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Interactions Between Fire Refugia
and Climate-Environment Conditions
Determine Mesic Subalpine Forest
Recovery After Large and Severe
Wildfires

Sebastian U. Busby* and Andrés Holz

Department of Geography, Portland State University, Portland, OR, United States

Infrequent stand-replacing wildfires are characteristic of mesic and/or cool conifer
forests in western North America, where forest recovery within high-severity burn patch
interiors can be slow, yet successful over long temporal periods (decades to centuries).
Increasing fire frequency and high-severity burn patch size, under a warming climate,
however, may challenge post-fire forest recovery, promoting landscape-level shifts in
forest structure, composition, and distribution of non-forest patches. Crucial to a delay
and/or impediment to this shift, fire refugia (i.e., remnant seed sources) may determine
forest recovery trajectories and potential forest state-transitions. To examine how fire
refugia attributes (i.e. extent, composition, and structure) interact with local climate
and environmental conditions to determine post-fire forest recovery responses, we
developed fine-grain maps of fire refugia via remote sensing and conducted field-based
assessment of post-fire conifer tree establishment largely originating (i.e., dispersed)
from fire refugium in the Central Cascade Range of the Pacific Northwest United States.
We found that limitations on seed availability, represented by the distance?-weighted
density (D?WD) of fine-grain refugia extent, largely explained post-fire tree establishment
responses within our relatively mesic and cool subalpine study sites. Interactions
between seed availability, climate, and environmental conditions indicated that the
structural attributes of refugia (e.g., tree height) and site abiotic/biotic environmental
controls (e.g., climate water deficit, canopy cover, and coarse woody debris cover)
interplayed to constrain or enhance species-specific tree establishment responses.
Importantly, these interactions illustrate that when seed availability is critically low for
a given area, climate-environment conditions may strongly determine whether forests
recover following fire(s). Toward modelling and predicting tree establishment responses
and potential forest state-transitions after large stand-replacing fires(s), our study
demonstrates the importance of accurately quantifying seed availability via the fine-grain
extent, configuration, and attributes of remnant seed source legacies.

Keywords: cascade range, post-fire forest recovery, seed availability, fire refugia, seed dispersal, subalpine
conifer forest, high-severity wildfire, delayed mortality
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INTRODUCTION

Across montane forests in western North America, observed
trends in mountain snowpack loss, earlier spring snowmelt,
drier summers, and longer fire seasons are contributing to
increasing wildfire frequency, size, and severity (Westerling,
2006; Abatzoglou and Williams, 2016; Gergel et al., 2017; Parks
and Abatzoglou, 2020). As fire activity and warming conditions
increase across landscapes, many forests may be at risk of fire-
and climate-induced conversions to altered- or non-forest states
(Coop et al.,, 2020), and especially in low elevation, dry forests
(Stevens-Rumann et al., 2018; Davis et al.,, 2019; Kemp et al,
2019; Stewart et al., 2020). While large and severe infrequent fires
are within the natural range of variation for mesic and/or cool
high-elevation forest types (Agee, 1993; Baker, 2009), recently
observed and projected increases in fire activity (Reilly et al.,
2017; Halofsky et al., 2018, 2020; Higuera et al., 2021) may also
limit post-fire tree establishment. Following fire events, many of
these mesic and/or cool high-elevation forests evolved to recover
during long fire-free periods (e.g., 50-200+ year fire return-
interval; Agee, 1993; Turner and Romme, 1994). Where large
and severe and/or frequent wildfires kill a significant number
of live trees within a contingous area, with stand-replacing
patch sizes exceeding tree species’ dispersal abilities, remnant live
tree islands contained within fire perimeter boundaries—known
as fire refugia—can be a critical bastion for forest persistence
and recovery over time (Meddens et al.,, 2018; Blomdahl et al,,
2019; Krawchuk et al., 2020). Strong relationships between
post-fire conifer forest recovery, post-fire climate conditions,
and fine-grain fire refugia extent at the landscape level has
been demonstrated in dry mixed conifer forests of the western
United States (Coop et al., 2019; Downing et al., 2019; Rodman
et al., 2020). It is unknown, however, the way fine-grain spatial,
structural, and compositional legacies of fire refugia interact with
climate and environmental conditions to determine post-fire
forest recovery responses and trajectories, and especially within
mesic and/or cool high-elevation conifer forests.

Post-fire conifer forest recovery, across forest types and
gradients of moisture availability, is strongly connected to
processes that affect seed dispersal over space and time
(Clark et al, 1999; Gill et al, 2022), and further, how
climate and environmental conditions constrain or enhance the
establishment of seeds that reach a given site (Kraft et al,
2015; Peeler and Smithwick, 2021). Thus, post-fire conifer forest
recovery trajectories can be understood through the interactions
between seed availability and biotic and abiotic controls on tree
establishment over time. Post-fire seed availability is dictated by
(1) the functional traits of seed sources, (2) structural attributes
of seed sources (e.g., age, size, and height), (3) the distance to
and density of seed sources over space, (4) the presence and
patterns associated with local dispersal vectors (e.g., wind, water,
snow, and animals), (5) the arrangement of dispersal barriers
(e.g., topography, water, and vegetation), and (6) mean and
interannual climate conditions that affect seed production (Clark
et al., 1998, 1999; Gill et al., 2022). In the western United States,
conifer species are primarily obligate seeders that reproduce
from serotinous and/or non-serotinous wind-dispersed canopy

seedbanks (McCaughey et al., 1986; Burns and Honkala, 1990).
Large and severe fires pose a barrier to post-fire establishment by
non-serotinous conifers when the distance to live trees exceeds
species-specific dispersal abilities (Harvey et al., 2016; Stevens-
Rumann and Morgan, 2019; Coop et al., 2020). Alternatively,
short-interval fires may kill post-fire reestablishing serotinous
and non-serotinous conifers before they can reach reproductive
maturity (Buma et al,, 2013). As a result, large, severe, and
frequent fires may broadly overwhelm obligate seeding conifers
reproductive traits and favor resprouting angiosperms instead
(Kulakowski et al., 2013; Tepley et al., 2018; Keyser et al., 2020;
Andrus et al.,, 2021). Unlike post-fire drought events that can
temporarily inhibit conifer establishment for several years up to
a decade (Andrus et al., 2018; Littlefield et al., 2020), dispersal
limitations created by large, contigious patches of high-severity
fire can largely inhibit tree establishment within patch interiors
for decades, leading to long-term shifts in forest structure,
composition, and extent (Johnstone et al., 2016; Gill et al., 2022).

Prior work quantifying the influence of complex seed source
arrangement and structure in three dimensional space, as it
relates to post-fire tree establishment, is limited in conifer forests
in western North America, and especially among mesic and/or
cool high-elevation forest types. Prior studies have primarily
focused on forest patch edge concepts and metrics for quantifying
dispersal limitations (e.g., Agee and Smith, 1984; Harvey et al.,
2016; Kemp et al., 2016; Urza and Sibold, 2017; Busby et al.,
2020), which only account for seed source linear distance as
a contributing factor to seed dispersal and tree establishment
patterns. Alternatively, other studies have focused on the seed
source density (i.e., seed source cover within a specified area
window surrounding a location; e.g., Haire and McGarigal, 2010;
Rodman et al., 2020; Peeler and Smithwick, 2021), but at the
expense of accounting for the distance of those individual seed
sources to a location. More recent work has combined seed
source distance and density into a single metric with compelling
results (e.g., refugia distance?-weighted density; Coop et al., 2019;
Downing et al., 2019), but that work was primarily limited to dry
mixed-conifer forest types and did not consider the structural
attributes of seed sources, nor how they interacted with climate
and environmental conditions to shape establishment responses.

