histories have not been documented at this site. Two large
fires burned most of the landscape in 1964 (Hanley) and/or 1965
(PG&E), and no other fire had occurred from then until 2017 (Halbur
et al., 2014). In the absence of fire, understory fuel loads at the site were
quite high prior to the Tubbs fire, and Pepperwood’s Adaptive Man-
agement Plan identifies fuels reduction and restoration of prescribed
burning as management priorities (Gillogly et al., 2017).

The Tubbs Fire ignited on the evening of October 7, 2017, at a site
~16 km NE of Pepperwood. High winds drove the fire SW (Mass and
Ovens, 2019), covering ~19 km before sunrise the next morning,
causing extensive structure loss and loss of life. High severity fire on the
first night burned across the SE corner of Pepperwood Preserve. Over the
next five days, winds subsided, and the fire expanded to the north,
eventually impacting 85% of the preserve, with a mix of fire severity
(detailed below) (Fig. 1). In November 2019, the Kincade Fire ignited to
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Table 1
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Eight most abundant species, used for species level analyses of post-fire fates. Life-form: T = Tree; S = Shrub. Resprouter: Yes/No. Species groups: EHRO = Evergreen
hardwoods and red oaks; WHTO = White oaks; NS.Con = Non-sprouting conifer; R.Shrub = Resprouting shrub (see text). Number of stems is from pre-fire surveys,

including Plots and Hectares.

Scientific name Common name Species code Life-form Re-sprouter Species Group Number of stems
Umbellularia californica California Bay UMBCAL T Y EHRO 2065
Quercus garryana Oregon White Oak QUEGAR T Y WHTO 1847
Quercus agrifolia Coast Live Oak QUEAGR T Y EHRO 1784
Pseudotsuga menziesii Douglas-Fir PSEMEN T N NS.Con 1488
Heteromeles arbutifolia Toyon HETARB S Y R.Shrub 707
Quercus kelloggii California Black Oak QUEKEL T Y EHRO 534
Arbutus menziesii Madrone ARBMEN T Y EHRO 489
Quercus douglassii Blue Oak QUEDOU T Y WHTO 481
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Fig. 1. A) Study site location in Northern California. Red outlines show fire perimeters of Pocket, Tubbs, Nuns, and Atlas Fires (NW to SE), which all burned over the
same period in October, 2017. B) Fire perimeter and severity (MTBS) of the Tubbs Fire. C) Pepperwood Preserve boundary, showing fire severity and locations of 54

plots (filled circles) and 18 ha (open circles).



M. Kozanitas et al.

the north of Pepperwood and burned into the Preserve from the opposite
direction. This has created a complex mosaic of sites burned either once
or twice, with different combinations of fire severity, which we aim to
analyze in a subsequent study. In this paper, we evaluate responses to
the Tubbs Fire in the two years prior to Kincade.

3. Methods
3.1. Plot network

The forest research plot network was installed in 2013, originally
with 50 plots distributed across Pepperwood Preserve, stratified across
vegetation types and topography (slope and aspect) (Oldfather et al.,
2016). Following the 2017 fire, four more plots were added to increase
coverage in high severity burn areas, for a total of 54 (Table S3). Plots
are 20 x 20 m, each one situated on a relatively uniform slope and
aspect, to facilitate analysis of the effect of hillslope orientation on
vegetation. (As a result, valley bottoms and ridge tops were not
sampled.) Temperature and relative humidity have been recorded in all
plots at 30-minute intervals since 2013 using HOBO dataloggers (Hobo
model U23, Onset Corp., Bourne, MA) positioned inside a solar radiation
shield at 1.2 m above the ground and located 5 m outside each plot in a
location with similar light availability and species composition. See
John et al. (2024) for analysis of topographic variation in microclimates.
Some data loggers were destroyed by the fire, and a new set was
installed post-fire, resulting in some breaks in data availability. Soil
moisture readings have been taken manually at 16 locations within each
plot in the spring (early May) of each sample year (Campbell Hydro-
sense, Model CS659). Herbaceous understory surveys were conducted in
April of each year, from 2016 to 2023 (except for 2020, due to COVID).
Fire effects on microclimates, soil moisture, and herbaceous commu-
nities are not reported here. In 2015, 17 1-ha plots were installed,
centered on a subset of the 20 x 20 m plots, to increase sample sizes for
larger trees and better characterize the communities surrounding the
plots. Following the fire, one more 1-ha plot was added in the high
severity area, for a total of 18. In the rest of this paper we use ‘Plots’ to
refer to the data from the 20 x 20 m plots, and ‘Hectares’ to refer to the
data from these larger hectare samples.

