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Abstract

Background: Climate change is eroding forest resilience to disturbance directly through warming climate and indi-
rectly through increasing disturbance activity. Forests characterized by stand-replacing fire regimes and dominated
by serotinous species are at risk when the inter-fire period is insufficient for canopy seed bank development and
climate conditions for recruitment in the post-fire growing season are unsuitable. Although both factors are critical to
serotinous forest persistence, their relative importance for post-fire regeneration in serotinous forests remains poorly
understood. To assess the relative effects of each factor, we established plots in severely burned knobcone pine (Pinus
attenuata Lemmon) forests in Oregon and California, USA, representing a range of past fire intervals (6 to 31+ years).
Specifically, we evaluated effects of fire interval and pre-fire canopy seed bank (proxies for seed supply) and post-

fire climate on three metrics of post-fire tree regeneration (seedling density, probability of self-replacement, percent
population recovery).

Results: Seed supply consistently had the strongest effect on post-fire regeneration. Between 6- and 31-year fire
intervals, post-fire seedling density increased from 1000 to 100,000 seedlings ha™', while probability of self-replace-
ment increased from ~0 to ~ 100% and percent population recovery increased from 20 to 2000% of the pre-fire
population, respectively. Similarly, increasing the canopy seed bank by two orders of magnitude increased seedling
density and percent population recovery by two orders and one order of magnitude, respectively, and increased the
probability of self-replacement by >50%. Greater post-fire climatic moisture deficit exacerbated the effect of seed
supply; an additional 4-6 years between fires was required under high moisture stress conditions to reach similar
regeneration levels as under low moisture stress conditions.

Conclusion: The overriding effect of seed supply—strongly driven by pre-fire stand age—on post-fire regeneration
suggests that altered fire frequency (an indirect effect of climate change) will have a profound impact on serotinous
forests. Although direct effects of hot and dry climate are lower in magnitude, they can alter forest recovery where
seed supply nears a threshold. These findings reveal how fire interval and climate combine to determine changes in
forest cover in the future, informing management and vulnerability mapping.
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Resumen

recuperacion de la poblacion).

vulnerabilidad de los mapeos.

Antecedentes: El cambio climético esta erosionando la resiliencia de los bosques a los disturbios de manera directa
mediante el calentamiento global, e indirectamente a través del incremento de los disturbios. Los bosques carac-
terizados por regimenes de fuego que implican el reemplazo de rodales (stand-replacing fires) y dominados por
especies serétinas, estan en riesgo cuando el periodo entre fuegos es insuficiente como para el desarrollo de un
banco de semillas aéreo (en el dosel) y las condiciones climaticas para el reclutamiento en la estacion de crecimiento
post-fuego no son las adecuadas. Aunque ambos factores son cruciales para la persistencia de bosques serétinos, su
importancia relativa para la regeneracion de especies forestales serétinas estd muy pobremente comprendida. Para
determinar los efectos relativos de cada factor, establecimos parcelas en bosques de pino nudoso (Pinus attenuatta
Lemmon), severamente quemados en Oregén y California, EEUU, representando rangos de intervalos de fuego de 6
a 31 o mas ahos. Especificamente, evaluamos los efectos de los intervalos de fuego y el banco de semillas serétinas
en el dosel en el pre-fuego (como proxys en la provision de semillas) y el clima post-fuego sobre tres variables en

la regeneracion post-fuego (densidad de plantulas, probabilidad de auto reemplazo de los rodales, y porcentaje de

Resultados: La provision de semillas tuvo consistentemente el efecto mas pronunciado en la regeneracién post-
fuego. Entre los 6 y 31 anos de intervalo de fuego, la densidad de plantulas en los periodos post-fuego se incremento
de 1.000 a 100.000 por ha', mientras que la probabilidad de auto reemplazo se incrementé de~0a~100%y el
porcentaje de recuperacion de la poblacién se incrementd del 20% al 2000% en relacion a la poblacién en el pre-
fuego, respectivamente. De manera similar, el aumento del banco de semillas en los doseles incrementé la densidad
de plantulas y el porcentaje de la recuperacién por dos y un orden de magnitud, respectivamente, e incrementé

la probabilidad del auto reemplazo por > 50%. El mayor déficit de humedad climética en el post-fuego exacerbé el
efecto en la provisién de semillas; se necesitaron entre 4 a 6 afios mas entre fuegos bajo condiciones de alto estrés
hidrico para alcanzar niveles de regeneracion similares a cuando habfa condiciones bajas de estrés hidrico.

Conclusiones: El efecto primordial de la provision de semillas (fuertemente condicionada por la edad de los rodales
pre-fuego) sobre la regeneracion en el post-fuego, sugiere que la alteracion en la frecuencia de los fuegos (efecto
indirecto del cambio climatico) tendrd un profundo impacto en bosques serétinos. Aunque los efectos directos del
clima mas seco y calido son de baja magnitud, pueden alterar la recuperacion de los bosques donde la provision de
semilla es casi una limitante. Estos resultados revelan coémo el intervalo entre fuegos y el cambio climético se com-
binan para determinar cambios en la cobertura de bosques en el futuro, lo cual alerta a las acciones de manejoy la

Background

Evidence from ecosystems worldwide indicates that cli-
mate change is eroding forest resilience to disturbance
(Trumbore et al. 2015)—defined as an ecosystem’s capac-
ity to experience disturbance without transitioning to
an alternative state (Gunderson 2000). Direct effects of
warming climate are leading to increases in tree mortal-
ity and forest die-offs (Williams et al. 2013; Allen et al.
2015; Matusick et al. 2018). Indirect effects of climate
change via altered disturbance regimes are also influ-
encing forest resilience through decreased capacity to
recover post-disturbance (Seidl et al. 2017). Increasing
fire activity attributed to climate change is already appar-
ent (Abatzoglou and Williams 2016), with evidence of an
extended fire season (Jolly et al. 2015), increased total
area burned (Boer et al. 2020; Abatzoglou et al. 2021;
Collins et al. 2022), and proportion area burned at high
severity (Parks and Abatzoglou 2020; Collins et al. 2021)
in forests around the globe. Understanding how direct
and indirect effects of climate change combine to affect

forest resilience is critical to understanding when and
where forests may be vulnerable to non-forest conversion
(Coop et al. 2020; Falk et al. 2022).

Post-fire tree regeneration is a key indicator of resil-
ience in fire-prone forests as it sets the template for the
post-disturbance forest trajectory. Declines in post-fire
regeneration have been observed in many forest ecosys-
tems since the early 2000s (Stevens-Rumann et al. 2018)
and have been mechanistically linked to both departures
from historical fire regimes and changes in post-fire cli-
mate conditions. For species that depend on surviving
trees to provide a seed source for post-fire regeneration,
increasing fire severity and fire size can result in decreases
in post-fire regeneration due to high mortality of seed
trees within a fire perimeter and increased distance
to an unburned edge (Gill et al. 2021). Such changes in
the fire regime have led to decreases in post-fire regen-
eration in montane and subalpine forests in the Western
US (Crotteau et al. 2013; Collins and Roller 2013; Kemp
et al. 2016; Chambers et al. 2016; Busby et al. 2020; Boag
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et al. 2020). High moisture stress during the growing sea-
son also leads to poor post-fire regeneration outcomes
(Harvey et al. 2016; Hansen and Turner 2019; Davis et al.
2019). Where uncharacteristically high fire severity is fol-
lowed by extreme drought conditions, complete conifer
regeneration failure and non-forest conversion has been
observed and is likely to continue with warming climate
(Guiterman et al. 2018).