Finally, no known research has attempted to quantify the
role of post-fire delayed tree mortality as it relates to changes
in seed availability over time and thus potential differences in
post-fire tree establishment responses. Tree mortality directly
and indirectly related to fire effects can emerge over temporal
periods that are much longer (e.g., ~0-15 years; Brown et al,,
2013; Hood and Varner, 2019) than the period commonly used
for evaluating post-fire tree mortality at large scales (i.e., 1-year
post-fire; Key, 2006; Eidenshink et al., 2007). As non-serotinous
trees experience delayed mortality post-fire, their functional role
as seed sources expires, diminishing seed availability among
spatially proximate burned areas. Depending on the spatial
arrangement, composition, and structure of fire refugia, and the
favorability of post-fire climate conditions for tree establishment
(e.g., Harvey et al., 2016; Andrus et al, 2018; Davis et al,
2019; Stewart et al, 2020), post-fire delayed tree mortality
patterns have the potential to critically remove seed availability
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necessary for forest recovery within high-severity burn patch
interiors. At present, it is unclear to what degree, and under
what bioclimatic conditions, do post-fire delayed tree mortality
patterns significantly influence tree establishment responses and
conifer forest recovery trajectories.

Considering these research gaps, our objective in this study
was to evaluate how the spatial and structural attributes of
fire refugia, and their changes (temporal), interact with site
climate and environmental conditions to influence post-fire
forest recovery responses within lesser studied mesic, cool,
high-elevation conifer forests. To support our study objectives,
we mapped fine-grain fire refugia extent (tree cover) at the
landscape-scale and surveyed forest structure and composition
of fire refugium and conifer juvenile establishment largely
originating (i.e., dispersed) from fire refugium after large, recent,
stand-replacing wildfires in the Central Cascade Range of
the Pacific Northwest region in the United States. Field data
were collected to support assessment of the following research
questions:

(1) How does post-fire conifer establishment differ among
species and study sites at increasing distances from fire
refugium?

(2) How do varying estimates of seed availability and forest
structure, associated with fire refugia and their extent over
time (i.e., considering delayed tree mortality), compare and
interact as predictors of post-fire conifer establishment?

(3) How do the strongest estimates of forest structure and
seed availability associated with fire refugia, as determined
by question 2, compare and interact with climate and
environmental conditions as predictors of post-fire conifer
establishment?

MATERIALS AND METHODS
Study Areas

We selected four wildfire perimeters in the Cascade Crest region
of Oregon and Washington states to sample in this study; fire
perimeters spanned a range of elevation and moisture gradients
common to regional subalpine forests and experienced a range of
time between when fires occurred and were sampled (7-23 years;
Figure 1). These study fires were located on the southwestern face
of Mt. Adams, WA (2012 Cascade Creek; ~8,300 ha burned); the
northeastern face of Mt. Hood, OR (2008 Gnarl Ridge; ~1,400
ha burned); west of Big Lake, OR (2011 Shadow Lake; ~2,800
ha); and northeast of Waldo Lake, OR (1996 Charlton; ~3,800
ha burned). All study wildfires were lightning ignited, burned
between August and September in their respective years, and
have no other record of burning in recent history (>75 years
since previous fire).

To identify the four field sites for sampling, fire perimeters and
burn severity patterns were analyzed from the Monitoring Trends
in Burn Severity project (MTBS; Eidenshink et al., 2007) during
the period of 1995-2012 in the Central Cascade Range of Oregon
and Washington states. This range of fire years was considered
to achieve the following criteria: (1) allow enough time since fire

to initiate a post-fire conifer recruitment response (>5 years)
prior to field sampling; (2) high-resolution National Agricultural
Imagery Program (NAIP) imagery would be available one and five
years post-fire for each fire perimeter, except for one study area
(see below); (3) fire perimeters were targeted which contained
subalpine forest compositions (e.g. fir, spruce, mountain hemlock
group) using the National Forest Type Dataset (USDA, 2008); (4)
were accessible via road and trail access; and (5) had experienced
contiguous high-severity burn patches of at least five hectares
or greater in size (following Harvey et al., 2016). High-severity
fire effects are commonly defined as causing 75-100% tree
mortality one-year post-fire (Miller and Thode, 2007); 95-100%
tree mortality (at the time of sampling; 2019) was commonly
observed in our study areas. For question (2) we chose to analyze
two post-fire temporal snapshots of live tree extent from NAIP,
with the rationale that the 1- and ~5-year post-fire images
would respectively capture first- and second-order fire effects
(i.e. initial and delayed post-fire tree mortality; Key, 2006; Hood
and Varner, 2019), but not post-fire conifer sapling recruitment
and/or substantial understory revegetation (Walker et al., 2019).

Elevation gradients across study fires ranged from 1350 to
1,800 m; at these elevations, substantial snowpack accumulates
during winter months. Mean annual precipitation ranges 1,800
3,200 mm across our study fires and mean warmest month
temperature ranges 13.6-14.9°C (1981-2010 means; ClimateNA;
Wang et al.,, 2016). Sites in the 2011 Shadow Lake fire were,
relatively, the warmest and driest, while sites in the 2008
Gnarl Ridge fire were the coolest and wettest. Soils in these
landscapes are primarily well draining, ashy sandy loam andisols
(USDA, 2018). Conifer forest composition in the subalpine stands
we sampled were generally dominated by mountain hemlock
(Tsuga mertensiana), true-firs (Abies lasiocarpa; Abies amabilis),
and lodgepole pine (Pinus contorta var. latifolia) with a low
abundance of Engelmann spruce (Picea engelmannii) and western
white pine (Pinus monticola). Western larch (Larix occidentalis)
was found exclusively in the 2008 Gnarl Ridge fire on Mt. Hood,
where it supplemented lodgepole pine as the primary shade-
intolerant tree species (Franklin and Dyrness, 1973).

Seed Availability

We delineated post-fire conifer refugia extent (i.e., cover) at a fine
grain (i.e., the tree-level) to aid in field plot selection and for the
purpose of quantifying conifer seed availability, at the landscape-
level, across each study fire, using high-resolution (1 m) NAIP
imagery. Since post-fire delayed tree mortality may alter the
extent and pattern of fire refugia and thus affect seed dispersal and
tree establishment patterns over time, we delineated fire refugia at
two post-fire time periods to represent first-order (direct; initial)
and second-order (indirect; extended) fire effects (Key, 2006).
NAIP imagery was extracted 1- and 5-years post-fire for each fire
perimeter, with the exception of the 1996 Charlton Fire; NAIP
imagery was not available for the Charlton event until 2003,
thus we only delineated its 7-year post-fire refugia extent after
second-order fire effects. Fire perimeter polygons from MTBS
were extended (buffered) 300 m outward in radial distance to
ensure contiguous live forest edges were potentially captured in
calculations of seed availability, as described below. Each buffered
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Washington states, United States.

FIGURE 1 | Geographic location of the four wildfires sampled in this study within mesic, high-elevation subalpine forests of the Cascade Crest region of Oregon and

fire boundary was then used to clip NAIP imagery scenes to
this specified extent. Next, fire refugia extent was classified in
each clipped NAIP image using a semi-automated, object-based
binary classification approach in ArcGIS (ESRI, 2020) following
Walker etal. (2019). Contrary to Walker etal. (2019)’s work in dry
conifer forests, we chose not to close holes in delineated refugia
polygons in our mesic forests study areas, as these commonly
represent canopy gaps within fire refugia patches that contribute
to seed availability.

