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Abstract. At semi-arid forest margins, increasing climatic stress combined with disturbances like wildfire
threatens to cause widespread forest loss. However, forest resilience is likely to vary over gradients of topocli-
mate and vegetation characteristics, and the influences of local climate and tree species on tree regeneration
remain key uncertainties in assessing forest recovery from wildfire. We surveyed tree regeneration 9-15 yr
post-fire at 397 gridded field plots across four sites at a lower montane forest-steppe ecotone in the eastern
Sierra Nevada, California, USA, and then used statistical modeling to characterize how the probability of tree
regeneration presence for different species varied along gradients of fire severity, topoclimate, and post-fire
vegetation structure and composition. Tree regeneration was absent in half the field plots, and only 19% of
plots contained >250 seedlings and saplings per ha, suggesting potential for regeneration failure and forest
loss. Tree regeneration composition was consistent with shifts away from Jeffrey pine (Pinus jeffreyi) and
toward drought-tolerant pinyon pine (P. monophylla) and mountain mahogany (Cercocarpus ledifolius). Tree
regeneration was strongly associated with trees that survived fire indicating tree cover is crucial to buffer
establishment against climatic stress. Based on projected future water balance, the likelihood of tree regenera-
tion at these sites does not decline substantially by the end of the century. Consequently, these forests appear
to be resilient to climate change under a low-severity fire regime, but large patches of high-severity fire are
likely to shift vegetation away from forest. Our results highlight the importance of facilitation and future
water balance in maintaining semi-arid forest margins that burn at low severity while high-severity fire
threatens to convert forest to steppe or invasive grasslands.
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INTRODUCTION

Forest ecosystems worldwide are changing
rapidly in response to a warmer and drier cli-
mate as well as altered land use and disturbance
regimes (Allen et al. 2010). Over the next century,
modeled interactions between climate and wild-
fire indicate significant potential for widespread
forest loss (Miller et al. 2018, Serra-Diaz et al.
2018) and geographic shifts in tree recruitment
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and tree species composition (Liang et al. 2017).
Disturbances are likely to be key triggers of
future forest loss where climate change reduces
the likelihood of tree establishment (Jackson
et al. 2009, Dobrowski et al. 2015, Stevens-
Rumann et al. 2018, Kemp et al. 2019). Lower-ele-
vation or trailing-edge forest margins in semi-
arid ecosystems are at particularly high risk of
fire-catalyzed forest loss because this is where
conditions are already marginal for tree
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establishment and survival (Parks et al. 2019).
Despite growing interest in post-fire tree regener-
ation and its drivers, assessments of spatial vari-
ability in tree regeneration and fire-driven
compositional shifts remain pressing research
needs (Stevens-Rumann and Morgan 2019).
Recent studies of post-fire tree regeneration in
the western United States suggest that climatic
thresholds (e.g., in summer temperatures, soil
moisture, and moisture deficit) for regeneration
exist and that recovery of low-elevation forests fol-
lowing stand-replacing fire under warming and
drying conditions is unlikely (Stevens-Rumann
et al. 2018, Kemp et al. 2019, Davis et al. 2019a).
Climate could become an increasingly dominant
influence on post-fire patterns of tree regeneration
as climatic thresholds are exceeded over larger
areas (Tepley et al. 2017, Stevens-Rumann et al.
2018, Kemp et al. 2019, Davis et al. 2019a).
Measures of water balance integrate climate,
terrain, soil properties, and seasonal climatic
variability and are therefore particularly well-
suited to evaluate climatic influences on tree
distribution patterns and tree regeneration
(Stephenson 1998, Lutz et al. 2010, Petrie et al.
2016, Rodman et al. 2019). Water balance may be
divided into two components, actual evapotran-
spiration (AET) and climatic water deficit (CWD;
Stephenson 1990, Flint et al. 2013). AET is a mea-
sure of the simultaneous availability of water
and energy for plant growth, summed over time,
and is a variable that controls net primary pro-
ductivity (Rosenzweig 1968, Stephenson 1990).
CWD is potential evapotranspiration minus AET,
or the difference between evaporative demand
and available water, and is considered a measure
of drought independent of natural vegetation
(Stephenson 1990). This water balance frame-
work is particularly useful for studies of vegeta-
tion dynamics because it partitions productivity
as driven by water and energy fluxes (AET) from
drought intensity (CWD; Stephenson 1998). In
the context of tree regeneration in a Mediter-
ranean climate region, AET represents the avail-
ability of moisture to drive seedling
establishment and growth primarily in the spring
and early summer whereas CWD represents
drought intensity primarily in the summer and
fall which could cause seedling mortality.
California’s forests present an interesting case
from a water balance perspective since, unlike
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most other Mediterranean climate regions world-
wide, mean annual precipitation and conse-
quently AET may increase in parts of California
by the end of the century due to increasing win-
ter precipitation (Polade et al. 2017, Pierce et al.
2018). Thus, tree populations able to survive
greater summer drought intensity may maintain
or even expand their range if they can take
advantage of potential additional moisture in the
winter and spring. In such systems where
climate change may not be exerting a strong
directional influence on tree regeneration, main-
taining tree cover may hinge on avoiding distur-
bance regime changes (e.g., low severity to high
severity) which can trigger vegetation switching
(Johnstone et al. 2016).