3.2. Species sampled

Sampling included all woody plant species > 50 cm tall, except
Toxicodendron diversilobum (poison oak) due to health and safety risks.
Baccharis pilularis was surveyed, but excluded from analysis as it regrows
so quickly that we could not separate fire survivors from resprouts.
Analyses of individual species focused on the eight most abundant taxa,
out of a total of 29 species encountered (Table 1, S1). These comprise a
dominant non-sprouting conifer (Pseudotsuga menziesii), six hardwoods,
and one abundant understory shrub (Heteromeles arbutifolia). The
hardwoods were assigned to two groups, which largely occupy distinct
communities. White oaks (WHTO) include Quercus garryana,
Q. douglasii, and Q. lobata, all deciduous species which characteristically
form open savannas or woodlands. Evergreen hardwoods and red oaks
(EHRO) include four dominant trees, the deciduous Q. kelloggii, and
evergreens Q. agrifolia, Umbellularia californica, and Arbutus menziesii.
Along with two less common species (Table S1), these species comprise
mixed evergreen forests, with varying abundance of the conifer
P. menziesii and the white oak Q. garryana. The eight most abundant
species comprised 91.4% of all individual stems and > 95% of basal
area. Characteristics and abundances of all species are listed in Table S1
and Fig. S1.

3.3. Plot sampling

In the original 50 plots, all individual stems of tree or shrub species
> 1 cm diameter at breast height (DBH, 1.4 m above the ground), and

Forest Ecology and Management 612 (2026) 123706

saplings > 50 cm tall and < 1 cm DBH were mapped, identified to
species, and tagged with a permanent unique identification number. A
small number (<20) of unidentified individuals were excluded from all
analyses. Additionally, all seedlings (<10 cm tall) and juveniles
(>10 cm, <50 cm tall) were tallied by species both pre- and post-fire
(results not presented here). Note that we use the word ‘tree’ in this
paper to refer to individuals of any species with DBH> =1 cm; we also
use it occasionally to refer to tree species vs. shrub species, as clarified in
context. For saplings, we measured the height of each individual stem,
the basal diameter (at 10 cm) of the largest stem, and recorded the
number of additional stems branching off below 10 cm. For trees, DBH
was measured on the main stem, and also recorded for each additional
stem that branched off the main stem below 1.4 m. In this study, ana-
lyses are done on the basis of individual stems (with more than one per
tree, where appropriate) as stem diameter is an appropriate measure of
plant size to understand fire effects (as opposed to total basal area of the
individual, which wouldn’t distinguish one very large stem from several
smaller ones). In the Hectare samples, all trees > 20 cm DBH were
identified to species, DBH recorded, and mapped to location using GPS.

Following the 2017 fire, a full demographic resurvey was completed
in summer 2018 and growth measurements were recorded for all in-
dividuals that remained from the 2013 survey. Whenever possible
diameter measurements were taken on the same stem and at the same
location to capture growth data, regardless of an individual stem’s post-
fire fate. In the four plots added post-fire, sapling height and diameter,
and tree DBH, were measured on burnt stems, which were assumed to
have been alive before the fire.

We combined the 2013 and 2018 data to create a proxy pre-fire
‘2017’ data set, representing the Plot and Hectare data sets immedi-
ately before the fire. For the original 50 plots, 2018 sizes were used to
represent pre-fire stem diameter, unless diameters had shrunk, in which
case the 2013 size was used. We also encountered more than 500 sap-
lings and 26 trees in 2018 which were not present in the original 2013
survey. Based on their size, the majority of the saplings were judged to
be new recruits that had reached the 50 cm height threshold before the
fire, while some saplings and the trees were apparently missed in the
initial survey. Note that any shrubs or trees that died after the 2013
survey and before the fire would be identified here as fire mortality;
mortality in unburned plots (~5%) provides a baseline for comparison
with mortality in burned plots. For the new recruits and newly added
plots, 2018 size was used to represent pre-fire size, and dead individuals
were assigned as ‘live’ before the fire. The only group of individuals that
could not be assessed using this methodology would be newly recruited
saplings that would have reached our threshold size for sampling, after
the 2013 survey, or any individuals that were present in the newly
sampled 2018 plots, if they were killed in the fire and had no stems or
other evidence remaining following the fire. This group of unmeasured
individuals was likely only a very small number of saplings. Dead stems
located in 2018, which had not been previously tagged, were measured
and included in analyses of mortality, but not given permanent tags as
they would not be included in any future surveys.