To assess image classification accuracy, we used equalized
stratified random sampling to generate 100 validation points
per class (fire refugia and non-forest) across each individual
fire perimeter. We then used the source NAIP imagery, in
each temporal snapshot (i.e., 1- and 5-years post-fire, and 7-
year postfire for the Charlton Fire), to visually assign each
validation point to either the fire refugia or non-forest class
based on point overlap with visible canopy cover (Walker et al.,
2019). A confusion matrix was generated among the 1- and

~5-year post-fire snapshots of each fire perimeter to report
imagery classification error (Congalton, 1991). Classification
accuracy varied by fire perimeter but was generally very high;
overall accuracy across fire perimeters ranged from 93 to 98%
(Supplementary Table 1).

To spatially quantify post-fire seed availability at a fine-
grain across each fire perimeter, we considered two metrics of
seed availability originating from fire refugia, using the above
classified refugia maps and a moving-window neighborhood
approach. (1) Refugia density (e.g., Haire and McGarigal, 2010;
Rodman et al., 2020) was calculated by summing all pixel values
(refugia = 1; non-forest = 0) around each focal cell within a user-
defined neighborhood radius, (2) refugia distance?-weighted-
density (D2WD; Coop et al., 2019; Downing et al., 2019) was
calculated by dividing pixel values (refugia = 1; non-forest = 0)
by their squared distance to each focal cell (i.e., distance-
weighting) and then summing all pixels within a neighborhood
radius. Squaring of the distance term in the D*WD metric
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was used to account for exponential decay in seed dispersal at
increasing distances from source trees (McCaughey et al., 1986;
Clark et al., 1999; Coop et al., 2019). Considering varied seed
dispersal traits reported among conifer species in our study areas
and results by prior studies (e.g., Haire and McGarigal, 2010;
Coop et al., 2019; Rodman et al., 2020), we calculated refugia
density and refugia D*WD at three spatial scales using moving-
window neighborhood radii of 150, 300, and 500 m. We also
calculated refugia density and refugia D?WD at two post-fire
temporal snapshots using the classified 1- and ~5-year post-fire
refugia maps referenced above. Because post-fire imagery was not
available for the 1996 Charlton Fire until 2003, refugia density
and refugia D2WD for that specific fire were only calculated on
the 7-year post-fire refugia map.

Field Data Collection

To connect the structure and composition of fire refugia
to post-fire conifer establishment responses, we established
30 m-diameter (0.07 ha) circular plots following Busby et al.
(2020). One plot was located inside each targeted refugium
(or green island) and four to five other plots located along
predetermined post-fire regeneration transects extending from
each refugium into expansive patches of severely burned forest.
The refugium plots and the post-fire regeneration plots had
different sampling protocols (see below). The specific location
of our fire refugium plots and post-fire regeneration plots
were predetermined using a distance-buffer ruleset and spatial
analysis in ArcGIS to (1) maintain a minimum level of spatial
independence between sampled fire refugium (>100 m) and
post-fire regeneration transects (>200 m) and (2) reduce the
influence of seed availability originating (i.e., dispersed) from live
forest edges within our post-fire regeneration plots (>300 m;
Supplementary Materials: Sample plot selection and distance-
buffer ruleset; see Supplementary Figure 1 for diagram of
the distance-buffer ruleset). Distances selected in this ruleset
were based on a compromise between (1) maximizing sample
size, (2) reducing spatial autocorellation between plots, and (3)
ensuring that tree establishment responses observed in post-fire
regeneration plots could be connected to the attributes of their
associated refugium, based on known dispersal ranges of local
conifer species (i.e., majority of seeds are dispersed within a
100-150 m range of live individuals; McCaughey et al., 1986;
Stevens-Rumann and Morgan, 2019).

To quantify forest structure and composition at the refugium
patch level, a single refugium plot was established inside
each sampled fire refugium. Within each refugium plot, we
recorded elevation, slope, aspect, and for all standing or
uprooted trees (defined here as invididuals with diameter at
breast height, DBH > 7.6cm; ie., trees that contribute to
meaningful seed dispersal; Stevens-Rumann and Morgan, 2016),
species, status (live/dead), DBH, and vertical heights of live
trees using a laser rangefinder (TruPulse 200/Laser Technology)
were noted. Within each post-fire regeneration plot, physical
site characteristics (elevation, slope, aspect), post-fire ground
and overstory canopy cover, and post-fire conifer establishment
were recorded. Post-fire ground cover [shrubs, total understory
vegetation, coarse woody debris (CWD), and bare soil/rock]

was visually assessed to the nearest 5% within five 1 m x Im
quadrats located at plot center and 7 m along the four
cardinal direction transects; the five sample locations were then
averaged to represent plot-level conditions (Busby et al., 2020).
Overstory canopy density (cover) was measured at the same five
sample quadrat locations using a densiometer at breast height;
measurements were taken by one field crew member across plots
to maintain observational consistency. Percent canopy cover was
recorded facing each cardinal direction, averaged for the sample
location, and then averaged among the five sample locations to
similarly represent plot-level conditions (Lemmom, 1956).

Post-fire conifer juveniles (DBH < 7.6 cm) were counted
in plots along each transect. We used variable size subplots to
increase sampling efficiency depending upon plot-level juvenile
densities, following Busby et al. (2020). For each juvenile, we
recorded species, bud-scar count, and stem height; due to
very high rates of mortality, we did not count juveniles in
their 1st year of establishment (i.e. with cotyledon; Minore,
1986). Bud-scar count estimates were used to determine if
juveniles had established pre or post-fire (Urza and Sibold,
2013). Finally, if present, the ten nearest live, sexually-mature
conifer trees not contained within the targeted refugium were
identified at the species level and their individual horizontal
distance from (regeneration) plot center was recorded using
a laser rangefinder (TruPulse 200/Laser Technology). Utilizing
our sample plot selection procedure, we selected and sampled
41 fire refugia island plots and 213 post-fire regeneration
plots distributed across the four study wildfire perimeters
in summer of 2019.

Climate Water Deficit

To characterize the impact of water stress on post-fire conifer
establishment across fire perimeters, we quantified 30-year mean
(1981-2010) and post-fire (5-year period following each fire)
mean and maximum climate water deficit (CWD; modelled
potential evaporation minus actual evapotranspiration) at the
plot level. We used the ClimateNA desktop application (Wang
et al, 2016) and plot elevation derived from a 30 m Digital
Elevation Model (DEM) to downscale gridded monthly climate
data (PRISM; Daly et al., 2008; 800 m-initial resolution) to the
(regeneration) plot level. A modified Thornthwaite-type water
balance equation described by Lutz et al. (2010) was then used
with (1) 30-year or annual-resolution mean monthly temperature
and precipitation data, (2) soil water holding capacity data
(POLARIS dataset; Chaney et al., 2016), and (3) a topographic
heat load index (HLI; McCune and Keon, 2002) to calculate
CWD. In this equation, the HLI is used as a terrain modifier to
capture the effect of topographic microclimate on evaporative
potential, thereby incorporating micro- and macro-scale water
balance processes (Lutz et al., 2010).