Forests characterized by stand-replacing fire regimes
and dominated by serotinous species (trees that release
seeds from cones when heated by fire) are well-adapted
to some projected changes in fire regimes, though poten-
tially maladapted to others (Enright et al. 2015). Seroti-
nous species are likely to respond favorably to increasing
area burned at high severity, which is occurring in many
systems (Parks and Abatzoglou 2020; Collins et al. 2022).
Such changes to the fire regime favor serotinous species,
as they do not depend on a live seed source for post-
fire recruitment (Lamont et al. 1991), and can establish
and expand where non-serotinous obligate seeding spe-
cies require dispersal from live trees (Hansen et al. 2018;
Gill et al. 2021). However, several dimensions of climate
warming and altered fire regimes may erode resilience of
serotinous species by altering key mechanisms underpin-
ning successful post-fire regeneration.

One key mechanism of resilience to fire in forests
dominated by serotinous species is a sufficient seed bank
stored in the canopy of mature trees, producing the abil-
ity to recruit en masse from seed released within the first
post-fire year. Serotinous coniferous forests often regen-
erate at densities exceeding 100,000 seedlings ha™' fol-
lowing stand-replacing fire in North America (Harvey
and Holzman 2014; Turner et al. 2016), but realization
of this regeneration potential requires accumulation of
a sufficient canopy seed bank at the time of fire. Climate
change can alter fire regimes, indirectly eroding this
resilience mechanism if fire occurs in young stands dur-
ing the early years of reproductive maturity (Agne et al.
2022). If a short-interval reburn kills serotinous trees
prior to the accumulation of a sufficient canopy seed
bank, compound effects (sensu Paine et al. 1998) from
two successive fires may convert forests to non-forest, or
substantially shift tree species composition (Brown and
Johnstone 2012).

Another factor that determines resilience to fire for
serotinous species is suitable climate for tree recruitment
in the first post-fire year. Post-fire regeneration failure has
been defined in a variety of ways; as regeneration density
less than a set stocking density (Hansen et al. 2018; Little-
field 2019; Rodman et al. 2020), regeneration density less
than pre-fire density (Stevens-Rumann et al. 2018) and
even as complete recruitment failure (Coop et al. 2020;
Baltzer et al. 2021). Regeneration failure is more likely
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with greater annual moisture deficit (i.e., direct effect of
climate change; Stevens-Rumann et al. 2018), indicat-
ing that fire followed by drought can produce compound
effects. These trends appear to be most pronounced in
dry forests (Harvey et al. 2016; Davis et al. 2019; Rodman
et al. 2019) and projections for increasingly warm and dry
conditions suggest further declines in post-fire seedling
recruitment through the twenty-first century (Rodman
et al. 2020). Topographic complexity, variation in soils,
and competition with shrub species also affect moisture
availability and can lead to widely variable recruitment
outcomes among microsites (Harvey et al. 2016; Busby
et al. 2020; Hoecker et al. 2020). The risk of recruitment
failure is exacerbated in serotinous conifers, as seed dis-
persal primarily occurs in a pulse following fire (Johnson
and Fryer 1989; Keeley and Zedler 1998) and seedling
establishment occurs in the first year post-fire with rela-
tively little recruitment in subsequent years (Turner et al.
1999; Donato et al. 2009; Harvey and Holzman 2014).
When harsh climate conditions (e.g., drought, heatwaves)
co-occur with this brief recruitment window, seed avail-
able post-fire may fail to produce seedlings, leading to
conversion to non-forest (Enright et al. 2014).

Although climate warming is likely to affect post-fire
climate conditions and on-site seed availability, the rela-
tive importance of these factors in successful post-fire
serotinous conifer recruitment has not been investi-
gated within a single framework. Serotinous forests offer
a powerful opportunity to ask such questions because
seeds are contained on site and issues of distance to seed
source are much less important. To understand the effect
of short-interval severe reburns on serotinous forests,
we examined forests dominated by serotinous knobcone
pine (Pinus attenuata Lemmon) to ask: How are three
measures of forest resilience to severe fire (seedling den-
sity, probability of self-replacement, and percent popula-
tion recovery) affected by seed supply at the time of fire
and post-fire recruitment conditions? We expected that
increasing seed supply as functions of stand age and den-
sity (estimated using fire interval and pre-fire canopy
seed bank size) would have strong positive effects on
post-fire regeneration due to increased time to accu-
mulate and protect seeds within cones (Fig. 1). We also
expected that for a given seed supply, post-fire regen-
eration would decrease with warm and dry (relative to
mean) post-fire climate. Further, at the local-scale, we
expected decreased post-fire regeneration on xeric sites
(warm and dry topoclimate), where soils are relatively
shallow and poor, and with high shrub competition.
Understanding how direct (post-fire climate) and indi-
rect (on-site seed availability) effects of climate change
influence post-fire recruitment individually and how they
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summer of 2020. Photo credit for all panels: M. Agne

Fig. 1 Post-fire forest structure in knobcone pine (Pinus attenuata Lemmon) forests in Oregon and California, USA, following fire intervals of A 6
years, B 10 years, C 17 years, D 22 years, E 31 years, and F long unburned (> 34 year fire interval). Photos were taken 2 years post-fire during the
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interact is critical for predicting how forests will respond
to fire in the future.

Methods

Study area

This study was conducted in knobcone pine stands
in Oregon and California, USA, within the Klamath
Mountains and Northern Coast Range which experi-
enced stand-replacing fire in 2018 (Fig. 2). We selected
three large fires that burned through knobcone pine for-
ests (U.S. Geological Survey 1999a) during the summer
of 2018 in which to establish field plots: the Carr Fire,
Klondike Fire, and Mendocino Complex. The study area
is characterized by a Mediterranean climate including
a strong seasonality in precipitation, with >90% falling

between October and May (PRISM Climate Group 2019).
Climate varies strongly among study fires, with the
Klondike Fire in the northern Klamath Mountains rep-
resenting the coolest and wettest area (average annual
precipitation=1897 mm and average January and July
temperatures are 5.1 and 19.8 °C, respectively). The Carr
Fire in the southern Klamath Mountains represents the
warmest site (average January and July temperatures are
6.8 and 25.9 °C, respectively) with a moderate amount of
precipitation (average annual precipitation=1572 mm).
The Mendocino Complex in the Northern Coast
Range has a moderate temperature (average Janu-
ary and July temperatures are 5.8 and 23.2 °C, respec-
tively) and represents the driest site (average annual
precipitation=1126 mm).
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Fig. 2 Study area map of sample fires in Oregon and California, USA. Top left: Continental United States with box around study region. Bottom
left: Knobcone pine distribution in study region with the three 2018 sample fire perimeters. Scale bar refers to this panel. Right: 2018 sample
fire perimeters with area reburned shaded by twice and thrice burned between 1984 and 2018. Twice and thrice burned plots were not treated
separately in analyses due to similar pre-fire structure and post-fire response across plots with the same most recent fire interval (see Additional