Following the fire, each individual tree stem, and each sapling, was
categorized based on canopy survival (L=live vs. D=dead) and the
presence or absence of basal resprouts (R=yes, N = no). For canopy
survival, presence of any green foliage in the canopy, in 2018, indicated
above-ground survival of the individual. It was not possible to reliably
distinguish between green foliage that had not been burned, vs. crown or
epicormic resprouting that had occurred between the fire and our survey
the following summer; in either case, it indicates that the canopy sur-
vived the fire. The amount of “green crown” was recorded visually based
on percentage of living canopy, on a 0-5 scale (1. <5%; 2. 6-33%; 3.
34-66%; 4. 67-94%; 5. >95%), though we do not use these data here.
For resprouting, the presence or absence of basal resprouts was noted,
and the number of basal resprouts > 50 cm tall was recorded, as well as
the height of the tallest resprout. If resprouts were present, but none
were > 50 cm tall, the individual was marked as resprouting but no



M. Kozanitas et al.

height measurement or tally was recorded. A second full demographic
resurvey was conducted on all 54 plots in 2019 and a partial resurvey
(burned plots only) was conducted in 2020 following the Kincade fire. In
2019 the basal diameter of the thickest resprout was also measured. The
2019 data are used in this paper to check for delayed mortality of trees in
the second year post-fire, post-fire establishment of new saplings, and
rates of basal resprout height growth.

We examined post-fire outcomes for all saplings and trees to quantify
mortality (DN), top-kill/resprouting (DR), and crown survival (Lx) in
relation to pre-fire size and fire severity. Analyses for individual species
were conducted for the most common species (7 tree species and 1 shrub
species, Table 1). Analyses of the two hardwood species groups, using
individuals of all species, were conducted for white oaks (WHTO) and
evergreen hardwoods and red oaks (EHRO). Other species did not have
large enough sample sizes for analysis.

Total basal area of the common tree species was used to characterize
the community type of each plot. For this purpose, analyses were con-
ducted on the total basal area of the two hardwood groups and
P. menziesii. Other trees and shrubs averaged < 5% of basal area overall,
and > 10% in only three plots, and were excluded from this analysis. For
visualization and discrimination of community types, relative basal area
of the three groups was normalized to 100% and plotted in a ternary
plot, along with fire severity (Fig. 2).

3.4. Fire Severity

Burn severity was quantified using data for the Tubbs Fire from the
Monitoring Trends in Burn Severity program (MTBS, Eidenshink et al.,
2007). We used RANBR (Relative differenced Normalized Burn Ratio,
Miller et al., 2009), which is almost identical to dNBR in this system,
with an adjustment for background reflectance in unburned areas. dNBR
is the difference in NBR (pre-fire — post-fire), where NBR is defined as
(NIR — SWIR) / (NIR + SWIR) (NIR = near infra-red; SWIR = short-wave
infrared). Post-fire conditions are measured during the growing season
following the fire, to assess canopy damage.

In the 50 plots established pre-fire, we estimated plot scorch
approximately 6-8 weeks following the Tubbs fire, based on visual

100

Fire severity Conifer
Unburned
Low

@® Medium

@ High
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assessment of the percent of the tree canopy foliage that was fire
scorched. Plot scorch and MTBS RANBR were strongly correlated (R =
0.68). Because we added four additional high severity plots following
the fire, and did not assess plot scorch across our Hectare samples, we
could not use our field assessment of plot scorch for analysis. Following
Parks et al. (2014) we classified plots into four fire severity categories:
Unburned (based on the burn perimeter); Low (RANBR <=135); Me-
dium (135—430); and High (>430) (we did not use the additional split at
RANBR=304). For the hectares, fire severity was extracted for each
20 x 20 subplot (N = 25, where the center subplot is the main plot for
the full surveys). Trees were mapped to subplot based on GPS locations,
to assign fire severity to each stem. In burned hectares, all except one of
the subplots were in one level, or two adjacent levels, i.e. a hectare
would have all low, medium, or high; low and medium; or medium and
high.

Preliminary analyses revealed that impacts on trees were very
similar in low and medium severity, so these were combined for most
analyses. Fire severity is illustrated along with community type in Fig. 2,
and post-fire photos of several plots at varying fire severity are shown in
Fig. S2. Note that the preliminary results of this study published in
Ackerly et al. (2019) used Landsat imagery to classify fire severity,
before MTBS data were released.

3.5. Analysis

Diameters were measured at 10 cm above the ground (D10) for
saplings, and at breast height (1.4 m, DBH) for trees. For regression
analyses of post-fire fates, we needed a single measurement of size,
spanning all size classes and combining saplings and trees. To accom-
plish this, we converted tree DBH to D10, based on a regression for a
subset of trees in which both measurements were obtained (N = 185, R?
= 0.984, all measurements in cm):

D10 = DBH * 1.176 + 1.070 (@)

For descriptive statistics and reporting sample sizes, individuals were
grouped into size categories: sapling (height>>50 cm, DBH<1 cm), small
tree (DBH = 1 to <10 cm), medium tree (10 to <20 cm), and large tree

Mixed plots

20
White oak 1o
(WHTO) 0 GOS0 90 9L\

L) [¢°) =
Oo o (&) o

© Mixed
¥ hardwood
¥ _(EHRO)
—em e

Fig. 2. Relative contribution of three functional groups to basal area in each of the 54 plots, and assignment of plots to one of four community types. Plots in the top
triangle are > 50% conifers; lower right triangle, > 50% evergreen hardwoods and red oaks (EHRO); lower left triangle, > 50% white oaks (WHTO); center triangle,

< 50% for each of the three functional groups.
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(>20 cm) (Table 2). For shrub species, only the two smaller size classes
were distinguished (the very few shrubs with DBH >10 cm were com-
bined with the 1-10 cm size class).