Fine-scale variation in topoclimate over com-
plex terrain can also strongly influence tree
regeneration and a forest’s capacity for post-dis-
turbance recovery, an effect identified by studies
of local tree establishment in environmental
microrefugia (Ashcroft et al. 2012, Davis et al.
2016, Lenoir et al. 2017, McLaughlin et al. 2017).
In moisture-limited systems particularly, tree
regeneration can be restricted to topoclimatic set-
tings with higher moisture availability and lower
drought stress. Moreover, tree establishment can
also be episodic and related to unusually wet
years, and climatic warming and drying may
reduce future opportunities for tree establish-
ment both temporally and spatially (Brown and
Wu 2005, Jackson et al. 2009, Savage et al. 2013,
Davis et al. 2016).

The buffering effects of vegetation cover on
local climate and water balance further influence
tree regeneration by mediating the effects of
regional climate change (Franklin et al. 2016,
Lenoir et al. 2017, Shive et al. 2018, Davis et al.
2019b). Trees and shrubs provide shade, moder-
ate temperature, and soil moisture; affect nutri-
ent cycling; and sometimes protect seedlings
from herbivory (Chen et al. 1999, Chambers
2001, Gémez-Aparicio et al. 2004, Davis et al.
2019b). Due to these effects and the need for
nearby seed sources, forests may be unable to
recover following moderate-high-severity fire
that removes tree and shrub cover (Savage and
Mast 2005, Chambers et al. 2016). Additionally,
loss of forest cover from severe fire may encour-
age invasion of annual grasses such as cheatgrass
(Bromus tectorum) which create continuous and
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highly flammable fine fuel beds that can dramati-
cally increase fire frequency preventing tree
establishment (Brooks et al. 2016).

Individual tree species respond differently to
the altered vegetation and climate of post-fire
environments, potentially leading to community
reshuffling (Harvey et al. 2016). Species such as
ponderosa pine (Pinus ponderosa) or Jeffrey pine
(P. jeffreyi) with thick bark can survive low—mod-
erate severity fires. In contrast, species with thin
bark such as singleleaf pinyon pine (P. mono-
phylla) avoid fire and are often confined to fire-
safe areas, or rocky sites with insufficient fuels to
carry a surface fire (Geldenhuys 1994, Burwell
1998, Miller and Tausch 2001). Recently, fire-
avoiding tree species have expanded into more
mesic and fire-exposed areas due to fire exclu-
sion, which creates a novel juxtaposition of fire-
resistant and fire-avoiding tree species, elevates
fire hazard, and creates potential for future range
shifts in tree species distributions in response to
disturbance (Allen and Breshears 1998, Miller
et al. 2008).

Analyses spanning gradients of topoclimate,
fire severity and vegetation structure and compo-
sition are vital to understanding landscape-scale
patterns of forest recovery and forest loss follow-
ing wildfire. Here, we characterize the effects of
topoclimate, local vegetation, and fire severity on
post-fire tree regeneration 9-15 yr following
wildfire across four sites at semi-arid forest mar-
gins on the eastern Sierra Nevada (ESN), Califor-
nia, USA. There is a strong increasing trend in
area burned and area burned at high severity
across the ESN (i.e., 1984-2017), which suggests
a potential shift in disturbance regime (Harris
2019). The Sierra Nevada casts a strong rain sha-
dow, and the ESN escarpment is steep and topo-
graphically complex with highly contrasting
topoclimatic and vegetation gradients, making it
an ideal place to examine local and mesoscale
influences on post-fire tree regeneration and how
patterns may shift under a changing climate. We
addressed four particular questions in this analy-
sis:

1. Is fire triggering forest loss at the forest-
steppe ecotone, and if so in what locations?
Based on other analyses of post-fire tree
regeneration in the western United States,
we expected tree regeneration failure
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consistent with forest loss, particularly in
areas of high-severity fire (Savage and Mast
2005, Donato et al. 2016, Welch et al. 2016).

2. Is fire generating a compositional shift in
tree species? We expected that regeneration
of more drought-tolerant species would be
relatively more abundant, consistent with
upslope migration of drought-tolerant tree
species observed at forest-woodland eco-
tones (Kelly and Goulden 2008, Minott and
Kolb 2020).