Fire Refugia Attributes

To explore and compare what spatial, structural, and temporal
attributes associated with fire refugia influenced post-fire conifer
establishment, we developed a suite of fire refugia-related patch-
and neighborhood-scale metrics derived from field data, remote
sensing, or both sources combined, that could via seed availability

Frontiers in Forests and Global Change | www.frontiersin.org

May 2022 | Volume 5 | Article 890893


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles

Busby and Holz

Fire Refugia and Forest Recovery

potentially promote post-fire conifer establishment (Table 1).
For the remote sensing derived seed availability variables, i.e.
refugia density and distance?-weighted density (D?WD), we
calculated multiple versions of these variables using (1) varying
neighborhood radii and (2) 1- and ~5-year post-fire refugia
extent maps, respectively, to capture initial and delayed post-
fire tree mortality patterns. Other variables were derived directly
through field measurements (e.g., refugia distance, live mean tree
height), by measuring refugium patch geometry using remote
sensing (i.e., patch size, patch width), or by scaling plot-level
refugium composition measured in the field to the refugium
patch scale (e.g., total and live patch basal area), using remotely
sensed refugium patch size, our fixed refugium plot size, and a
multiplicative factor.

Data Analysis

To determine how post-fire conifer establishment and fire
refugium attributes varied between study wildfires, we
summarized observed median post-fire juvenile densities
across post-fire regeneration sample plots, according to their
distance from respective sampled refugium, across all fires
combined and within individual wildfire perimeters. For all
sampled refugium plots, we summarized species-level basal
area/hectare (i.e., seed source composition and structure) across
all fires combined and within individual wildfire perimeters.

To explore how estimates of forest structure, composition,
and seed availability associated with fire refugia compare
and interact as predictors of post-fire conifer establishment,
and further, how they interact with and compare with site
climate and environmental conditions as predictors of conifer
establishment, we developed boosted regression tree (BRT)
models, with a poisson error distribution, to explore relative
variable importance, non-linear relationships, and interactions
between sets of predictive variables and post-fire juvenile counts
using the dismo package in R (R Core Team, 2020; Hijmans et al.,
2021). Across modelling analyses described below, five species
assemblage models were developed to represent the dominant
species in our study areas and potential differences in adaptive
traits between species, and thus post-fire establishment responses,
including: (1) all species combined, (2) non-serotinous obligate
seeding species (A. lasiocarpa; A. amabilis; L. occidentalis; P.
engelmanni; P. monticola; T. mertensiana), (3) the potentially
serotinous (e.g., Busby et al., 2020) lodgepole pine (P. contorta;
PICO), (4) mountain hemlock (T. mertensiana; TSME), and
(5) Abies (A. lasiocarpa; A. amabilis; Abies). Pacific-silver
and subalpine fir juveniles were difficult to differentiate in
the field by species, thus we combined them into a single
Abies assemblage.

All BRT models were fit with a bag fraction setting of 0.5
to introduce stochasticity and learning rate of 0.01 to ensure
at least 1000 trees were fit in each model (Elith et al., 2008).
Tree complexity was set to one in the case of additive models
(i.e., no interactions) and five in the case of interaction models.
We fitted additive models when the modeling objective was to
determine the best version of a single predictor and interaction
models when determining relative importance of and interactions
between sets of predictive variables. To account for the inherent

spatial autocorrelation (SAC) in our sampling design between
plots set along transects, and more broadly, plots set within
the same wildfire perimeters, we computed and included a
residual autocovariate (RAC) term in each final fitted BRT model
following Crase et al. (2012). We used the autocov_dist function
in the dismo package (Hijmans et al., 2021) to calculate RAC
terms for each model, using a 3 km search neighborhood, equal
weighting, and style “B” following Bardos et al. (2015). Model
performance, or cross-validated (k = 10) total residual deviance
explained (Leathwick et al., 2006), was reported between each
BRT model with and without the RAC term fitted to illustrate
model improvement due to accounting for SAC. Because BRTs
are a stochastic modelling technique, we fitted 10 iterations
of each model and reported results from the model with the
highest cross-validated total residual deviance explained (i.e., best
performing model iteration).

Our first modelling objective was to compare and determine
the strongest performing version among the multiple calculated
versions of our climate water deficit, refugia density, and
refugia D*WD variables. Additive BRT models were fit on each
species assemblage establishment response and all calculated
versions of climate water deficit, refugia density, and refugia
D?WD variables separately; relative variable importance was
used to determine the version of each variable that exhibited
the strongest relationship with each species assemblage post-
fire establishment response. Our second modelling objective
was to (a) compare the relative importance of fire refugia-
related variables (Table 1), fitting only the strongest versions
of refugia density and refugia D?WD as determined from the
first analysis and (b) explore their interactions as predictors
of conifer establishment. Interaction BRT models were fit on
each species assemblage establishment response and all predictive
variables from Table 1. Our third and final modeling objective
was to compare the relative importance of and explore the
interactions between the top three refugia-related variables
determined from our second analysis, the top performing version
of climate water deficit as determined from our first analysis,
and a set of predictive variables describing biotic and abiotic
site environmental conditions. These environmental variables
included (1) percent remnant overstory canopy cover, as a proxy
for shade, (2) percent understory vegetation cover, a proxy for
competition or facilitation, (3) percent coarse downed woody
debris cover, a proxy for facilitation, (4) topographic slope, (5)
the heat load index (HLI), and (6) time since fire (sample year
minus fire year; number of establishment opportunities).

Finally, to conceptually illustrate differences in spatial
patterns of post-fire juvenile establishment across our study fire
perimeters with distinctly different climate and topography, we fit
an interaction BRT model on the juvenile establishment response
of all species combined and a reduced set of explanatory variables
with spatial data available across fire perimeters. Explanatory
predictors included seed availability (refugia D2WD), climate
(mean climate water deficit), and topography (slope and heat load
index). Two spatial prediction maps of juvenile establishment
density were generated respectively for the Shadow Lake and
Gnarl Ridge fires for conceptual comparison using the raster
package in R (Hijmans, 2021).
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TABLE 1 | Patch- and neighborhood-scale predictive variables associated with spatial, structural, and temporal attributes of fire refugia, as derived by field

measurements, remote sensing, or both sources.

Refugia variable

Derived by

Variable description

Units

Range

Refugia D°WD

Refugia density

Refugia distance

Patch total basal area*

Remote sensing

Remote sensing

Field measured

Field measured and
remote sensing

The distance?-weighted density of live tree extent surrounding a
post-fire regeneration plot, calculated as multiple versions using
1- and ~5-year post-fire fire refugia extent maps, and 150, 300,
or 500 m circular radii neighborhoods

The sum of live tree extent surrounding a post-fire regeneration
plot, calculated as multiple versions using 1- and ~5-year
post-fire fire refugia extent maps, and 150, 300, or 500 m circular
radii neighborhoods

Horizontal distance from the post-fire regeneration plot center to
the exterior edge of the sampled refugium -OR- the nearest live
tree not contained within the sampled refugium, if closer than the
sampled refugium

Total tree basal area of the sampled refugia plot scaled to the
extent of the refugium containing the refugia plot

Unitless

Unitless

Meters

Basal area /m?

[0-11.31]

[0-240,622]

[15-300]

[0.82-372.25]

Patch live basal area* Field measured and Total live tree basal area of the sampled refugia plot scaled to the Basal area /m? [0.62-1561.27]
remote sensing extent of the refugium containing the refugia plot.
Live mean tree height* Field measured The mean height of live trees measured within the sampled Meters [8.5-26.8]
refugia plot.
Patch size Remote sensing Spatial extent of the refugium containing the sampled refugia plot. m? [700-6,470]
Patch width Remote sensing The width of the refugium containing the sampled refugia plot as Meters [20-300]

perpendicular to the post-fire regeneration transect.