To quantify effects of fire severity and initial tree size on de-
mographic outcomes, we built generalized linear mixed models in a
Bayesian framework using the brms R package (Biirkner, 2017). The
units of analysis were individual stems, so that diameter correctly rep-
resented stem size. For the non-sprouter P. menziesii, Bernoulli logistic
regression was used, since there were only two fates (mortality vs.
green-crown survival). For P. mengziesii, when the hectare data was
added, results of the model shifted considerably, blurring the distinction
between low/medium and high severity. This was due to very large
numbers of dead individuals in just two high severity plots. We have
chosen to highlight the results using the Plot data, which better repre-
sent patterns observed in the field, and the alternative analysis with the
hectare data is shown in Fig. S4. For resprouters, the response variable
followed a multinomial distribution (with a logit link function)
describing the three possible fates for a tree: mortality (DN), top-
kill/resprout (DR), or crown survival (Lx). Our predictors included a
smoothing spline for initial tree size (i.e., basal stem diameter, d10,
log-transformed), a categorical predictor for fire severity (unburned,
low/medium, or high), and their interaction. The smooth term used
thin-plate regression splines with basis dimension 3. We also included
random intercepts (drawn from a mean-zero Gaussian distribution) for
“tree ID”, to account for non-independence among multiple stems of the
same tree, and “plot”, to account for non-independence among obser-
vations from trees in the same Plot or Hectare subplot. For three of the
oak species (Q. kelloggii, Q. douglasii, and Q. garryana), there were too
few individuals for analysis in both unburned and high severity, and
results are reported only for low/medium severity. For Heteromeles
arbutifolia, there were few individuals in high severity, and these were
combined with low/medium for analysis. Delayed mortality was also
assessed by tabulating individuals that were alive following the fire, in
the 2018 census, and then died by the time of the 2019 census, but the
numbers were too small to allow statistical analysis of patterns.

In common, resprouting shrub and tree species, the number of
resprouts (> 50 cm) and height of the tallest resprout were compared by
species and fire severity level. Second year resprout growth was assessed
based on height of the tallest resprout in 2019 vs. 2018 on each indi-
vidual (since we did not tag resprouts, the tallest sprout each year may
not be the same stem).

No individuals that established after the fire reached our threshold
size of 50 cm in height in the 2018 census. New recruits in 2019, in-
dividuals that either established after the fire or survived the fire but
hadn't reached our size threshold by 2018 surveys, were tabulated by
species and fire severity. We did not analyze these data statistically
because they were heavily concentrated in just a few plots.

Plot level analyses were conducted to assess the mortality of above-
ground biomass (AGB) due to stem mortality and topkill. Note that we
are estimating total AGB mortality, including trunks and branches that
were not combusted during the fire, so this is not a direct estimate of
carbon emissions from the fire itself. The dead biomass will eventually

Table 2
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decompose or burn in a future fire, so carbon emissions due to AGB
mortality are spread over a long period of time. Additionally, while
topkilled individuals regrow from the basal sprouts, the trunk and crown
biomass has been killed and will eventually be lost via decomposition or
future combustion. Biomass allometries in relation to DBH were ob-
tained from Krause et al. (2023); we used the Pinus ponderosa co-
efficients for P. menziesii and the average of the Q. agrifolia and
Q. garryana coefficients for all other species. AGB mortality was
analyzed in relation to fire severity and community composition (Fig. 2).
Analyses were conducted on plot data only, including all size classes.

We were also interested in the future trajectory of community
composition following wildfire, based on the change in the community
due to mortality. Because analyses based on basal area primarily reflect
the fate of the large trees, we characterized the communities in terms of
the proportion of individuals for each species, across all size classes,
before and after the fire. For each plot, the Bray-Curtis distance was
calculated between the vectors representing pre-fire and post-fire com-
munities. Distances were used as a measure of the degree of community
change and were analyzed in relation to the proportion of individuals
that had died in the fire, to examine the sensitivity of community change
to mortality.

4. Results

Of the 54 research plots, 9 burned at high severity, 16 at medium
severity, 22 at low severity, and 7 were unburned. As described above,
the plots were placed into four community type categories, based on the
basal area proportions of white oaks (WHTO), evergreen hardwoods and
red oaks (EHRO) and non-sprouting conifers (P. menziesii); three groups
were communities dominated by one of these groups, and the fourth had
a mix of all three types (<50% of basal area in each; Fig. 2). High
severity burns were concentrated in plots dominated by conifers and
mixed hardwoods. Unburned and low and medium severity primarily
occurred in those dominated by mixed hardwoods or white oaks. The
four mixed plots burned at low and medium severity. Also note that the
seven unburned plots included at least one example each of the three
primary community types, as these were all found in the NW corner of
the Preserve beyond the fire perimeter.