3. Do live tree and shrub cover enhance post-
fire tree regeneration? We expected that
nearby live trees would be crucial for tree
regeneration by moderating local climate
and providing seed source, and that shrub
cover might further encourage regeneration
by providing shade and nutrients (Chen
et al. 1999, Chambers 2001, Ziffer-Berger
et al. 2014).

4. Does variability in water balance over com-
plex terrain influence tree regeneration? If
so, how might tree regeneration patterns
change by the end of the century? We
expected that tree regeneration would
respond positively to moisture availability
(e.g., AET), and negatively to drought inten-
sity (e.g., CWD; Petrie et al. 2017, Rodman
et al. 2019, Davis et al. 2019a). Because pre-
cipitation may increase at these sites in the
future along with temperature, we were
uncertain whether water balance trends
would increase or decrease the potential for
tree regeneration.

METHODS

Vegetation gradient and fire history

The ESN contains a characteristic gradient of
vegetation types that roughly follows gradients
in climate and water balance. Vegetation at the
lowest elevations is desert steppe and dominated
by sagebrush (Artemisia tridentata). Upslope is a
woodland belt dominated by singleleaf pinyon
pine (Pinus monophylla). Western juniper (Junipe-
rus occidentalis) in some cases is also present at
the lower treeline and may also be found scat-
tered among the higher elevation forests. Curl-
leaf mountain mahogany (Cercocarpus ledifolius)
is also found interspersed near the lower forest
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ecotone, especially in rocky areas. Upslope of the
steppe and woodland is a belt of yellow pine
(i.e., Jeffrey pine or ponderosa pine) forest. In the
central and southern Sierra Nevada Jeffrey pine
is the dominant, although farther north Jeffrey
pine mixes and sometimes hybridizes with the
closely related ponderosa pine (Safford and Ste-
vens 2017). Upslope of yellow pine forest, other
tree species such as white fir (Abies concolor) mix
with yellow pine and form mixed-conifer forest.

Tree species on the ESN evolved with and are
adapted to different fire regimes. Fire history
studies indicate that fire-resistant Jeffrey pine for-
ests on the ESN historically burned frequently
(every 2-17 yr) at predominantly low—moderate
severity (Stephens 2001, Taylor 2004, Moody
et al. 2006, Gill and Taylor 2009, North et al.
2009, Vaillant and Stephens 2009). In contrast,
fire-intolerant pinyon pine, mountain mahogany,
and western juniper tended to burn infrequently
(often >100-yr fire return intervals) and at pre-
dominantly moderate-high severity (Wangler
and Minnich 1996, van de Water and Safford
2011, Kitchen 2012). Due to these differences in
fire tolerance and environmental preferences,
regeneration of the tree species of the ESN would
be expected to respond differently to different
topoclimatic and vegetation drivers
(Appendix S1: Table S1).

Study area

Four study sites were chosen to study tree
regeneration in the central and southern ESN
(Fig. 1) based on three criteria. First, the sites
included the vegetation transition in over ~1 km
from shrub steppe through Jeffrey pine to mixed
Jeffrey pine-white fir forest. Second, all had
burned in wildfires 9-15 yr prior (Table 1).
Third, all had experienced a range of fire severi-
ties that included low-, moderate-, and high-
severity effects. The dimensions of the sites were
not fixed but instead adjusted so that each site
met the above criteria. The two northern sites
were located ~8 km apart in the Toiyabe
National Forest within the perimeter of the 2002
Cannon Fire (Table 1). Similarly, the two south-
ern sites were located ~9 km apart on the Kern
Plateau in the Inyo National Forest, but within
different burns (Table 1). Mean annual precipita-
tion at the individual sites ranged from 422 to
578 mm and mean monthly temperatures ranged
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from —2°-0°C in January to 15°-18°C in July.
There was some variation in tree species compo-
sition among the sites. For example, pinyon pine
was more common at the two northern sites,
while mountain mahogany was more common at
the southern sites (Appendix S1: Fig. S1).

The field sites likely experienced grazing of
sheep and later cattle beginning in the mid-late
19th century, although only the two southern-
most sites are in active grazing allotments (Ste-
phens et al. 2004). Nearby settlement and mining
activity at the northern sites may have led to log-
ging in the 1800s or early 1900s (Kersten 1964,
Gruell 1999), but there was no field evidence of
past logging (e.g., cut stumps) at either field site
as there usually is in early cut forests in the ESN
(Taylor 2004).