The study area encompasses low elevation to lower
montane zones (320-1243 m above sea level [asl]).
Stands are often characterized by steep slopes and soils
are typically shallow and rocky, with serpentine substrate
common for knobcone pine (Vogl et al. 1977). Serpentine
soils are acidic with low nutrient concentrations, leading
to low productivity and restriction of many plant species
from such sites (Vogl 1973). Knobcone pine-dominated

plant communities often occur as mono-dominant, dense
forest stands for several decades following establish-
ment but can also co-occur with Douglas-fir (Pseudot-
suga menziesii (Mirb.) Franco) or exist at a low density
interspersed with chaparral (Fry et al. 2012; Reilly et al.
2019). In this study, we focused on areas that were for-
ested and dominated by knobcone pine (often monotypic
stands) pre-fire and excluded areas where knobcone pine
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was a subordinate species to other conifers as it can be
throughout its range. Understory plant communities vary
across the study area with a high diversity of shrub and
herbaceous species represented. Common co-occurring
shrub species include Adenostoma fasciculatum Hook.
& Arn., Arctostaphylos spp., Ceanothus spp., Heterome-
les arbutifolia (Lindl.) M. Roem., and Toxicodendron
diversilobum (Torr. & A. Gray) Greene. Arbutus men-
ziesii Pursh, Chrysolepis chrysophylla (Douglas ex Hook.)
Hjelmqvist, Notholithocarpus densiflorus (Hook. & Arn.)
P.S. Manos, C.H. Cannon, & S.H. Oh, and Quercus spp.
are also common, existing both in shrub and tree form.
Herbaceous vegetation commonly includes Acmispon
glaber (Vogel) Brouillet, Lupinus spp., and Mimulus spp.

Knobcone pine forests are typically characterized by
a stand-replacing fire regime, which creates conditions
suitable for regeneration, resulting in even-aged stands
(Vogl 1973). However, non-stand-replacing fire can initi-
ate secondary cohorts and uneven-aged stand structure
in some cases (Fry et al. 2012), and cone opening in the
absence of fire may produce inter-fire recruits. Knobcone
pine is a relatively short-lived species, producing cones as
early as 4—6 years of age (Keeley et al. 1999; Agne et al.
2022), with substantial stand-level decline by 60—75 years
of age (Vogl 1973; Howard 1992), and individual trees
rarely surviving to 100 years (Fry et al. 2012). Historical
fire frequency for knobcone pine is poorly understood
due to its patchy distribution and co-occurrence with
plant communities that experienced widely differing fire
regimes (Howard 1992). The historical mean fire inter-
val for serotinous conifers (including knobcone pine)
and chaparral as a vegetation community has been esti-
mated at 30-90 years (van de Water and Safford 2011).
This range likely overestimates the historical fire interval
for knobcone pine specifically, given that stands begin
to decline by 60 years (Howard 1992). Conversely, dry
mixed-conifer forests dominated by ponderosa pine
(Pinus ponderosa Lawson & C. Lawson) or Douglas-fir
that overlap the range of knobcone pine were character-
ized by mean fire intervals 5-19 years (Taylor and Skin-
ner 1998; Fry and Stephens 2006). Such shorter interval
fires would tend to be non-stand replacing, not favor
serotinous species, and likely underestimate the his-
torical fire return interval for nearby knobcone pine
populations. Therefore, we use the range of 30-60 years
between stand-replacing fires as our estimate of histori-
cal fire frequency, although we recognize that fire activ-
ity, especially non-stand-replacing fire, may have been
more frequent throughout the study area.

Site selection
To select sites, we used Monitoring Trends in Burn
Severity data (MTBS; Eidenshink et al. 2007), to
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identify fire history after 1984 and prior to each 2018
fire to determine the fire intervals present within the
range of knobcone pine for each of the sample fires. Col-
lectively, seven known fire intervals, ranging from 6 to
31 years, overlapped the distribution of knobcone pine
within the three 2018 fires. Additionally, knobcone pine
forest with unknown prior fire history was present in
each of the three 2018 sample fires (i.e., fire interval >34
years). In each 2018 fire, we stratified our field sampling
to establish at least 5 plots within each known fire inter-
val, and at least 5 plots in areas unburned since 1984 (and
no recorded fire history in the California Department of
Forestry and Fire Protection’s Fire and Resource Assess-
ment Program (FRAP) database [https://frap.fire.ca.gov/
mapping/gis-data/]), hereafter, long-interval plots. Cri-
teria for inclusion in our sample included pre-fire domi-
nance or codominance of knobcone pine forest, burned
at high severity (100% overstory tree mortality) in 2018,
and burned at high severity in prior fire (as determined
by stand structure—the presence of a single cohort of
knobcone pine prior to 2018 fire). Plots with no avail-
able prior fire history were not required to meet the cri-
terion of having burned at high severity in the prior fire
as we lacked information on prior burn severity. Potential
sample locations were selected in ArcGIS (Environmen-
tal Systems Research Institute [ESRI] 2018) using aerial
imagery, species distribution maps, and burn severity
maps prior to the field season. When pre-identified
plot locations did not meet the criteria for sampling,
we moved the plot location to the nearest area that met
the criteria and plot center locations were randomized
within the stand to avoid bias in placement. Plot repli-
cates within fire intervals were established to cover the
range of topography and pre-fire stand structure present.
Plots were separated by at least 100 m and were located
at least 50 m from roads and trails.

Field methods

During the summer of 2020, we established 71 field plots
in which we collected pre-fire stand structure, tree regen-
eration, and understory vegetation data, using a plot
design modified from established protocols (Harvey et al.
2016). To reconstruct pre-fire stand structure, we meas-
ured diameter at breast height (DBH, measured 1.37 m
from the ground), assigned species to each standing and
fallen tree and counted post-fire open and closed cones
on each knobcone pine of any size killed by the most
recent fire. We assumed that open cones contributed to
seed release resulting in regeneration at the time of sam-
pling, while closed cones did not. We also noted the pres-
ence of cones consumed by fire and assumed these cones
were open prior to fire and did not contribute to post-fire
seed release. Data were collected within a variable radius
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plot aimed at capturing approximately 50 pre-fire trees
and with a maximum plot radius of 18 m. Tree regenera-
tion was measured within four 2 x 16 m belt transects
oriented to the clockwise side of the cardinal directions
from plot center. The sampling area was decreased to
four 1 x 16 m belt transects when seedling counts would
have exceeded an estimated 400 using the default plot
size and was increased to encompass the entire pre-fire
stand plot when seedling counts were under 40 using the
default plot size. Within the regeneration sampling area,
we counted all tree seedlings by species, assigning them
as live or dead. For knobcone pine only, we assigned
seedlings as second year (established within the grow-
ing season following fire) if bud scars were present and
first year (established within the second growing season
following fire) if bud scars were absent and cotyledons
were present. Understory vegetation cover was measured
within eight 1 x 1 m subplots placed along each belt tran-
sect at the edge of the plot and half the distance between
plot center and the edge of the plot. Within each sub-
plot, we estimated (to the nearest 5%) understory vegeta-
tion cover by life form (shrub, graminoid, forb, tree). We
collected a GPS point, elevation, slope, and aspect from
each plot center.