Prior to the 2017 fire (including stems surveyed in 2018, and inferred
as alive pre-fire), we recorded 10,284 stems from the 29 woody plant
species, with 5892 in the Plots and 4392 large trees in the Hectare plots
(Table 2, S2). Summary statistics are provided separately for the Plots
alone (representing a full demographic survey across size classes), and
for large trees (from Plots and Hectares combined). Across all species
and size classes, in the Plot data (including unburned), 41.5% of stems
were killed in the fire (DN), 27.8% were top-killed with basal
resprouting (DR), and 30.7% survived with green crowns (Lx). For large
trees, the corresponding percentages were 9.2%, 4.8%, and 86.0%.
Sample sizes and fates of all species, by size class, are shown in Table S2.

Fig. 3 illustrates the size-dependence of post-fire fates for the eight
dominant species, with hardwoods combined in the two groups. For the
non-sprouting conifer P. menziesii (Fig. 3A), there was very low mortality

Distribution of plots and total numbers of stems by fire severity. Plots refer to 20 x 20 m fully sampled vegetation plots. Hectares were sampled for large trees only
(>20 cm dbh), and were divided into 25 20 x 20 m subplots (with the central subplot a fully sampled vegetation plot).

Fire Number of Number of Saplings ~ Small trees Medium trees  Large trees, Plots Large trees, Hectares Total Total (Plots +

severity Plots Hectare subplots (1-10 cm (10-20 cm (>20 cm DBH) (>20 cm DBH) (Plots) Hectares)
DBH) DBH)

Unburned 7 75 560 199 37 69 596 865 1461

Low 22 201 1680 801 290 296 2063 3067 5130

Medium 16 100 596 420 87 221 957 1324 2281

High 9 74 253 202 81 100 776 636 1412

Total 54 450 3089 1622 495 686 4392 5892 10284

Density 1430 751 229 318 255 2728 -

(ha™)
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Fig. 3. Fitted responses of post-fire fates, in relation to stem basal diameter at 10 cm height above the ground (log-transformed) and fire severity, for four species
groups (see Table 1). For trees, DBH was transformed to an estimate of basal diameter, so that saplings and trees could be analyzed together (see text). Dashed lines
indicate three DBH values for reference: 1 cm, 20 cm, and 100 cm. A. Non-sprouting conifer (Pseudotsuga menziesii), showing proportion dead on y-axis. B. Evergreen
hardwoods and red oaks (EHRO). C. White oaks (WHTO), showing low/medium only due to low sample sizes in unburned and high severity; D. Resprouting shrub
(Heteromeles arbutifolia), excluding high severity due to low sample sizes. In all panels, the range of the model results is restricted to the minimum and maximum
basal diameters. B-D: three fates: mortality (DN, left), topkill-resprouting (DR, center), green crown survival (Lx, right).
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in unburned plots. However, in low-medium and high severity, mor-
tality was close to 100% in small individuals. In low-medium severity,
mortality dropped to 50% at about 10 cm DBH and was close to 0%
above 20 cm DBH. At high severity, mortality only dropped to 50% at
DBH = 100 cm. As noted in the methods, inclusion of the hectares
blurred the distinction between low/medium and high severity, with
very high uncertainties due to the random effects of plot and large
numbers of dead individuals in just two plots (Fig. S4).

For the other species, the three panels show mortality (DN, left),
topkill/resprouting (DR, center), and green crown survival (Lx, right).
(Figs. S3, S5, S6 illustrate individual species, and histograms of samples
sizes and fates.) For EHRO in unburned plots, there was essentially no
mortality, and 100% crown survival, at all sizes. In low-medium and
high severity, mortality was approximately 75% in the smallest in-
dividuals, and dropped steadily to 0% above 20 cm DBH (Fig. 3B). Of
greatest interest, topkill/resprouting exhibits a hump-shaped relation-
ship in burned plots, with low levels for small individuals (which died)
and low levels for large individuals (in which the crown survives). The
size at which topkill/resprouting frequency peaked was just about 1 cm
DBH in low-medium severity, and approaching 20 cm DBH in high
severity. Finally, green crown survival increased sharply with size,
reaching 50% at about 10 cm DBH in low-medium and just above 20 cm
DBH in high severity. In individual species analyses, the hump-shaped
topkill/resprouting relationship is most evident in U. californica and
A. mengiesii (Figure S5).