Field data

To characterize post-fire vegetation and tree
regeneration, we measured vegetation at the four
sites from June to September 2017 (Table 1). At
each site, vegetation was measured in ~100 plots
on a grid with 90 m spacing. Tree diameters (di-
ameter at breast height, dbh) and species were
recorded for all live and standing dead trees
(>5 cm dbh) in a circular plot of 707 m?, and dis-
tance from the plot center to the nearest live Jef-
frey pine >5 cm dbh was measured. Tree
seedlings (0.30-1.4 m tall) and saplings (>1.4 m
tall, <5 cm dbh) were tallied in a nested circular
plot of 177 m* and recorded by species. Ground
cover in the smaller circular plot was estimated
by cover class (0%, <1%, 1-5%, 5-25%, 25-50%,
50-75% or >75%) for rock, shrubs, and cheatgrass
(Bromus tectorum). Because litter depth can influ-
ence tree regeneration (Chambers 2001, Ibanez
and Schupp 2002, Legras et al. 2010), we also
measured litter depth in each plot. From the plot
center, a 20-m transect was established for a ran-
dom azimuth and a second transect was estab-
lished by subtracting 120°. Litter depth was
measured at 5, 9, and 13 m from the plot center,
and the average litter depth for a plot was deter-
mined from those six measurements.

To further characterize vegetation, we calcu-
lated the basal area (BA, m*/ha) by tree species
and identified the species with the highest basal
area as the dominant tree species for each plot.
Similarly, the genus of the shrub with the highest
cover was also assigned to each plot to create a
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Fig. 1. Location of the four study sites in the eastern Sierra Nevada, California, USA, and the layout of field
plots at each site. Green lines represent the 4th-level watersheds (Seaber et al. 1987) delineating the eastern side

of the mountains.

dominant shrub variable. If shrub cover was not
dominated by one of the five most common gen-
era it was grouped into an “other” category.

We assessed the likely pre-fire presence/ab-
sence of individual tree species by counting a
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species present if a live or standing dead stem
>5 cm dbh was found in the plot or if a non-de-
composed log >7.6 cm diameter of that species
was found intersecting one of the litter depth
transects (i.e., Brown 1974). Plots in which trees
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Table 1. Characteristics of the four study sites: latitude and longitude, number of plots surveyed (1), range and
mean of plot elevations, the year of burn, and a breakdown of fire severity classes (in percentage of plots, based
on the Relative differenced Normalized Burn Ratio). For full site names, see Fig. 1.

Fire severity (%)

Name Long. (°) Lat. (°) n Elevation (m) Year of burn Low Moderate High
CF —119.47 38.47 94 1952-2362 (2139) 2002 28 44 29
LA —119.54 38.52 106 1865-2246 (2023) 2002 9 57 34
HC —118.07 36.17 99 2562-2787 (2649) 2008 27 36 36
MM —118.15 36.21 98 2426-2551 (2483) 2003 30 41 30

had been present pre-fire but all trees were dead
trees in 2017 were classified as stand-replacing
fire plots. To quantify potential range shifts, we
also grouped plots into the following categories
for each species: tree loss and recovery if a spe-
cies was present pre-fire but not post-fire, and
regeneration of that species was absent or pre-
sent respectively; and expansion if a seedling or
sapling was present for a species that was not
previously found in the plot.

Fire severity

Fire severity was quantified using the Relative
differenced Normalized Burn Ratio (RANBR,
Miller and Thode 2007), an index of fire severity
derived from Landsat TM data and available
through the Monitoring Trends in Burn Severity
(MTBS) program (Eidenshink et al. 2007). Rela-
tivizing dNBR to pre-fire values helps to correct
for differences among areas with different vege-
tation types and canopy cover (Miller and Thode
2007), making the RANBR more appropriate than
dNBR for areas of heterogenous vegetation types
and structures. We used continuous RANBR val-
ues for statistical analysis but also report classi-
fied RANBR (unchanged-low, moderate, and
high severity) using type thresholds identified
for fires throughout the Sierra Nevada (Miller
and Thode 2007). Because MTBS provided
RANBR based on imagery from immediately fol-
lowing the 2002 Cannon Fire, we re-calculated
RANBR using one-year post-fire imagery for this
fire to match the other fires (see Appendix S2 for
details).

Terrain and water balance

We evaluated the influence of terrain and
moisture on the presence or absence of tree
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regeneration using topographic and water bal-
ance indices. Topographic variables were calcu-
lated from a 10-m resolution digital elevation
model and included slope pitch and Beers trans-
formed aspect (Beers et al. 1966), where 0 repre-
sents southwestern exposure and 2 represents
northeastern exposure. Topographic position
index (TPI), an index of how high or low a pixel
is relative to the elevation of surrounding pixels,
was calculated using a 400-m neighborhood to
represent localized valleys and ridges within the
sites. Because sites had similar vegetation transi-
tions but over different elevational ranges
(Table 1), we subtracted the site-level median ele-
vation of plots containing Jeffrey pine from raw
elevation to create a standardized elevation vari-
able that corrects for the elevation of the Jeffrey
pine belt at each site.