Climate, topography, and soil variables

We obtained climate data for our plots from Climat-
eNA, a software package that locally downscales climate
data to scale-free point estimates (Wang et al. 2016). We
obtained 30-year normals (from 1981 to 2010) as well as
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data at a monthly resolution for the post-fire water year
(October 2018 to September 2019) to assess the effect of
post-fire climate on regeneration success. We considered
two possible measures: absolute post-fire water year cli-
matic moisture deficit (CMD) and post-fire relative CMD
(the z-score of the post-fire water year CMD as compared
with the 30-year normal; Table 1). Both measures can be
used to reflect moisture stress as experienced by a plant,
but a z-score rather than an absolute value is often used
to understand ecological effects of post-fire climate, as
deviation from the long-term average climate in a loca-
tion may be more important than absolute climate (e.g.,
Harvey et al. 2016, Stevens-Rumann et al. 2018). How-
ever, we opted to use absolute post-fire water year CMD
(hereafter, post-fire CMD) in our models as exploratory
analyses indicated that the 2018-2019 water year was rel-
atively cool and wet across the study region, resulting in
negative z-scores across all study sites (Additional file 1:
Fig. 1.2), reducing the utility of relative post-fire CMD
to reflect moisture stress. Conversely, absolute post-fire
CMD represented a broad gradient of moisture stress
(Table 1), allowing interpretation of post-fire climate
effects across the region.

We further characterized the post-fire environment
using three topographic predictors to infer plot-level
topo-climate: heat load index (HLI), topographic posi-
tion index (TPI), and topographic wetness index (TWI)
(Table 1). HLI represents the direct incident radiation at
a site (McCune and Keon 2002), TPI represents a site’s
topographic position relative to neighboring cells (De

Table 1 Summary of predictor variables included in statistical models of post-fire regeneration

Variable Definition Mean Median Range
Fire interval Time between stand-replacing fires in years. 16 16 6-31
Pre-fire canopy seed bank  Open cones counted on pre-fire standing and fallen trees, measured in variable 9.08 937 501-11.75
radius plots, scaled to the hectare and log-transformed (In[cones ha™']).
Depth to bedrock Soil depth to parent material measured in cm. 91 88 69-123
Soil clay content Average percent soil clay within all horizons above depth to bedrock. 17 16 9-26
Post-fire CMD Climatic moisture deficit (CMD), measured in mm as the difference between potential 538 556 350-822
and actual evapotranspiration, calculated by averaging monthly CMD values for the
post-fire water year (October 2018 to September 2019).
Post-fire relative CMD? Z-score of post-fire CMD relative to the 30-year normal CMD at a site. Negative values —093 —099  —148to —0.02
represent a cool/wet year relative to the normal period and positive values represent
a warm/dry year relative to the normal period.
Shrub cover Percent cover of live shrubs 2 years post-fire, measured in 1 m? quadrats. 29 29 1-71
Topographic wetness index Index representing potential moisture balance at a site. Low values reflect less poten- 6.9 6.9 44-10.8
tial moisture and high values reflect greater potential moisture.
Topographic position index  Index representing each 30-m cell’s relative neighborhood topographic position. Low 0.18  0.22 —0.78t0 1.78
values reflect valley bottom positions and high values reflect ridgetop positions.
Heat load index Index representing the direct incident radiation at a site. Low values reflect low direct  0.79  0.80 0.63-0.94

incident radiation and high values reflect high direct incident radiation.

2 Not used in final model fitting process — included here for illustrative purposes. Post-fire relative CMD range includes negative values only indicating that the post-
fire year was wetter than the 30-year normal period (1981-2010)



Agne et al. Fire Ecology (2022) 18:22

Reu et al. 2013), and TWI reflects the potential moisture
balance at a site (Gessler et al. 1995). We used the Geo-
morphometry and Gradient Metric Toolbox (Evans et al.
2014) in ArcMap version 10.6.1 (ESRI 2018) to calculate
each topographic predictor from 30-m digital elevation
models (U.S. Geological Survey 1999b). Soil characteris-
tics were characterized using data from the Probabilistic
Remapping of SSURGO (POLARIS) database, a spatially
contiguous soils dataset of ecologically relevant soils
variables (Chaney et al. 2016). For each of our plots, we
extracted depth to bedrock and soil clay content (Table 1)
as two candidate predictors that can influence forest pro-
ductivity and affect soil moisture and fertility (Romanya
and Vallejo 2004; Wall and Westman 2006). Although
serpentine soils are common across the range of knob-
cone pine (Vogl et al. 1977), few plots occurred in areas
mapped as serpentine (Natural Resources Conservation
Service [NRCS] 2021) and serpentine was therefore not
considered a factor in statistical models.

Statistical analyses

To test the effects of seed supply, post-fire climate and
microsite characteristics on post-fire regeneration in
knobcone pine forests, we fit generalized linear mixed
models (Zuur et al. 2009) for three complementary
response variables: total post-fire seedling density (knob-
cone pine seedlings ha™!), probability of self-replacement
(a binary response where post-fire seedling density < pre-
fire stand density =0 and post-fire seedling density > pre-
fire stand density=1), and percent population recovery
(knobcone pine post-fire seedling density as a counted
proportion of pre-fire knobcone pine density). We note
that our measure of self-replacement compares post-fire
seedling densities to mature pre-fire stand densities, a
metric that has previously been used as an indicator of
resilience of serotinous populations to short-interval
fires (Enright et al. 2014; Turner et al. 2019). As seedling
attrition is high within the first several years post-estab-
lishment for serotinous conifers (Harvey and Holzman
2014), this measure represents an overestimate of mature
stand self-replacement. For each response variable, we fit
two models with separate focal predictor variables: fire
interval (years between stand-replacing fires) and pre-
fire canopy seed bank density, defined as open cones on
standing and fallen trees killed by the most recent fire (In
[cones ha™!]). We assessed these predictors separately as
they are strongly correlated (Additional file 1: Fig. 1.3),
but each may be mechanistically linked to regeneration
success. Each of the six models included a random effect
of sample fire and the following covariates: post-fire
CMD, HLI, TPI, TWI, shrub cover and soil clay content
or depth to bedrock (Table 1). Total post-fire seedling
density models were fit to post-fire seedling counts using
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a negative binomial error structure and an offset term
(log[plot areas]) to account for variable plot sizes (Zuur
et al. 2009). Probability of self-replacement models were
fit using a binomial error structure. Percent population
recovery models were fit to post-fire seedling counts
using a negative binomial error structure and an offset
term (log[pre-fire tree count]) as appropriate for counted
proportions with no upper bound (Mangiafico 2016).
Each generalized linear mixed model was fit using
standardized predictor variables (mean-centered per
two standard deviations) to compare relative effects of
each predictor. A full model with all candidate predic-
tors included was fit for each response variable, and
model diagnostic tests were conducted. When the full
model did not meet model assumptions, we fit a suite of
new models using single term deletions (models were fit
with each term dropped except fire interval or pre-fire
canopy seed bank). Model diagnostics were conducted
on each reduced model. If all reduced models failed to
meet model assumptions, this process was repeated with
additional single term deletions until a model was fitted
that met assumptions. When two models with an equal
number of predictors met assumptions, the model with
the lowest Akaike Information Criterion adjusted for
small sample sizes (AICc) (Akaike 1974) was selected for
inference. We interpreted P <0.01, P<0.05, and P<0.10
as strong, moderate, and suggestive evidence of an effect,
respectively (Ramsey and Schafer 2012). All analyses
were conducted in R version 4.0.5 (R Core Team 2021).
Models were fit with the glmmTMB package (Brooks
et al. 2017) and model diagnostics were conducted with
DHARMa (Hartig 2021). Visualizations of model effects
were created with the packages broom (Robinson et al.
2021), ggeffects (Lidecke 2018), ggplot (Wickham 2016),
ggpubr (Kassambara 2020), and jtools (Long 2020).