For WHTO, in low/medium severity plots, topkill/resprouting was
highest in the smallest individuals, while green crown survival was low

Basal Resprout Height (cm), 2019
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for small individuals and increased to 100% in stems greater than about
20 cm DBH (Fig. 3C). The hump-shaped response of topkill/resprouting
was not observed. For H. arbutifolia, in low-medium severity, topkill/
resprouting rates increase with size, and very few individuals survived
with a green crown.

Between the 2018 and 2019 surveys of the Plots, another 175 stems
died, representing 5.1% of those surviving in 2018 (the Hectares were
not resurveyed in 2019). Delayed mortality was highest in small trees
(8.5%) and lowest in large trees (1.7%); it was higher in medium
severity plots (7.1%), compared to unburned (2.1%), low severity
(5.7%), and high severity (4.7%) (no statistical comparison). Among
common species, delayed mortality was highest in H. arbutifolia (11.4%)
and P. mengiesii (almost 10%), and lowest in the white oaks (0% in
Q. douglasii and 1.5% in Q. garryana).

For individuals that resprouted, across all size classes (in the Plot
data set), average resprout height was 80.8 cm (maximum 3.29 m) by
the summer of 2018 (Fig. 4). The tallest resprouts were in Q. kelloggii and
U. californica, and the shortest were in Q. agrifolia. Q. douglasii, and
Q. garryana (Fig. S7). For the common species, resprout height was
significantly different among species and fire severities, with the tallest
resprouts at high severity. The average number of resprouts was
generally 5-10 across species (mean = 6.3; max = 86) (Fig. S8).
Resprout counts were significantly different among species, with the
lowest counts in the same three oaks, and counts increased with fire
severity (both significant, p < <0.001, log(x + 1) transformation).
Resprouts grew an additional 50 ¢cm or so, from 2018 and 2019 (Fig. 4),
with significant differences in growth rates among species and fire

T
0 100 200

300 400 500

Basal Resprout Height (cm), 2018

Fig. 4. Height of tallest resprout on each resprouting stem in 2018 (x-axis) and 2019 (y-axis). Dashed line is x = y; solid line is linear regression.



M. Kozanitas et al.

severities; growth rates were highest at high severity (Fig. S9). A small
number of trees (N = 17) in unburned plots had resprouted between
2013 and 2018, though they did not exhibit any additional growth in the
following year.

In 2019, more than 500 new saplings were recorded. The majority of
these were Ceanothus cuneatus (210), Amorpha californica (98), and
U. cdlifornica (51). C. cuneatus is a non-sprouting shrub, with soil seed
dormancy. All of the saplings of this species were located in two high-
severity plots, which were dominated by P. menziesii and U. californica
before the fire, and had only one C. cuneatus between them. All of the
P. menziesii were killed, while most U. californica and other hardwoods
were topkilled and resprouted, so the plots converted to hardwood
dominated. Germination of the large cohort of C. cuneatus was stimu-
lated by the fire. Newly recorded saplings of A. californica also could
have been resprouts, as this species can sprout up to 30 cm from the
original stem. The new A. californica were concentrated in two low
severity plots, while new U. californica were spread across multiple plots
and fire severities.

At the plot level, total basal area pre-fire averaged 39.4 m?/ha
(sd=15.7, min=12.3, max=98.2), and total above-ground biomass
(AGB) pre-fire averaged 299 Mg/ha (sd=109, min=107, max=617)
(Table S3). The percent of AGB in stems that died ranged from 0% to
98.9% (average 12.5%; Fig. 5a), and the percent in stems that were
topkilled ranged from 0% to 43.1% (average 4.0%; Fig. 5b). Summing
the two together, the AGB mortality ranged from 0% to 100% (average
16.5%; Fig. 5c¢). Total AGB mortality (as a percentage) increased
significantly with fire severity (p < 0.001) and was significantly
different among community types (p < 0.005), with highest values in
Conifer and mixed plots, compared to EHRO and WHTO (Table 3).

Bray-Curtis distances between pre- and post-fire community
composition exhibited a triangular relationship in relation to the pro-
portion of individuals that died in each plot (Fig. 6). Examples of change
for three circled plots are shown in Fig. S10. Plots in the upper right had
very high mortality and significant shifts in community composition,
generally due to high levels of mortality for P. menziesii (e.g., Plot 1342,
Fig. S10). Plots in the lower left had both low mortality and little change
in community composition, including the unburned plots (e.g., Plot
1308). In the lower right are plots that had high levels of mortality, but it
was evenly distributed across species (e.g., Plot 1326). As a result, the
relative proportions of each type, and the overall community composi-
tion, changed little.

5. Discussion

Research on wildfire impacts in California, and the American West
more broadly, has focused on mid-elevation conifer forests (Coop et al.,
2020), redwood forests (Ramage et al., 2010; Woodward et al., 2020),
and oak savannas (Cocking et al., 2012), all systems of economic and
cultural importance. Mixed evergreen systems, which predominate in
coastal California, have received much less attention, both in general
ecological research and specifically for wildfire research. The 2017 fires,
which burned in heavily populated areas, together with the 2020 fire
season, have drawn considerably more attention to the fire risks in these
systems, and greater interest in the factors driving fire severity and the
impact on and response of forest communities.