To quantify spatial and temporal variation in
water balance, we used AET and CWD data esti-
mated using the California Basin Characteriza-
tion Model (CBCM,; Flint et al. 2013). The CBCM
provided water balance metrics at 270 m resolu-
tion based on gridded climate data, terrain and
soil properties, and simulated snowpack dynam-
ics (Flint et al. 2013). Mean annual CWD and
AET were temporally averaged for the water
year (i.e., prior October-September) following a
fire through 2016 to evaluate their influence on
post-fire conditions.

Analysis

The primary goal of our statistical analysis
was to characterize drivers of tree regeneration
across a gradient of fire severity and to identity
similarities and differences in regeneration
among tree species. To accomplish this goal, we
developed five statistical models of the presence
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or absence of tree regeneration using random for-
est (RF; Breiman 2001): for all species combined,
Jeffrey pine, pinyon pine, mountain mahogany,
and all species in plots of stand-replacing fire. RF
is a machine learning method that performs well
when data are autocorrelated, when variables
are interacting, and when relationships between
response and predictor variables are non-linear
(Cutler et al. 2007, Evans and Cushman 2009).
Consequently, RF is well-suited for identifying
the influence of multiple factors on tree regenera-
tion in complex terrain. Based on prior knowl-
edge (Appendix S1: Table S1), 17 variables were
selected for analysis, that measured aspects of
terrain, water balance, ground cover, understory
vegetation, and tree species composition
(Appendix S1: Table S2). A site variable was also
included to account for unexplained among-site
differences.

For each model, tree regeneration was more
often absent than present. To prevent overpredic-
tion of the majority class, we used a balanced
random forest with bootstrap samples drawn
from each class such that class sizes are equal
when growing each classification tree (Chen
et al. 2004). Each RF model was grown using
2000 trees and three variables considered for
splitting at each node. We evaluated the influ-
ence of spatial autocorrelation within each model
and determined that it was unlikely to strongly
affect our results (Appendix S3). To quantify
variable importance such that results were com-
parable across models we used the Model
Improvement Ratio (Murphy et al. 2010) normal-
ized to the standard error of the importance val-
ues, as calculated in the rfUtilities R package
(Evans and Murphy 2018). These variable impor-
tance values sum to one within each model with
higher values indicating greater proportional
importance.

Final model accuracy is reported as the out-of-
bag percentage correctly classified (PCC), or the
PCC calculated from the data not included in the
bootstrap sample used to grow each tree (Brei-
man 2001, Liaw and Wiener 2002). Percentage of
presence votes from the classification trees in
each RF model were used as an estimate of the
probability of tree regeneration (denoted as “pre-
dicted probability”), and maps of these probabil-
ities were created as an additional assessment of
model accuracy (Appendix S1: Figs. S2, S3). To
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show the relationships between individual vari-
ables and tree regeneration we used partial
dependence plots generated with the pdp pack-
age in R (Greenwell 2017).

Future tree regeneration projections

To explore how climate change might affect
post-fire tree regeneration by the end of the cen-
tury, we used 2070-2099 water balance projec-
tions from the 2014 California Basin
Characterization Model (Flint et al. 2013). This
dataset provided AET and CWD estimates from
nine global climate models (Flint et al. 2013) from
the fifth phase of the Climate Model Intercom-
parison Project (Taylor et al. 2012). We used the
statistical models to predict probability of tree
regeneration (i.e.,, proportion of present votes
from all classification trees) under these future
water balance scenarios and compared them
with probability under current post-fire water
balance.

REsuLTS

Tree regeneration was absent at 50% of study
plots across the four sites (Fig. 2). Previously
forested plots (i.e., those with at least one tree
pre-fire) had a mean density of 290 trees/ha pre-
fire (median = 191 trees/ha) while the mean den-
sity of post-fire tree regeneration in forested plots
was 152 trees/ha (median = 57 trees/ha). Jeffrey
pine, pinyon pine, and mountain mahogany all
had similar seedling and sapling density distri-
butions (Fig. 2). Tree loss plots (Fig. 3) were
more common than tree recovery plots and tree
expansion plots for each species and overall. Pin-
yon pine, which was the least abundant of the
three major tree species, had the most tree expan-
sion plots (7.1% of all plots, Fig. 3).