Results

We counted a total of 15,111 seedlings, 99% of which
were knobcone pine. At most plots, 100% of the conifer
regeneration was knobcone pine, though plot-level val-
ues ranged from 51 to 100% (Table 2), with most of the
remaining conifer regeneration composed of Douglas-
fir. Where the pre-fire stand was composed of knobcone
pine and Douglas-fir, knobcone pine generally became
more dominant post-fire (Table 2; Additional file 1:
Fig. 1.4). 96% of knobcone pine seedlings established in
the first growing season post-fire and were therefore 2
years old at the time of sampling (Table 2). We counted
51,187 cones on 4336 dead knobcone pine trees to char-
acterize the pre-fire canopy seed bank, and pre-fire stand
structure varied widely among and within fire intervals
(Table 2; Additional file 1: Fig. 1.5).
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Table 2 Summary statistics of plot-level pre-fire and post-fire stand structure of knobcone pine forests in Oregon and California, USA,
by fire interval (Fire int) in years. Values represent median (minimum-maximum) values for each variable at each fire interval

Pre-fire Post-fire
Fireint n  Basalarea® Stand density? CanoEy seed Avg cones  Proportion Seedling Proportion  Proportion
(years) (m?ha")  (treesha™) bank tree” knobcone pine  density’ knobcone  second year
(conesha™) (by density) (treesha™") pine seedlings
(by density)
6 5 13 7261 348 0.1 1 249 1 1
(04-24) (4576-24,918) (149-846) (0.03-0.2) (1.00-1.00) (149-1442) (1.00-1.00) (1.00-1.00)
10 8 49 2338 5391 1.7 1 1183 1 0.89
(1.1-8.8) (162-7,894) (1415-10,544) (0.7-4.3) (1.00-1.00) (469-6875) (1.00-1.00) (0.71-1.00)
15 6 7.5 3366 3,222 13 1 1317 1 0.98
(3.8-25.3) (1210-4426) (668-6631) (0.3-24) (1.00-1.00) (943-2734) (1.00-1.00) (0.92-1.00)
16 14 84 1840 10,494 6.0 0.99 12,644 1 0.96
(0.5-30.7) (334-10,823) (501-47,619) (1.6-16.3) (0.16-1.00) (138-116,374) (0.51-1.00) (0.71-1.00)
17 7 7 2288 25,083 58 1 1890 1 0.97
(21-11.7) (842-6543) (4577-34,660) (44-12.8) (1.00-1.00) (289—13,174) (1.00-1.00) (0.85-1.00)
22 6 20.2 2143 13,959 77 1 10,469 1 1.00
(6.2-21.3) (305-4742) (157-29,692) (0.5-11.3) (1.00-1.00) (117—18,203) (1.00-1.00) (0.98-1.00)
31 6 26.7 3547 85,360 321 1 118516 1 0.99
(11.6-38.1) (522-6543) (48,095-126,674) (12.1-92.1)  (0.97-1.00) (39,219-250,156)  (1.00-1.00) (0.98-1.00)
Long 19 165 865 17,350 80.6 091 13,766 1 0.93
(4.5-48.8) (79-3531) (6543-33,472) (20-214.1)  (0.09-1.00) (599-134,062) (0.95-1.00) (0.86-1.00)

Values represent total basal area, stand density, and post-fire seedling density for conifer tree species only

b Canopy seed bank represents open cones on knobcone pine only

Post-fire seedling density

Post-fire seedling density ranged from 138 to 250,200
seedlings ha™' across the study area; all plots had at
least some knobcone pine regeneration (Table 2). For
plots with previous fire intervals of known length (fire
intervals up to 31 years), there was strong evidence of a
positive effect of fire interval on post-fire seedling den-
sity (Table 3; Fig. 3A), with an estimated 19% increase
in seedling density for each year increase in fire inter-
val. Between fire intervals of 6 and 31 years, there was
an estimated increase of two orders of magnitude, from
~1000 to ~ 100,000 seedlings ha~?, respectively (Fig. 4A).
Data from long unburned plots (with unknown fire his-
tory) suggest that the relationship between fire interval
and post-fire seedling density is non-linear, declining at
some point after ~ 31 years (the longest known fire inter-
val, Fig. 4A). Further, there was moderate evidence of a
negative effect (approximately one third of the magni-
tude of that of fire interval) of increasing post-fire CMD
on post-fire seedling density (Fig. 3A). Holding all other
predictors constant, post-fire seedling density decreased
by nearly an order of magnitude between areas of low-
est moisture stress (post-fire CMD =400 mm) to high-
est post-fire moisture stress (post-fire CMD =700 mm;
Fig. 5A). There was no evidence of an effect of heat load

index, shrub cover, or soil clay content (Figs. 3A and
5B-D).

When using canopy seed bank rather than fire inter-
val as the predictor representing seed source, there was
strong evidence of a positive effect of pre-fire canopy
seed bank on post-fire seedling density (Table 3; Fig. 3B).
Holding all covariates at their means, pre-fire canopy
seed banks of 692, 10,900, and 47,600 cones ha™! (rep-
resenting the 10th, 50th, and 90th percentiles of canopy
seed bank size, respectively) resulted in an estimated
1000, 10,000, and 35,000 knobcone pine seedlings ha™!,
respectively (Fig. 4B). There was strong evidence of a
positive effect of depth to bedrock (Fig. 3B), although the
magnitude of the effect was approximately one fourth
that of pre-fire canopy seed bank. There was an estimated
four-fold increase in post-fire seedling density at plots
with the deepest (~120 cm) versus shallowest (~70 cm)
depth to bedrock in the study area (Fig. 6B). There was
no evidence of an effect of post-fire CMD, TPI, or shrub
cover in the fitted model (Figs. 3B and 6A, C, and D).