*Each refugia variable was calculated to match the composition of each species assemblage, as described in Data Analysis.
Each of these metrics was computed for 1-year and 5-year post-fire for Cascade Creek, Gnarl Ridge, and Shadow Lake fires, and 7-year post-fire for the Charlton Fire.

RESULTS

Tree Establishment and Refugium
Composition

Across fire perimeters, post-fire conifer establishment, as
recorded in 2019, declined exponentially with increasing distance
to fire refugium; the largest declines occurred between 15 and
90 m from refugium edges (Figure 2A). The rate (i.e. slope)
of juvenile establishment decline over increasing distance was
largest in the Shadow Lake Fire and lowest in the Gnarl Ridge Fire
(Figures 2C,D), the warmest and driest, coolest and wettest sites,
respectively. There was a wide range of variability among fires
and among distances from refugium. At 300 m from refugium
edges, total median conifer juvenile establishment was relatively
low across all fires combined (~250 juveniles/ha) yet potentially
great enough to support forest recovery (e.g., Busby et al., 2020);
responses varied substantially at the individual fire perimeter
level, however (~50 to ~500 juveniles/ha). Closer to seed source,
at 15 m from refugium edges specifically, total median juvenile
establishment in the Charlton Fire was roughly two times higher
than our other fires (Figure 2E); notably, the Charlton Fire was
also the oldest fire by a factor of ~2 (23 years since fire occurred).
This relationship did not hold at distances greater than 15 m from
refugium edges in the Charlton Fire, however.

Post-fire conifer establishment by species generally reflected
the composition of individual refugium. The Cascade Creek and
Shadow Lake Fires were dominated by lodgepole pine (PICO)
establishment, while a larger proportion of mountain hemlock
(TSME) establishment followed the Gnarl Ridge and Charlton
Fires (Figures 2B-E). Across fires, subalpine and Pacific-silver fir

(Abies) establishment was very low even when these species were
well represented within refugium as mature adults. Additionally,
Abies species establishment reached zero or near zero at (and
beyond) 45 m distance from any refugium edge.

Strongest Versions of Predictors

Among the three calculated versions of our climate water deficit
(CWD) variable, our first modelling analysis determined that
30-year CWD was more important than post-fire mean or
maximum CWD as a predictor of post-fire conifer establishment
(density) across species assemblages (Supplementary Table 2).
We also determined the strongest version (i.e., combination
of 150, 300, or 500 m radii moving-window neighborhood
and 1- or ~5-year post-fire refugia extent snapshot) of our
refugia density and refugia D2WD variables, which unlike CWD,
varied by species assemblage response. For all species combined
and the Abies assemblage, a 150m radius neighborhood and
1-year post-fire refugia extent snapshot were the strongest
predictors of tree establishment; for non-serotinous species
combined and mountain hemlock (TSME) a 500 m radius
neighborhood and 1-year post-fire refugia extent snapshot were
strongest, and for lodgepole pine (PICO) a 150 m radius
neighborhood and ~5-year post-fire refugia extent snapshot were
strongest (Table 2).

Predictors of Tree Establishment and

Interactions

Our second modelling analysis determined the top predictors
of conifer juvenile establishment among our refugia-related seed
availability metrics. For all species assemblages, refugia D°WD
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FIGURE 2 | Observed post-fire median (95% confidence intervals) conifer establishment (density) as a function of increasing distance to refugium patch edge (left
panels) and refugium patch basal area (right panels), represented across all and individual study fire perimeters (A-E), by dominant and all conifer species combined.
TSME, mountain hemlock (Tsuga mertensiana); PICO, lodgepole pine (Pinus contorta); ABIES, pacific-silver fir and subalpine fir (Abies amabilis/lasiocarpa).

was the best predictor of post-fire conifer juvenile establishment,
strongly outperforming other refugia-related variables derived
from field measurements, remotely sensing, or combined sources
(Table 2 and Supplementary Figure 2). From our field-based
metrics, total refugium patch basal area was generally a better
predictor of establishment than live basal area (at the time of
sampling in 2019, 7-23 years post-fire), and was particularly
important for lodgepole pine, in addition to refugia distance
(Table 2). Mean live tree height within refugium was important
for mountain hemlock, especially above ca. 16 m, to a lesser

degree for non-serotinous species combined and lodgepole pine,
and was unimportant for Abies species.

We observed the strongest pair-wise interactions among
refugia variables and across species assemblages for (1) refugia
distance and refugium live mean tree height, and (2) refugia
distance and refugia D2WD (Figure 3). Taller live trees
substantially increased juvenile establishment within ca. 90 m
from refugium edges, but this relationship declined exponentially
beyond ca. 90 m and was non-linear for lodgepole pine,
where tree heights between ca. 14 and 19 m maximized
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TABLE 2 | Variable Importance and model performance from the BRT models evaluating relationships between observed conifer juvenile establishment and patch- or

neighborhood-based estimates of fire refugia, by species assemblage.

Species assemblage models: variable importance (%)

Refugia variables All species Non-serotinous PICO TSME Abies
Refugia D°WD* 39.8 56.4 24.0 43.7 65.6
(1-year; 150 m) (1-year; 500 m) (~5-year; 150 m) (1-year; 500 m) (1-year; 150 m)
Refugia Density* 17.6 7.8 3.9 6.2 9.9
(1-year; 150 m) (1-year; 500 m) (~5-year; 150 m) (1-year; 500 m) (1-year; 150 m)
Refugia Distance 6.1 4.6 18.8 5.3 1.8
Patch Total Basal Area 1.9 8.6 17.2 13.5 2.4
Patch Live Basal Area 2.7 2.3 8.8 4.5 1.8
Patch Mean Live Tree 8.9 10.3 71 16.9 1.3
Height
Patch Width 7.3 5.1 3.8 5.8 2.6
Patch Size 6.8 1.4 2.1 2.3 0.7
Residual Autocovariate 8.9 3.2 14.6 2.0 14.0
(RAC)
CV Total Residual 63% 80% 51% 81% 40%
Deviance Explained
CV Total Residual 89% 90% 76% 89% 70%

Deviance Explained
(RAC included)

“We pre-determined (see Data Analysis) the strongest version of the refugia density and D°WD variables across species assemblages by calculating and comparing post-
fire refugia extent at 1 and ~5 year timesteps and among varying moving window neighborhood radii. TSME, mountain hemlock (Tsuga mertensiana); PICO, lodgepole
pine (Pinus contorta); Abies, Pacific-silver fir & subalpine fir (Abies amabilis / lasiocarpa). Bold values indicate the most important predictor variable of juvenile establishment

by species assemblage model.

establishment over heights that were lower or higher (Figure 3C).
For all species combined, establishment was highest within
ca. 90 m from refugia (Figure 3F), but at high values
of refugia D*WD (e.g., ca. threshold of ~2), establishment
was still high regardless of refugia distance for all species
assemblages, except lodgepole pine, where refugia distance
exhibited a stronger influence than refugia D?°WD (Figure 3H).
At lower values of refugia D*WD, juvenile establishment
declined much more strongly as refugia distance increased,
compared to when refugia D°WD was held at higher values
(Figure 3). Our third modelling analysis, comparing the
top predictors of conifer juvenile establishment among the
three best refugia-related metrics, best climate water deficit
metric, and site environmental variables, determined that for
all species combined and across species assemblages, refugia
D?WD outweighed the importance of climate water deficit,
topographic microclimate (i.e., slope and HLI), and post-fire
biotic legacies (i.e., canopy cover, coarse woody debris cover, and
understory vegetation cover) for conifer juvenile establishment
(Table 3). The number of years from when fire occurred to
time of field measurements was largely unimportant across
models. Topographic microclimate, climate water deficit, and
canopy cover was most important for explaining variability in
lodgepole pine establishment. Coarse woody debris cover was
important for non-serotinous species combined and mountain
hemlock, while climate water deficit was important for the Abies
species assemblage.