Based on our pre-fire data set, we were able to conduct exceptionally
detailed analyses to evaluate the post-fire fates of individual stems,
broken down by species (or species group), size and fire severity.
Overall, the results are as expected, with higher mortality in smaller
individuals and at higher fire severity, and higher crown survival in
larger individuals and at lower fire severity. These results are mirrored
by many studies of western conifers, in which mortality vs. crown sur-
vival are the only possible fates (Hood et al., 2007). For resprouting
species, which includes all the hardwood tree species in our system, we
were also able to quantify the probability of trees experiencing canopy
topkill, followed by basal resprouting. In the evergreen hardwood and
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red oak species group, and very clearly in two species (U. californica, A.
mengziesii), topkill/resprouting exhibits a distinct peak at intermediate
sizes, between 1 and 20 cm DBH (Fig. 3, S5). In Q. agrifolia, even the
smallest stems had high rates of resprouting following topkill. Moreover,
resprouting probabilities were higher at high severity in smaller stems in
this species, leading to a (non-significant) trend towards lower mortality
at high severity compared to low/medium severity. If this is supported
in future analyses, it could suggest that the dormant buds are shielded by
the bark and have a greater likelihood of being prompted to sprout in
high severity fire, enhancing survival. Studies of eucalypts and other
Australian hardwoods have reported decreasing probabilities of mor-
tality and topkill with stem size following fire (Catry et al., 2013; Trouvé
et al., 2021). However, we are not aware of previous studies that have
documented the hump-shaped pattern reported here. The pattern of
peak resprouting at intermediate sizes makes biological sense, as smaller
stems are killed while the crowns of larger individuals escape topkill; it
is possible that prior studies have not captured the low end of the size
range, as most forestry studies focus on trees with a minimum DBH > 1,
5 or 10 cm, while we sampled saplings as small as 50 cm tall.

The small sample sizes for saplings and small trees of white oaks
(WHTO) precluded our size-based analytic approach. The paucity of
regeneration in California for these species is widely reported, with a
range of possible causes (McLaughlin and Zavaleta, 2013; Tyler et al.,
2006). As a result, we were not able to learn a great deal about the
demography of the small individuals in general, or background rates of
mortality in unburned sites.

The total basal area and above-ground biomass of our plots are
within the range expected for California forests (e.g., Zhang et al., 2014).
The loss of biomass (and hence carbon) in wildfire is an issue of
considerable concern in California and globally, contributing to carbon
emissions from terrestrial ecosystems. For California, fires in the 2020
wildfire season generated an estimated 127 GT of CO,, exceeding the
total emissions reductions from California’s climate policies from the
preceding 18 years (Jerrett et al., 2022). Importantly, the trunks and
large branches of living trees rarely burn, except in the most intense
fires, so the stored carbon will persist in the ecosystem until the dead
wood decomposes or burns in a subsequent fire. Remote sensing esti-
mates capture above-ground biomass, pre- and post-fire, which does not
distinguish living and dead stems. For example, studies of Sierra Nevada
fires measure biomass loss no more than 50%, with highest values in
high severity conifer stands (Garcia et al., 2017; Liu and Popescu, 2022).
In our analyses, we calculated the projected biomass loss based on
mortality or topkill, once the trunks and branches decompose. As a
result, our values for proportion of biomass lost are considerably higher,
reaching 100% in high severity P. menziesii stands with complete mor-
tality. Our estimates do not address the immediate carbon emissions to
the atmosphere, but do quantify the eventual carbon losses due to
wildfire. The longer-term losses will be balanced by regrowth, and
longer-term surveys of resprout growth and regeneration would be
required to quantify the balance of post-fire losses and gains in
above-ground carbon.

The predominance of resprouting shrub and tree species in our study
system confers considerable resilience in terms of community compo-
sition. The trees that were topkilled and are resprouting will eventually
grow to become canopy dominants, in the same location they were
previous to the fire. The prevalence of large multi-stemmed individuals,
especially in species such as U. californica, is evidence that these trees
have regrown from previous disturbances. While growth rings could be
used to age individual stems, the age of the genetic individuals in these
species is unknown, as they may have regrown following multiple pre-
vious fire cycles. Non-sprouting species, on the other hand, must
regenerate from seed after major disturbance. The canopy dominant
P. mengiesii has no soil or canopy seed bank, so burned sites must be
recolonized from post-fire seed dispersal from surviving individuals
within or adjacent to the burn site. During our field surveys, we did see
P. mengziesii seedlings that had germinated within the first two years.
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Table 3

Summary of estimated above-ground biomass (AGB, Mg/ha) prefire, and AGB
mortality (%)due to stem mortality or topkill in 2017 fire. Community type: NS.
Con = non-sprouting conifer (P. menziesii); EHRO = evergreen hardwoods and
red oaks; WHTO = white oaks; Mix3 = plots with < 50% of each species group
(see Fig. 2, and Table S2 for species assignments to species groups).