Probability of self-replacement

Knobcone pine self-replacement (where seedling density
two years post-fire reached or exceeded pre-fire density)
occurred at 68% of plots. There was strong evidence of a
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positive effect of fire interval on probability of self-replace-
ment for fire intervals up to 31 years and the magnitude
of this effect size was at least four times greater than that
of all other predictors in the model (Table 3; Fig. 3A).
Holding all covariates at their means, probability of self-
replacement was estimated at <5% for intervals<11 years,
50% for a 16-year interval, and >95% for intervals>20
years (Fig. 4B). Data from long unburned plots suggest
that this trend continues beyond the 31-year chronose-
quence (Fig. 4E). There was moderate evidence for an
effect of post-fire CMD on probability of self-replacement,
with an additional 4 years needed to accumulate seed to
reach a given probability of self-replacement for areas of
high compared to low post-fire moisture stress (Fig. 5E).
There was suggestive evidence of a negative effect of mean
shrub cover on probability of self-replacement—although
the magnitude of the effect size was similar to that of

post-fire CMD, there was considerable uncertainty around
this relationship (Figs. 3A and 5F). There was no effect of
TPI or soil clay content on probability of self-replacement
(Figs. 3A and 5G, H). Using canopy seed bank rather than
fire interval as the predictor for seed source, there was
strong evidence of a positive effect of pre-fire canopy seed
bank on probability of self-replacement that overrode all
other predictor variables in the model (Table 3; Fig. 3B).
Probability of self-replacement was estimated at 38%, 83%,
and 94% for pre-fire canopy seed banks of 692, 10,900, and
47,600 cones ha™', respectively (Fig. 4D). There was no
evidence of an effect of any covariates considered in this
model (Figs. 3B and 6E-H).

Percent population recovery
For fire intervals up to 31 years, the fitted model showed
strong evidence of a positive effect of fire interval on
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post-fire knobcone pine density percent of pre-fire and between 13-year to 31-year fire intervals increased
knobcone pine density (hereafter, percent population from 100 to 2000% (i.e., a 20-fold increase in population
recovery; Table 3; Fig. 3A). Percent population recovery  density post-fire; Fig. 4E). Long-interval plots encom-
was estimated at 50% following a 10-year fire interval, passed a broad range of percent population recovery
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values, representing threefold to 764-fold increases
(median=51-fold increase) from pre-fire to post-fire,
suggesting that this metric of regeneration success may
continue to increase over time beyond the bounds of the
investigated fire intervals (Fig. 4E). Post-fire CMD had
a strong negative effect on percent population recovery,
though the magnitude of effect was approximately 30%
of that of fire interval (Fig. 3A). Compared with areas of
low post-fire CMD, an estimated additional 6 years was
needed to reach the same percent population recovery
for areas with high post-fire CMD (Fig. 5I). Conversely,
HLI had a moderate positive effect (approximately 20% of
the magnitude of the effect size for fire interval, Fig. 3a).
Holding all remaining covariates at their means, areas
with a relatively low heat load (HLI=0.7) required an
additional 4 years to reach a given value of percent pop-
ulation recovery compared with areas with a relatively
high heat load (HLI=0.9, Fig. 5L). There was no evidence

of effects of shrub cover or soil clay content on percent
population recovery (Figs. 3A and 5], K).

Using pre-fire canopy seed bank rather than fire interval
as the predictor representing seed source, there was strong
evidence of a positive effect of pre-fire canopy seed bank
on percent population recovery (Table 3; Fig. 3B). Percent
population recovery was estimated at 100% and 1000% for
pre-fire canopy seed banks of 300 and 6000 cones ha™?,
respectively, holding all covariates at their means (Fig. 4F).
There was strong evidence of a positive effect of depth to
bedrock, with a magnitude ~70% of the effect of pre-fire
canopy seed bank (Fig. 3B). For sites with similar pre-
fire canopy seed banks, there was an estimated fourfold
increase in percent population recovery at plots with the
deepest (~120 cm) versus shallowest (~70 cm) depth to
bedrock in the study area (Fig. 6]). Further, there was sug-
gestive evidence of a negative effect of TWI (Fig. 6M) but
overlap of the 95% confidence interval with zero suggests
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Table 3 Model output from generalized linear mixed models of seed supply (fire interval and pre-fire canopy seedbank) and covariate
effects on three measures of post-fire regeneration. Estimated effects for each predictor are standardized effect sizes (per two standard

deviations)

Post-fire seedling density ~ Fire interval 4+ post-fire CMD + shrub cover + soil clay content + HLI | sample fire

Predictor
Intercept

Fire interval
Post-fire CMD
Shrub cover

Soil clay content
HLI

B
8912

2.555
—0.882
—0.077
—-0.529
0.301

95% Cl
Lower
8.624
1.945
—1.758
—0.804
—1.262
—0.359

Upper
9.201
3.165
—0.005
0.650
0.205
0.962

Zz
60.47
8.21
—1.97
-0.21
141
0.89

Post-fire seedling density ~ Pre-fire canopy seed bank + post-fire CMD + shrub cover + depth to bedrock +TPI | sample fire

Predictor

Intercept

Pre-fire canopy seed bank
Post-fire CMD

Shrub cover

Depth to bedrock

TPI

Probability of knobcone pine self-replacement ~ Fire interval + post-fire CMD + shrub cover + soil clay content +TPI | sample fire

Predictor
Intercept

Fire interval
Post-fire CMD
Shrub cover

Soil clay content
TPI

Probability of knobcone pine self-replacement ~ Pre-fire canopy seed bank + post-fire CMD + shrub cover + depth to bedrock + TPI |

sample fire

Predictor

Intercept

Pre-fire canopy seed bank
Post-fire CMD

Shrub cover

Depth to bedrock

TPI

Percent population recovery ~ Fire interval 4+ post-fire CMD + shrub cover + soil clay content + HLI | sample fire

Predictor
Intercept

Fire interval
Post-fire CMD
Shrub cover

Soil clay content
HLI

B
9.001

2678
—0458
0.315
0.753
—-0.275

B
0516

9.085
—2313
—2.296
—0.303
0.590

B
1.183

2.267
—0.561
—0.608
1.538
0462

5425
2976
—0.906
—-0.227
—0.383
0.608

95% Cl
Lower
8.783
2311
—1.046
—0.176
0.187
—0.891

95% Cl
Lower
—0.564
2.908
—4.591
—4.936
—2.759
—1.552

95% Cl
Lower
0.131
0.842
—2.555
—2.007
—0.356
—1.098

95% Cl
Lower
5.204
2435
—1.440
—0.828
—0.981
0.133

Upper
9.218
3.046
0.131
0.806
1.320
0.342

Upper
1.597
15.263
—0.036
0.345
2.152
2.732

Upper
2.236
3.693
1433
0.790
3432
2.021

Upper
5.645
3518
—0.372
0.373
0.215
1.083

Z
81.13
14.29
—152
1.26
261
-0.87

z

0.936
2.883
—1.991
—1.704
—0.242
0.540

2.204
3.118
—0.551
—0.852
1.592
0.580

48.16
10.77
—3.33
—-0.74
—1.25
2.51

<0.001
<0.001
0.049
0.836
0.158
0.372

<0.001
<0.001
0.127
0.209
0.009
0.383

0.349
0.004
0.046
0.088
0.809
0.589

0.028
0.002
0.581
0.394
0.111
0.562

<0.001
<0.001
<0.001
0458
0.210
0.012
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Percent population recovery ~ Pre-fire canopy seed bank + post-fire CMD + shrub cover + depth to bedrock +TWI+TPI | sample fire