Partial dependance plots illustrating relationships between
predictive variables and species assemblage responses from our

third analysis indicated some threshold-like relationships and
some major differences in the response between lodgepole
pine and other assemblages (Figure 4). Across assemblages,
refugia D?WD generally had a much stronger effect on juvenile
establishment than other variables (i.e., slope of establishment
curves), and especially for the all species combined, non-
serotinous species, and mountain hemlock assemblages. As
refugia D’WD increased, juvenile establishment also increased
exponentially up to a D?WD value threshold of ~1 for lodgepole
pine and ~2-4 for other assemblages, after which increasing
D?WD had no effect (Figure 4A). Further, and for lodgepole
pine only, establishment under low values of refugia D*WD was
still notably above zero (~100 juveniles/ha). Lodgepole pine’s
juvenile establishment increased under drier topographic settings
(HLI), higher values of climate water deficit, and lower coarse
woody debris cover in direct contrast to other assemblages
(Figures 4B,E,F).

In our BRT models comparing refugia, climate, and
environmental site variables combined, we observed the strongest
pair-wise interactions across species assemblages between refugia
D?WD and (1) climate water deficit, (2) coarse woody debris
cover, and (3) canopy cover (Figure 5). At low levels of refugia
D?>WD (< ca. 1), increasing climate water deficit and decreasing
coarse woody debris cover reduced establishment, whereas at
high levels of D?WD the influence of these two variables
on juvenile establishment was less important. Opposite to the
other species assemblage responses, lodgepole pine establishment
increased as climate water deficit increased and coarse woody
debris cover decreased (Figures 5C,H). Alternatively, increasing
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TABLE 3 | Variable Importance and model performance from the BRT models evaluating relationships between observed conifer juvenile establishment and the best
performing refugia-related, climate, and environmental predictors, by species assemblage.

Species assemblage models: Variable importance (%)

Refugia, climate, and All species Non-serotinous PICO TSME Abies
environmental variables
Residual Autocovariate (RAC) 34.9 5.4 20.8 20.3 12.8
Refugia D°WD 43.3 56.5 28.2 47.6 68.3
(1-year; 150 m) (1-year; 500 m) (~5-year; 150 m) (1-year; 500 m) (1-year; 150 m)
Coarse Woody Debris Cover (%) 9.4 23.9 3.6 23.3 2.1
Understory Vegetation Cover (%) 4.2 2.0 2.7 2.6 0.5
Canopy Cover (%) 1.7 1.3 1.3 0.9 1.0
Topographic Slope 2.4 3.2 7.3 1.8 1.2
Heat Load Index 1.2 1.8 12.9 1.0 1.3
30-year Climate Water Deficit 2.4 54 12.6 2.0 10.5
Years Since Fire 0.5 0.5 0.5 0.6 2.3
CV Total Residual Deviance 50% 62% 43% 64% 41%
Explained
CV Total Residual Deviance 89% 80% 73% 83% 75%

Explained (RAC included)

TSME, mountain hemlock (Tsuga mertensiana); PICO, lodgepole pine (Pinus contorta); Abies, Pacific-silver fir & subalpine fir (Abies amabilis/lasiocarpa). Bold values
indicate the most important predictor variable of juvenile establishment by species assemblage model.

and 2), except for lodgepole pine (Figures 5K-0O). BRT model
performance across species assemblages in the second and third

canopy cover increased establishment for all species assemblages,
as long as D*WD was above its threshold (between 1
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analyses was high (70-90% CV total residual deviance explained)
and generally greatly improved by calculating and including
a residual autocovariate (RAC) term to account for spatial
autocorrellation among sample plots (Tables 2, 3).

DISCUSSION

Toward quantifiying, predicting, and generalizing post-fire seed
dispersal and tree establishment patterns from refugia after large
stand-replacing fire(s), our study demonstrates the importance
of capturing and quantifying the fine-grain extent and attributes
of seed source legacies. Our findings suggest that within mesic
subalpine conifer forests of the Pacific Northwest (PNW) Cascade
Range, where the vast majority of species cannot resprout, post-
fire conifer tree establishment after recent large, stand-replacing
fires was primarily limited by landscape-level seed availability
connected to the fine-grain spatial patterns of fire refugia,
rather than to biophysical drivers (e.g. topography, climate, or

understory vegetation). We found that for serotinous and non-
serotinous wind-dispersed obligate seeding conifer species, post-
fire juvenile density (i.e., a proxy for forest recovery from wildfire
events) was largely explained by the distance?-weighted density
(D?WD) of remnant live tree extent one-year post-fire, as derived
from high-resolution aerial imagery. Species composition, stand
structure, and the suite of functional traits expressed by conifer
species within field-surveyed fire refugium further nuanced
post-fire juvenile establishment responses. Although micro- and
macro-scale biotic and abiotic environmental controls were
overall less important predictors of juvenile establishment in
our mesic study areas, they may be substantially important
toward facilitating post-fire forest recovery within locations
where seed availability is critically low and enviro-climatic
enhancement or constrainment determine post-fire tree juvenile
presence or absence.

Seed Availability and Tree Establishment
Seed dispersal patterns that contribute to post-fire conifer forest
recovery in western North America, including the western
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FIGURE 5 | The strongest pair-wise interactions between refugia, climate, and environmental variables across species assemblage BRT models. Post-fire seed
availability (refugia D2WD) interacted strongly with (1) 30-yr climate water deficit (mm; A-E), (2) coarse woody debris cover (%; F-J), and (3) canopy cover (%; K-0).
Along the brown-to-blue-green color spectrum, brown shading indicates relatively reduced and blue-green shading relatively increased post-fire establishment due
to pair-wise variable interactions. Refugia D2WD values ranged up to 10, but interaction responses did not change above a refugia D2WD value threshold of 3
across species assemblages.

United States, are strongly influenced by the arrangement of
seed sources surrounding a site (Stevens-Rumann and Morgan,
2019), including the density of seed-bearing individuals over
space and their individual distances to a site (Clark et al,
1999). Prior studies have generally focused on quantifying the
influence of seed source distance and density separately, as
metrics that relate to post-fire conifer forest recovery (e.g.,
Haire and McGarigal, 2010; Harvey et al., 2016; Kemp et al., 2016;
Busby et al, 2020; Rodman et al., 2020), while others have

attempted to combine seed source distance and density into a
single metric (e.g., Coop et al, 2019; Downing et al., 2019).
Among the refugia-related variables we analyzed describing
spatial and structural attributes of patch- or neighborhood-
level fire refugia, the refugia distance?-weighted density (D*WD)
neighborhood metric strongly outweighed the importance of
other refugia-related variables, including metrics that accounted
for refugia distance or density separately. In dry to moist
mixed-conifer forests of the Blue Mountains of Northeastern
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biotic and abiotic environmental controls and the spatial and structural (e.g., age, size, height) configuration of seed sources, including fire refugia, at the landscape
scale. Across gradients of water deficit to vegetation explained by macro-scale climatic and micro-scale topographic and biotic features, arid environments (B)
constrain while mesic environments (C) enhance dispersal kernels (A) and thus juvenile establishment responses at increasing distances from fire refugia for most
species, when refugia extent and structure remain constant. (D,E) Variability in modeled juvenile density patterns over space of all species combined (D,E) illustrate
the important influence of and interactions between seed availability (refugia D2WD), mean climate conditions (climate water deficit), and topography (slope and heat
load index) on post-fire tree establishment responses in panel (D) the warmer, drier and topographically flatter 2011 Shadow Lake Fire and (E) the cooler, wetter, and