The statistical models of tree regeneration ran-
ged in accuracy from 68 to 80% correctly classi-
fied (Table 2). Five variables had particularly
consistent and strong influences on tree regener-
ation, based on an importance ranking (Fig. 4)
and partial dependence plots (Fig. 5). (1) AET
had a strong positive influence on all species
except mountain mahogany (Fig. 5). (2) Live
basal area of conspecific tree species had a strong
unimodal relationship with tree regeneration in
four models, including sharp increases in tree
regeneration likelihood from 0 to 5 m?/ha and
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Fig. 3. Percentage of study plots with different com-
binations of tree presence/absence and regeneration
presence/absence for all tree species combined as well
as individual tree species.

declines beyond 20 m?/ha. (3) Regeneration was
more likely in plots dominated by Artemesia or
Ceanothus shrubs in three models. (4) Slopes of
20°-35° were most likely to contain tree regener-
ation in three models. (5) Finally, fire severity as
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quantified by RANBR had strong negative rela-
tionships with tree regeneration in the pinyon
pine and stand-replacing fire models (Fig. 5).
Despite the consistently strong and positive
influence of AET, CWD had only low-moderate
influence (Fig. 4) and its relationship with tree
regeneration varied among species from negative
(Jeffrey pine) to unimodal (pinyon pine) to posi-
tive (mountain mahogany; Fig. 6).

Surprisingly, based on 2070-2099 water bal-
ance scenarios, the likelihood of tree regeneration
will increase in areas where tree regeneration is
unlikely at present, and decrease in areas with
currently high likelihood of regeneration (Fig. 7).
Note that the bimodal distribution of current
regeneration probability in Fig. 7, especially in
the all species model, did not closely match
any one variable such as site and instead
reflected a tendency of the model to produce
either low or high probabilities (see discussion in
Appendix S4). The relationships between present
and future likelihood of tree regeneration were
highly similar across species and indicated a
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Table 2. Confusion matrices showing number of plots correctly and incorrectly classified by random forest mod-

els of presence and absence of tree regeneration.

Model Predicted Present Absent Within-class PCC (%)
All species (70.6%) Present 136 59 69.7
Absent 57 143 71.5
Jeffrey pine (75.7%) Present 57 33 63.3
Absent 60 241 80.1
Pinyon pine (80.3%) Present 75 14 84.3
Absent 64 242 79.1
Mountain mahogany (68.4%) Present 50 37 57.5
Absent 88 220 714
Stand-replacing (73.1%) Present 26 9 74.3
Absent 16 42 724

Note: Overall percentage correctly classified (PCC) from out-of-bag samples is shown in parentheses, and within-class PCC

is given in the right column.

future decrease in variability of potential for
regeneration across the sites (Fig. 7). Regenera-
tion likelihood tended to increase in areas with
lower post-fire AET and decrease in areas with
higher post-fire AET (Fig. 7).

DiscussioN

Fire and forest loss

The ability of fire to catalyze forest loss at low-
elevation forest margins is a major challenge to
maintaining semi-arid forest cover, especially as
the climate warms (Parks et al. 2019, Davis et al.
2019a). The absence of tree regeneration in half of
our plots suggests that fire may indeed be acting
as a catalyst of forest loss across portions of the
study site. Tree regeneration was also roughly
50% absent in studies of dry pine and mixed-con-
ifer forest on the western side of the Sierra
Nevada and the eastern side of the Rocky Moun-
tains, which has a strong rain-shadow effect
analogous to the ESN (Rother and Veblen 2016,
Welch et al. 2016). Sparse or absent post-fire tree
regeneration has also been widely noted in other
semi-arid pine forests, especially close to the
lower treeline or in high-severity burn patches
(Donato et al. 2016, Owen et al. 2017, Haffey
et al. 2018, Stoddard et al. 2018, Coop et al. 2019,
Kemp et al. 2019). Similarly, tree regeneration in
pinyon—juniper woodlands may take decades to
over a century to occur following high-severity
fire, especially if shrubs that act as nurse plants
are killed (Erdman 1970, Koniak 1985, Romme
et al. 2009). Although low-elevation forest
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margins are typically low-density stands with
highly episodic recruitment (Savage et al. 1996,
League and Veblen 2006), absence of post-fire
tree regeneration is still suggestive of forest loss
and begs the question of where on the landscape
these losses might occur.