95% Cl
Predictor B Lower Upper Z p
Intercept 6.899 5.843 7.954 12816 <0.001
Pre-fire canopy seed bank 2.225 1.587 2.862 6.837 <0.001
Post-fire CMD 0.740 —0.530 2.009 1.142 0.253
Shrub cover —0.361 —1.252 0.531 —0.793 0428
Depth to bedrock 1.528 0.59%4 2461 3.206 0.001
TWI —0.787 —1.608 0.035 —1.876 0.061
TPI —0.199 —1.275 0.877 —0.363 0.717
CMD Climatic moisture deficit, HL/ Heat load index, TPl Topographic position index, TWI Topographic wetness index
- G Depth to Topographic
g A Post-fire CMD B bedrock (cm) C Shrub cover (%) D position index
o = 400 = 550 = 70 = 95 = 10 = 40 = -05 = 025 1
c
? 100,000 100,000 100,000 100,000
84 10,000 10,000 10,000 10,000
>
g 1,000 1,000 1,000 1,000
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o
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Fig. 6 Change in pre-fire canopy seed bank and A-D post-fire seedling density, E-H probability of knobcone pine self-replacement, and I-
M percent population recovery across gradients of covariates in each model. Solid lines represent median estimates; shaded areas represent 95%
confidence intervals. Predictions consider the effect of each covariate individually, holding all other covariates at their means. Legends apply to all
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considerable uncertainty regarding the directionality of this
effect (Fig. 3B). There was no evidence of an effect of post-
fire CMD, shrub cover, or TPI (Figs. 3B and 6, K, and L).

Discussion

By simultaneously testing the individual effects of seed
supply and post-fire growing conditions on serotinous

forest resilience to fire, our study highlights several key
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insights with implications for fire-prone ecosystems.
First, seed supply at the time of fire was by far the most
important factor driving each measure of post-fire for-
est recovery, suggesting that fire interval—an important
dimension of changing fire regimes in many forests—
potentially outweighs the direct effects of variation in
regional climate on resilience. Second, the direct effects
of first year post-fire climate conditions on post-fire
forest recovery, while minor compared to the effects
of seed source, can combine with seed supply to cause
compounding effects near thresholds of seed availability
when fire intervals are short (e.g., < 15 years). Our find-
ings show that while post-fire tree regeneration varies
widely with fire interval length, knobcone pine can per-
sist following reburns occurring on intervals as short
as six years, although the effects of additional warming
and changes to the fire regime are uncertain. Finally, our
findings are relevant for fire and vegetation management
in serotinous forests and can help inform management
goals of expanding or reducing the extent of serotinous
forests.

The overriding effect of seed supply (3—4x that of other
predictors) on all measures of post-fire forest recov-
ery suggests that altered disturbance regimes will have
important ecological impacts on serotinous forests. Each
measure of seed supply—pre-fire canopy seed bank and
fire interval—showed similar effects on post-fire regener-
ation outcomes. This indicates that although canopy seed
banks for a given stand age can vary with stand structure
(Enright and Lamont 1989; Gill et al. 2021; Agne et al.
2022), fire interval is an effective proxy when direct quan-
tification of the pre-fire canopy seed bank is infeasible.
A strong effect of fire interval on post-fire regeneration
has been noted in many systems dominated by serotinous
species, with 2x to several orders of magnitude greater
post-fire seedling density following long versus short-
interval fires (Espelta et al. 2008; Brown and Johnstone
2012; Enright et al. 2014; Turner et al. 2019; Whitman
et al. 2019), as we found here. However, whereas short-
interval severe reburns can lead to complete recruitment
failure or conversion to non-forest where the histori-
cal fire regime was characterized by low severity fires
or longer fire intervals (Coppoletta et al. 2016; Stevens-
Rumann and Morgan 2016), we saw no evidence of com-
plete recruitment failure. Even following the shortest
fire interval (6 years), we found knobcone pine seedling
densities that meet or exceed typical post-fire seedling
densities for many non-serotinous conifer species in
montane and subalpine forests in western North America
(Welch et al. 2016; Harvey et al. 2016; Chambers et al.
2016). This indicates high resilience of serotinous spe-
cies to increases in short-interval fire (Hansen et al. 2018)
where trees have reached reproductive maturity. Post-fire
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regeneration at long fire intervals declined slightly, driven
by a decline in the pre-fire canopy seed bank. However,
post-fire seedlings per cone were stable (Additional
File 1 - Fig. 1.6) and overall densities remained high; we
found no evidence of senescence risk (sensu Enright et al.
2015), despite evidence that fire exclusion has led to loss
of knobcone pine in parts of its range (Reilly et al. 2019).
Overall, the effect of fire frequency on seed supply drives
variation in post-fire regeneration, although knobcone
pine appears to be resilient across a broad range of pre-
fire seed supply.

Post-fire climate had a strong mediating effect on post-
fire regeneration near thresholds of seed supply, suggest-
ing that it may play an increasingly important role in the
future as warm post-fire climate occurs more frequently.
Increases in post-fire CMD had a significant negative
effect across post-fire regeneration response variables,
consistent with findings across North American conifer-
ous forests (Harvey et al. 2016; Kemp et al. 2019; Davis
et al. 2019; Rodman et al. 2019). Further, the high pro-
portion of seedlings measured as recruited in the first
year post-fire (~95%) supports the importance of suit-
able climate conditions in the first post-fire growing
season, because the vast majority of seed of serotinous
species is released immediately post-fire (Vogl 1973;
Enright and Lamont 1989; Johnson and Fryer 1989;
Greene et al. 1999; Nathan and Ne’eman 2004). However,
the lack of complete recruitment failure at any site sug-
gests knobcone pine forests are more resilient to harsh
post-fire conditions than many forests in which incidence
of zero conifer regeneration post-fire has increased in
recent decades (Stevens-Rumann et al. 2018). The rela-
tive magnitude of the effect of post-fire climate suggests
that this factor is unlikely to change regeneration out-
comes with respect to self-replacement at very short
or long fire intervals, where seed supply is limiting or
available in a large amount. Therefore, post-fire climate
is most likely to have an ecologically meaningful effect
on stands near the self-replacement threshold in cases
where seed supply is intermediate, such as stands that
burn on ~13-18-year fire intervals. Our study examined
climate conditions across a broad gradient of moisture
stress in a single, relatively wet, post-fire year (Table 1);
additional work is needed to understand the effect of
post-fire drought conditions on post-fire regeneration.
Post-fire climate conditions may increasingly constrain
regeneration as short-interval fires continue to occur in
stands with intermediate seed supply. Future work could
be undertaken to integrate seed supply and projected cli-
mate in vulnerability mapping to anticipate where post-
fire regeneration may decline or fail.

The effects of local abiotic and biotic drivers on
post-fire regeneration outcomes were generally minor
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compared with seed supply and post-fire climate. Sev-
eral studies have shown the importance of topography
(Hansen and Turner 2019; Littlefield 2019), which can
compound with post-fire climate and a shortened fire
interval to create a harsh microclimate for seedlings
(Hoecker et al. 2020). However, we found a negligible
effect of topography on post-fire regeneration, due to
low variation in the variables assessed (Table 1), associ-
ated with the topo-edaphic restriction of knobcone pine
(Vogl 1973). While knobcone pine can establish well in
shallow, nutrient-poor soils (Vogl et al. 1977), seedling
growth rates are greater in deep versus shallow soils
(Vogl 1973). Our finding of greater post-fire regeneration
for a given seed supply with increased depth to bedrock
suggests that such areas may be further buffered against
low regeneration should a short-interval severe fire occur,
while areas with shallow soils are more vulnerable to
decreases in forest cover. Shrub cover often has a strong
negative effect on early post-fire conifer regeneration
(Collins and Roller 2013; Welch et al. 2016), due to strong
competition for light and soil moisture in the first several
years post-fire (Knapp et al. 2012). Contrary to expec-
tation, given the shade intolerance and poor competi-
tive ability of knobcone pine (Howard 1992), we found
limited evidence of an effect of shrub cover on post-fire
regeneration. Early post-fire establishment and the rela-
tively fast growth rate of knobcone pine may mask com-
petitive effects, making them difficult to detect until
several years post-fire, as has occurred in similar seroti-
nous pine forests (Harvey and Holzman 2014). Overall,
site conditions had minor effects on post-fire regenera-
tion, but could play an important role in localized popu-
lation persistence in some cases.