Oregon, Downing et al. (2019) also reported that refugia
DWD outperformed simple distance to seed source metrics and
was strongly correlated with post-fire forest recovery among
non-serotinous conifer species. Among wind-dispersed species,
empirical seed dispersal kernels (i.e., percent of seeds dispersed
along a gradient of distance from source) typically take the
form of a negative exponential probability density function, in
which seed rain declines exponentially over increasing distances
from sources (McCaughey et al, 1986; Clark et al, 1999).
Thus, it is a commonly observed phenomena that post-fire

juvenile densities decline rapidly at increasing distances from live,
seed-bearing individual(s) for non-serotinous, obligate seeding
tree species (Harvey et al., 2016; Kemp et al, 2016; Stevens-
Rumann and Morgan, 2019; Busby et al., 2020). In dry mixed-
conifer forests of the Southwestern United States, including data
aggregated from Downing et al. (2019) in similar dry forest
types, Coop et al. (2019) discovered that refugia DWD with
a squared distance term (D*WD) was a stronger predictor of
post-fire forest recovery than without, including this study,
presumably due to accounting for exponential decay in seed
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dispersal over increasing distances from the source tree(s). These
results illustrate the vital importance of accurately capturing
and accounting for different spatial factors that affect seed
dispersal processes when modelling and predicting post-fire
establishment responses.

The strength of neighborhood metrics when modeling
dispersal processes is often tied to species-specific traits, thus,
experimentation with multiple neighborhoods among species
with varying traits is standard protocol (Turner and Gardner,
2015). For dry-mixed conifer species (e.g., ponderosa pine
and Douglas-fir), effective neighborhood radii calculated on
dispersal-related neighborhood metrics assessed by previous
studies have ranged 60-240 m, but have generally found that
100-150 m effectively captures dispersal patterns for these conifer
species (e.g., Haire and McGarigal, 2010; Coop et al., 2019;
Downing et al,, 2019; Rodman et al., 2020). We found some
variation in the effective dispersal neighborhoods across our
species assemblage models, likely tied to the dispersal capabilities
of subalpine species in our study areas, which were further
supported by observed differences in post-fire establishment at
increasing distances to sampled fire refugium patches among
our species (Figure 2). All species combined, lodgepole pine,
and Abies species’ post-fire establishment was best captured by
a 150 m radius neighborhood, while a 500 m radius was best for
mountain hemlock and all non-serotinous species combined (i.e.,
excluding lodgepole pine). This pattern was consistent between
both D?WD and refugia density metrics. These observed and
modelled differences indicate that some relatively fire sensitive
species (e.g., mountain hemlock) in our subalpine study areas
exhibit strong seed dispersal abilities that support juvenile
establishment further into the interior of severely burned forest
patches than others (e.g., subalpine and Pacific-silver fir; Busby
et al., 2020). Thus, species composition of fine-scale fire refugia
may initiate broadly different post-fire forest recovery responses.

Fire Refugia, Climate, and Environment

Post-fire tree establishment and persistence responses can
be understood using the concept of environmental filtering,
where dispersal limitations, then environmental conditions, then
competition control species compositions over time (Crisafulli
et al, 2015; Kraft et al, 2015). While dispersal limitations
appeared to drive the majority of variance in post-fire conifer
establish responses in our cool and mesic subalpine study areas,
the non-linear relationship observed between establishment
responses and refugia D*WD (e.g., Figure 4A) indicated that
many sites relatively close to fire refugium (15-45 m) reached
a point of seed saturation. This is to say, that increasing
seed availability (i.e., greater density of nearer fire refugia) did
not increase establishment responses beyond a species-specific
threshold of D?WD, which likely varied based on differences in
functional traits between species, and thus responses in those sites
were primarily driven by climate and environmental controls
(i.e., an environmental filter), and potentially competition by
understory vegetation cover (i.e., a community interaction filter;
Figure 4D). Although lodgepole pine experienced a weaker
relationship with refugia D?WD than other species assemblages,
this relationship was still significant and indicative of a mostly

non-serotinous establishment response. In contrast, lodgepole
pine establishment has been weakly or negatively correlated
with refugia DWD and D?WD within dry to moist mixed-
conifer forests elsewhere, (e.g., Coop et al., 2019; Downing et al.,
2019). Although broad empirical evidence is limited, the post-fire
establishment response of lodgepole pine in our high-elevation
study areas suggests that the production of serotinous cones
among lodgepole pine decreases with elevation in the Cascade
Range (Busby et al., 2020), similar to findings in the N. Rockies,
where decreasing elevation is still related to high severity fire
regimes but with shorter fire return intervals and thus greater
selective pressure towards serotinous cones among lodgepole
pine (Lotan, 1976; Tinker, 1994; Schoennagel et al., 2003). The
saturation point of refugia D*WD for lodgepole pine was also
lower than other species assemblages (i.e., fewer seed sources are
needed to facilitate a specific establishment response compared to
other species), which may indicate in our subalpine study areas
that the species is a prolific producer of non-serotinous (open
cone) wind-dispersed seed crops (OECD, 2010).

Species-level dispersal traits are further augmented at the
individual and stand scales by forest structure, where older,
larger, and taller trees typically produce greater quantities of seeds
(Clark et al., 1999; Kroiss and HilleRisLambers, 2015; Andrus
et al., 2020) until senescence (Qiu et al., 2021), and disperse
them further than younger trees (Gill et al., 2020). Strong pair-
wise interactions in our statistical models indicated that mean
tree height among fire refugium boosted juvenile establishment
along a gradient of increasing distance from refugium edges
when mean height was approx. greater than 15 m (Figure 3).
As forests with large, tall trees are progressively lost due to fire
and drought (Abatzoglou and Williams, 2016; Stovall et al., 2019)
under warming climate conditions in the western United States,
refugia increasingly composed of young and short trees may have
greater difficulty dispersing seeds into the interior of large patches
of high-severity fire than older refugia trees (Hart et al., 2019; Gill
etal., 2020) with implications for forest recovery.

For landscape-scale processes such as post-fire forest recovery,
a keen understanding of how dispersal processes interact with
climate and environmental conditions is key to understanding
and predicting forest resilience to increasingly large, severe, and
frequent wildfires (Davis et al., 2019; Coop et al., 2020; Gill et al.,
2022). Evidence from this study suggest that climate and biotic
environmental legacies (e.g., climate water deficit, canopy cover,
coarse woody debris cover; Figure 5) interact with dispersal
processes to enhance or constrain juvenile establishment
responses along gradients of seed availability, which are further
influenced by the fine-grain structure, composition, and spatial
configuration of proximate seed source legacies (Figure 6).
Relationships between seed dispersal and tree establishment
may be highly landscape-dependant, where environmental and
climate conditions can constrain (arid; Figure 6B) or enhance
(mesic; Figure 6C) establishment responses given the same level
of seed availability. Although rare dispersal events (i.e., the thin
right-skewed tail-end of a dispersal kernel; e.g., bottom y-axis
of Figure 6A) make up a small overall proportion of total
seeds dispersed, they may be disproportionally important for
biogeographic processes (Clark et al., 1998; e.g. landscape-level
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population persistence, Morelli et al., 2020), where the difference
between zero and marginal establishment leads to either long-
term ecosystem state transitions or slow but eventual recovery.
Thus, in the case of wind-dispersed conifer species, the degree to
which climate and environmental conditions augment dispersal
kernels (e.g., Figure 6A) may determine if and how forests
recover after spatially expansive and contigious stand-replacing,
high-severity wildfires.