Community reshuffling

Fires may catalyze not just forest loss, but also
compositional shifts in tree species. The distribu-
tions of tree regeneration densities were markedly
similar for Jeffrey pine, pinyon pine, and moun-
tain mahogany. Crucially, though, Jeffrey pine
had been present in 70% of plots pre-fire whereas
pinyon pine and mountain mahogany had only
been present in 29% and 53% of plots respectively.
Furthermore, pinyon pine regeneration had
expanded into 28 plots (7.1%) in which the species
had been absent pre-fire, compared with 19 such
plots for mountain mahogany and 10 for Jeffrey
pine. Therefore, the fires appear to have shifted
species composition toward mountain mahogany
and especially pinyon pine. Pinyon pine may have
a particular advantage dispersing into burned
areas because its seeds are extensively transported
and cached by corvids (jays and nutcrackers) and
rodents, who by burying seeds facilitate seedling
emergence (Vander Wall and Balda 1981, Cham-
bers 2001, Hollander and Vander Wall 2004).
However, secondary dispersal by birds and
rodents has also been observed for Jeffrey pine
and western juniper and is therefore not unique to
pinyon pine at our sites (Vander Wall 2008, Briggs
et al. 2009, Dimitri and Longland 2017).
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In a warming climate and given a lack of fre-
quent fire, upslope expansion of drought-tolerant
species like pinyon pine and mountain maho-
gany into Jeffrey pine forest in the ESN may
become increasingly likely. In California’s Santa
Rosa Mountains, climate change has been impli-
cated in an upslope shift of the Jeffrey pine-oak
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woodland ecotone (Kelly and Goulden 2008).
Similarly, regeneration failure of ponderosa pine
at the ecotone with pinyon—juniper woodland in
Arizona suggests upslope retreat of ponderosa
pine and upslope migration of pinyon—juniper
woodland (Minott and Kolb 2020). Expansion of
drought-tolerant woodland tree species at forest-
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steppe ecotones therefore appears to be a wide-
spread phenomenon in the southwestern United
States, and analogous shifts toward more
drought-tolerant but less fire-tolerant species at
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Fig. 6. Influence of climatic water deficit (CWD) and
actual evapotranspiration (AET) on the probability of
tree regeneration being present for different species, as
shown using partial dependence plots. Yellow (blue)
colors indicate higher (lower) probability of tree regen-
eration.
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other low-elevation forest margins deserve fur-
ther attention.

Another notable difference among species was
how they responded to local vegetation and
ground cover. Mountain mahogany was less sen-
sitive to topoclimate probably because it tends to
grow on rocky and poor soils, which may reflect
a capacity to fix its own nitrogen from nitrogen-
fixing root nodules (Lepper and Fleschner 1977,
Davis and Brotherson 1991). Consequently,
mountain mahogany’s range may be more
strongly constrained by substrate than the other
tree species. Mountain mahogany seeds also rely
primarily on wind dispersal, in contrast to the
other species which often experience secondary
dispersal by birds and rodents (Russell and
Schupp 1998, Hollander and Vander Wall 2004,
Briggs et al. 2009). This dispersal limitation could
also factor into the stronger influence of local
vegetation for mountain mahogany regeneration,
in particular the presence of conspecific trees
within plots.

Vegetation and fire severity

Patterns of surviving trees, as determined by
fire severity, strongly influence post-fire tree
regeneration of obligate seeders by governing
seed source (Coop et al. 2019, Downing et al.
2019). Additionally, areas shaded by a tree
canopy typically experience lower daytime tem-
peratures and have higher surface soil moisture,
likely facilitating tree regeneration in stressful
environments (Chen et al. 1999, Davis et al.
2019D). The effects of canopy cover on soil mois-
ture are notably complex; Breshears et al. (2009)
found that areas under the tree canopy in a
pinyon—juniper woodland had more consistent
water availability than inter-canopy areas in shal-
low soils (<20 cm) and bedrock, but not in dee-
per soils in between. Thin soils underlain by
weathered bedrock are typical of California for-
ests, and trees may rely extensively on bedrock
water once soil water is depleted in late spring or
early summer (Hubbert et al. 2001). Yellow pine
seedlings in the Sierra Nevada commonly access
bedrock water within only 2-3 yr of establish-
ment, suggesting that sparsely studied bedrock
water dynamics may be crucial to understanding
seedling growth and mortality (Witty et al. 2003,
Breshears et al. 2009). The positive relationship
we observed between live tree basal area and tree
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regeneration up to ~20-30 m* ha™' is likely due
to a combination of seed source and microcli-
matic effects whereas the strong influence of dis-
tance to the nearest Jeffrey pine tree on Jeffrey
pine regeneration reflects seed source limitations
in high-severity fire patches.
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At the scale of an individual seedling within

our sites, vegetation and ground cover may bet-
ter explain gradients of water balance than ter-
rain-driven variability. For example, maximum
daily growing season air temperatures at 10 cm
above the ground are 5.3°C lower in the forest

13
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than in adjacent open areas in western U.S. for-
ests (Davis et al. 20190). The temperature lapse
rate in the ESN is about 8.6°C per 1 km elevation
(Potter 1998), which suggests that a seedling
growing among surviving trees may experience
maximum temperatures equivalent to a seedling
growing in the open but 600 m higher in eleva-
tion. For comparison, our maximum within-site
elevation range is 410 m (Table 1). These rough
calculations suggest that the influence of tree
cover on microclimate substantially moderates
and may even outweigh the influence of terrain
at our scale of analysis (i.e., ~1 km? extent).