Although our study identifies apparent thresholds of
fire frequency and post-fire climate that could lead to loss
of knobcone pine resilience, this species is well-suited to
current climate and fire regimes. Short-interval reburns
capable of decreasing knobcone pine density can occur,
but fire intervals<10 years represented 4% of reburned
area between 1985 and 2015 (Reilly et al. 2019) and 8.5%
of reburned area in 2018 (M.C. Agne, unpublished data).
Further, many systems dominated by serotinous species
follow multiple pathways of stand structural development
(Harvey and Holzman 2014; Turner et al. 2016). Oscilla-
tion between low- and high-density stand structures over
multiple fire cycles is typical for serotinous populations
(Esler and Cowling 1990), and decreased population den-
sity following a single short-interval fire may not repre-
sent resilience loss over a longer temporal scale. Despite
clear potential for knobcone pine forests to burn on
relatively short intervals, the likelihood of short-interval
reburns that would threaten resilience on a broad spa-
tial scale is currently low. Rather, the potential for local
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knobcone pine densification following severe reburns is
high, especially when co-occurring with non-serotinous
conifers (Buma et al. 2013). Our study supports this
point, as knobcone pine increased in dominance post-
fire where it co-occurred with Douglas-fir (Additional
file 1: Fig. 1.4). Some knobcone pine range expansion has
already occurred (Reilly et al. 2019) and future fire con-
ditions may facilitate further range expansion or changes
in forest composition, especially where knobcone pine is
currently a poor competitor.

Our findings have implications for better understanding
the historical fire regime of knobcone pine. First, the sparse
regeneration following fire intervals of 6-10 years sug-
gests that fire occurrence at this frequency or greater was
unlikely to support knobcone pine and are indicative of a
contemporary departure from the historical range of varia-
bility. Second, that regeneration density was at self-replace-
ment following fire intervals of ~ 1318 years suggests that
such fire intervals could have included the historical mini-
mum fire interval for knobcone pine forests, and that previ-
ous estimates of the historical minimum interval (30 years;
van de Water and Safford 2011) may be too high. How-
ever, rapid and intense seedling attrition beyond 2 years
post-fire is common in serotinous forests (e.g., Harvey and
Holzman 2014) and can vary widely with post-fire climate,
local topography, and soil conditions (Hansen and Turner
2019; Hoecker et al. 2020; Carroll et al. 2021). Given that
these losses are not yet accounted for in our data, densities
could later fall below self-replacement at ~13—18-year fire
intervals, as has been suggested in previous work (Enright
et al. 2014). Post-fire seedling attrition rates are expected
to increase with climate warming, raising the possibility
that fire intervals within this range could erode resilience.
Future tracking of long-term population dynamics between
fire intervals is an important area of research to better
understand the historical range of fire return intervals for
knobcone pine and how this relates to warming climate and
increasing fire potential.

Our study has implications for the management of
knobcone pine, and serotinous forests more broadly, as
fire regimes change. Fires occurring on at least 15-year
intervals (or several years longer where post-fire mois-
ture stress is high) should foster self-replacement or
potential expansion of knobcone pine. Occurrence
of fire on shorter intervals can achieve the aim of den-
sity reduction, although there are likely to be challenges
with implementation of prescribed burning in this forest
type (Fry et al. 2012). Severe reburns within 45 years of
a previous high severity fire, prior to cone development
and maturation (Keeley et al. 1999; Agne et al. 2022),
could lead to local eradication. However, fuel limitation
lasting at least 5 years after severe fire has been observed
in lower montane forests in Oregon and California
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(Donato et al. 2013; Coppoletta et al. 2016), suggesting
that reburns are unlikely to recur on this interval. Recur-
rent short-interval severe reburns may eventually remove
knobcone pine from a site (Keeley et al. 1999), but it is
unclear how such an increase in fire activity would affect
fuel loads and subsequent reburn potential in the long
term (Hurteau et al. 2019; Abatzoglou et al. 2021). Fur-
ther, the potential for increases in non-native species may
increase with increased fire activity (Smith et al. 2019),
and transition to non-forest is likely if fire is sufficiently
frequent to eradicate knobcone pine from a forest stand.
Our work has implications for resilience to increasing
fire frequency in serotinous forests across the world. Seed
supply is likely the primary constraint on post-fire regen-
eration in other forests historically dominated by very
high densities of serotinous species following severe fire.
We expect that where historical fire intervals were rela-
tively short and seed supply begins to accumulate soon
after fire, as with knobcone pine, Aleppo pine (Pinus
halepensis), and bishop pine (Pinus muricata) (Keeley
et al. 1999; Tapias et al. 2001; Agne et al. 2022), seroti-
nous conifer species should be highly resilient to severe
short-interval fires, despite potential for localized popu-
lation decreases. However, where historical fire intervals
were longer, as with lodgepole pine (Pinus contorta) and
black spruce (Picea mariana), increases in severe fire
frequency can lead to significant decreases in the seroti-
nous population, and altered stand structure and species
composition (Brown and Johnstone 2012; Turner et al.
2019; Whitman et al. 2019). Where persistent declines
in moisture availability have already occurred, as in
southwest Australia, serotinous species are threatened
by direct depletion of seed supply by climate warming
(Enright et al. 2014, 2015). For species such as Banskia
hookeriana, for which the time to optimal canopy seed
bank storage for population self-replacement was simi-
lar to the historical fire interval, decreases in fire interval
and seed supply for a given stand age threaten the spe-
cies across its range (Enright et al. 1996). Understanding
drivers of demographic rates for individual species in the
context of current and expected future fire activity is key
to anticipating effects of both direct climate warming and
altered fire regimes on serotinous species persistence.

Conclusion

Seed supply was the key constraint on post-fire regen-
eration by all metrics, suggesting that effects of climate
change on serotinous forests are likely to occur primarily
through indirect effects on changes to fire regimes. The
effect of post-fire climate was small in magnitude rela-
tive to that of seed supply, but climate may affect post-fire
resilience around thresholds of seed supply. While knob-
cone pine failed to regenerate at pre-fire densities at the
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shortest fire intervals, this species is generally resilient
to its current fire regime and climate. Conversely, sero-
tinous species with longer historical fire return intervals
and time to maturity may face greater risk of post-fire
resilience loss. Changes in post-fire regeneration have
implications for post-fire forest structure and reproduc-
tive capacity as well as future fire potential, critical to
understanding serotinous forest resilience to changing
conditions over multiple fire intervals.
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