Post-fire Delayed Tree Mortality

Seed dispersal patterns influencing post-fire forest recovery are
linked to the persistence of fire refugia over time, where seed
dispersal, and thus tree establishment, may decline over time as
sexually mature individuals die and are not replaced. If climate-
environment conditions do not favor abundant seed production
and juvenile establishment early post-fire (e.g., Stevens-Rumann
et al,, 2018; Davis et al, 2019; Kemp et al., 2019), delayed
tree mortality and/or compound disturbances may eliminate fire
refugia before they can initiate an establishment response that
is sufficient for long-term forest recovery (Coop et al., 2020).
We modelled the influence of fire refugia extent 1- and ~5-
years post-fire on conifer establishment responses and primarily
observed that fire refugia extent 1-year post-fire was a superior
predictor of tree establishment (Table 2). Further, the number of
years between when a fire occurred and when we sampled sites
(i.e., number of opportunities for establishment; time since fire;
7-23 years) was largely unimportant as a predictor of post-fire
juvenile densities; climate water deficit calculated over a 30-
year period was also a stronger predictor of establishment than
immediate (1-5 years) post-fire conditions. These results may
indicate that climate-environment conditions in our relatively
mesic and cool subalpine study areas (i.e., low water deficit to
vegetation) generally support early post-fire pulses of juvenile
establishment, assuming seed availability is not severely limited
(Harvey et al., 2016). Other factors, such as substrate quality
and lack of competition may also favor early pulses vs. slow
protracted post-fire tree establishment responses (Agee, 1993);
understory vegetation recovery (i.e, competition) was generally
very slow in our subalpine sites, even up to 23 years post-fire,
however, and did not appear to be a major factor limiting tree
establishment (Figure 4D and Table 3). Although our evidence is
limited, our results suggest that climate variability and post-fire
delayed tree mortality patterns may be less influential processes
affecting forest recovery trajectories in cool and mesic forests,
than in drier and warmer forests elsewhere (i.e., intermountain
western United States). To improve understanding of how
post-fire delayed tree mortality affects seed dispersal processes
and forest recovery, further work involving multiple lines of
evidence are needed to evaluate the relationship between post-fire
establishment responses and fire refugia extent, over time, across
broader geographic extents and climate-environment gradients
(i.e., drier and warmer).

Limitations and Opportunities

Fine-grain quantification of seed availability via high-resolution
remote sensing data and high-accuracy imagery classification
methods, as illustrated by this study, strengthen our ability

test spatial and biotic relationships and predict post-fire
ecosystem recovery trajectories. These methods are not without
their caveats, however. While highly accurate, supervised
imagery classification methods used in this and prior studies
(e.g., Coop et al,, 2019; Downing et al,, 2019; Walker et al,
2019) are non-automated, time consuming, rely on user-
objectivity, and may lose accuracy when training samples are
drawn from and assessments conducted over large spatial
extents with topographically and ecologically heterogenous
landscapes (Wulder et al., 2009). Further, high spatial resolution
imagery products also entail high data requirements, slowing
processing and classification time when the researcher’s
aim is to assess large or many landscapes. Thus, while
useful for case studies where analysis time and effort is not
significantly limited, they are less likely to be used by land
managers in their raw form due to limitations associated with
accessibility, efficiency, and interpretability. Greater accessibility
of these methods to a broader audience, including managers,
would be enhanced by automated imagery -classification
workflows and toolsets programmed for user-friendly statistical
(e.g., R Shiny) and/or geographic information system (GIS;
ArcGIS) applications.

While moving-window neighborhood based seed availability
metrics used in this study and others are significant
improvements over simple distance to edge or patch metrics for
modelling dispersal processes and tree establishment responses,
they do not account for the biotic structure or composition of
seed sources in their present form, which strongly influence seed
availability dynamics over space and time (e.g., Gill et al., 2020).
Current refugia seed availability metrics, like refugia D*WD,
could be improved by moving from a binary seed source presence
or absence classification to a weighted approach. In the context
of this study, pixels first classified as refugia presence could be
weighted by either structural attributes (e.g., tree height, basal
area, or age) or compositional attributes (e.g., percent species
composition). This type of approach would rely on secondary
fine-to-moderate resolution spatial data of forest structure or
composition, which is becoming increasingly available in the
CONUS (e.g., LANDFIRE; LEMMA GNN).

Finally, in this study, we did not consider topographic
complexity, prevailing wind patterns, or snowpack dynamics as
they relate to dispersal processes. Topographic complexity can
enhance or inhibit dispersal processes and additionally interact
with wind patterns (Peeler and Smithwick, 2020). Topographic
complexity was generally low within our study areas and is more
broadly low within high-elevation forests of the Central Cascade
range, which may reduce spatial variability in dispersal processes
relative to other more topographically heterogenous landscapes.
Although not well empirically studied, winter snowpack in our
high-elevation study areas may further enhance the dispersal
range of select species, whereby seeds dispersed during winter
can “skim” past their initial ground-contact point by gliding
on snowpack during surface wind gusts (Matlack, 1989; Agee,
1993). Theoretically, the low topographic complexity of our study
areas would facilitate improved secondary-dispersal of seeds
over snowpack vs. more topographically complex landscapes
and especially at lower elevations (ie., less snow), where
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seeds are more likely to become trapped by topographic
variability and features.

Reforestation

When management objectives support maintaining forested
areas at specified stocking levels (tree density and potentially
species composition) over space and time, replanting severely
burned forests may be a necessary action to mitigate forest
losses when local seed source is functionally absent, local seed
source species are not desired given timber or restoration
needs (e.g., grand fir; Abies grandis), and/or warming climate
conditions do not favor natural tree establishment (Coop et al.,
2020; Larson et al., 2022). Few spatially-sophisticated tools have
been developed to aid land managers in post-fire replanting
efforts, although some region-specific web applications exist (e.g.,
Rodman et al., 2021; Stewart, 2021). Effective seed dispersal
distance thresholds (e.g., 100-250 m distance from live forest
edge) are commonly used in conjunction with moderate-
resolution (30 m) burn severity products (e.g., MTBS burn
severity maps) to spatially target burned areas for replanting
(Shive et al., 2018; Stevens-Rumann and Morgan, 2019).
Moderate-resolution imagery products largely fail to capture fine-
grain post-fire tree survival patterns (i.e., fire refugia extent;
Walker et al., 2019) that strongly influence tree regeneration
responses over space (Coop et al., 2019). Further, results from this
study illustrate how site climate and fine-grain biotic and abiotic
factors can strongly influence natural tree establishment density
over space, especially when seed availability is low. Thus, while
easy to calculate and apply, the use of simple distance threshold
to live forest edge maps, especially in the absence of local
climate and topographic context and data, may lead to negative
management consequences, including (1) wasted resources where
local site conditions and fine-grain refugia extent, composition,
and structure naturally facilitate forest recovery within replanted
areas and (2) replanted areas develop overly dense stands
when compounded by abundant natural regeneration, effectively
increasing stand competition, mortality, spread of disease/insect
vectors, and even increased future fire severity (Larson et al.,
2022).

As an example, post-fire tree establishment density prediction
maps between two climatically and topographically distinct
burn perimeters (Figures 6D,E), in this study, illustrate the
high variability in tree establishment density responses that can
occur over space due to fine-grain patterns of seed availability
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