Comm- Fire N ABG prefire  sd AGB sd
unity Type Severity plots (Mg/ha) mortality
(%)

NS.CON Unburned 1 223 - 9.9 -
Low 2 253 52 12.3 11.5
Medium 1 485 - 10.0 -
High 6 372 131 70.1 41.1

EHRO Unburned 3 306 111 0.11 0.20
Low 8 314 128 3.3 2.2
Medium 7 344 161 9.4 15.2
High 3 250 77 34.0 31.1

WHTO Unburned 3 229 32 3.6 3.7
Low 9 256 57 6.1 6.7
Medium 7 263 88 12.1 9.5
High 0 -

Mix3 Unburned 0 - - - -
Low 3 301 69 21.7 11.8
Medium 1 413 16.2
High 0 - -
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Fig. 6. Bray-Curtis distance between pre- and post-fire communities in relation
to the proportion of individuals that died in each plot (from any size class). Data
for the three circled plots are shown in Fig. S7 (see text for explanation).

The two non-sprouting shrubs in the system, Arctostaphylos manza-
nita and C. cuneatus, are part of a diverse group of non-sprouters (also
known as obligate seeders) in their respective genera that are prevalent
across California (Parker et al., 2016). They both have persistent seed
banks, allowing them to survive between fires. If fire cycles are long,
much of the previous population could have died out, especially if
shaded by a tree canopy, and the seedlings will appear in sites where
there were no adults present pre-fire. Our data show this in one of our
sites, where hundreds of C. cuneatus seedlings emerged, presumably
from a generation that had grown up and reproduced in a previous cycle
(likely the 1965 Hanley Fire). Pepperwood also has many large in-
dividuals of A. manzanita, which probably date from the same fire. As
noted in the Introduction, the Kincade Fire burned a portion of Pep-
perwood in 2019, after our second post-Tubbs fire survey. We noted
locations where A. manzanita had been killed by the Tubbs Fire, then
new seedlings had germinated, and those were killed by the Kincade
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Fire. If the Tubbs Fire stimulated germination of most or all of the seed
bank, then these species may be eliminated from these sites, as the short
fire interval did not provide enough time for the shrubs to reproduce and
replenish the seed bank. A similar phenomenon has been noted in
southern California, where fires in short succession have eliminated
non-sprouting shrubs from chaparral ecosystems (Zedler et al., 1983).

Our analysis of community change of pre- vs. post-fire communities,
based on Bray-Curtis dissimilarity, demonstrates that high mortality of
individuals could lead to wide variation in the degree of community
change. In plots with high mortality of the non-sprouter P. menziesii,
coupled with persistence of resprouting hardwoods, community change
was high. In the short to medium term, this would be reflected as a
vegetation shift from conifer to mixed evergreen forest. In the longer
term P. mengziesii may return, but it will depend on dispersal and
establishment from surviving trees in adjacent areas. On the other hand,
in hardwood plots, where mortality rates were more or less similar
among species, the community composition exhibited little initial
change. Resprouting played a role in these plots, by reducing mortality
of the mid-sized individuals that were topkilled but able to resprout.
Overall, the results demonstrate the resilience of hardwood dominated
systems in response to wildfire, in terms of community composition,
even if forest structure undergoes considerable change through topkill,
biomass loss, and recovery via resprouting and regeneration.

6. Conclusions

Numerous large, mixed-severity fires have impacted forests of
coastal California in the last 15 years, after a long period of low fire
frequency. As in conifer forests of western North America, the build-up
of ladder fuels is a key factor contributing to fire severity, along with
increasing temperatures and drought intensity. Building on a large plot
network installed before the Tubbs Fire, we have quantified mortality
and topkill followed by resprouting, as a function of fire severity, spe-
cies, and stem size. As expected, mortality increases in smaller in-
dividuals and at higher fire severity, across all species. In several
evergreen hardwoods, we also document a hump-shaped response of
topkill followed by resprouting, which peaks at intermediate sizes be-
tween 1 and 20 cm DBH, depending on species and fire severity. By
facilitating regeneration from existing stems, resprouting confers
considerable resilience in community composition, even in the face of
substantial mortality. Mortality and topkill will both result in above-
ground biomass loss due to wildfire, with carbon emissions due to
short term combustion and longer term decomposition or fuel in future
fires. Results from this study can contribute to modeling of forest dy-
namics and regeneration in response to wildfire, and assessing potential
benefits of reducing fire severity through fuel reduction and other forest
management interventions.
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