Litter cover additionally moderates soil tem-
perature and moisture and therefore contributes
to successful tree regeneration (Bonnet et al.
2005). The positive relationships between litter
cover and tree regeneration in our models
(Appendix S1: Table S1), which were especially
important in areas of stand-replacing fire, is con-
sistent with this further influence of litter on
microclimate. Shrubs may further moderate soil
moisture and temperature and sometimes pro-
vide additional nutrients, which means that
shrub cover may be crucial to tree regeneration
especially in arid environments (Chambers 2001,
Legras et al. 2010, Alpert and Loik 2013, Ziffer-
Berger et al. 2014). Therefore, the areas of highest
drought intensity and lowest moisture availabil-
ity at our scale of analysis may not necessarily be
those in the hottest and driest topographic set-
tings, but rather areas of unshaded bare soil.
Combining the mesoscale influence of topocli-
mate with the microscale influence of vegetation
and ground cover would improve predictions of
tree regeneration and represents a potential ave-
nue of future research.

Although cheatgrass cover had only a moder-
ate direct influence on tree regeneration, cheat-
grass was abundant at lower-elevation and more
xeric landscape positions at the two northern
sites (Appendix S1: Fig. S4). Fire-initiated transi-
tions to non-forest can be reinforced over time by
cheatgrass, because fire risk increases with cheat-
grass cover and successive fires increase cheat-
grass dominance at the expense of woody plant
cover (Link et al. 2006, Davies et al. 2012, Bradley
et al. 2018). Cheatgrass is patchily distributed
throughout the ESN but is likely to become more
abundant and expand upslope as the climate
warms, and fire may facilitate this expansion by
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reducing competition from trees and understory
plants (Crawford et al. 2001, Gundale et al. 2008,
Concilio et al. 2013, Peeler and Smithwick 2018).

Water balance

Increased water deficit since the turn of the
century has been linked to decreases in tree
regeneration in the U.S. Rocky Mountains (Ste-
vens-Rumann et al. 2018), and research in the
southern Rocky Mountains found that both AET
and CWD were critical determinants of success-
ful regeneration (Rodman et al. 2019). Although
we expected both AET and CWD to strongly
influence tree regeneration, only AET had a
strong and consistent influence on tree regenera-
tion across our analyses. High CWD was only
linked to low likelihood of tree regeneration for
Jeffrey pine, which is also supported by experi-
mental work that shows drought intensity limits
ponderosa and Jeffrey pine seedling survival
(Legras et al. 2010, Alpert and Loik 2013, Sime-
one et al. 2019). For pinyon pine and mountain
mahogany, intermediate-high CWD actually cor-
responded with greater probability of tree regen-
eration. Notably, CWD was unrelated to Pinus
edulis regeneration in the southwestern United
States and  post-disturbance  recruitment
depended instead on nurse trees and shrubs
(Redmond et al. 2015). However, Minott and
Kolb (2020) found that Pinus edulis regeneration
was positively related to mean annual precipita-
tion, which is consistent with the positive rela-
tionship we observed between pinyon pine
regeneration and AET. Similarly, the weak
response of pinyon pine and mountain maho-
gany to CWD and the strong response to tree
cover and fire severity in our study suggest that
nurse plants and AET but not mesoscale water
deficit are key to understanding post-disturbance
woodland recovery in the ESN.

Because projections indicate that both AET and
CWD will increase by the end of the century in
the ESN, we did not find evidence of an upslope
shift in the potential for tree regeneration.
Instead, variability in tree regeneration within
sites actually decreased including a trend toward
greater likelihood of regeneration at the driest
portions of the sites and a trend toward decreas-
ing likelihood in the most mesic locations. The
explanation for these projections within the
scope of our statistical model is that, at the driest
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portion of the sites, projected increases in AET
led to a greater likelihood of tree regeneration
and outweighed the effects of projected increases
in CWD. By contrast, the more mesic portions of
the sites already had sufficient AET to support
tree regeneration and therefore did not benefit
from further increases, but increases in CWD led
to slightly lower likelihood of tree regeneration.
These surprising projections do not fit the pre-
vailing view that increasing water deficit will
lead to upslope shifts in tree regeneration and
regeneration failure at lower forest margins
(Davis et al. 20194). Under that narrative, high-
severity disturbance accelerates climate-driven
trends toward upslope forest retreat (Stevens-
Rumann et al. 2018, Kemp et al. 2019). Given a
strong directional influence of climate change on
tree regeneration, triggering a switch to a non-
forested state becomes increasingly likely and
eventually inevitable (Johnstone et al. 2016).
However, for regions in which AET is increasing,
vegetation switching may not be inevitable and
high-severity disturbance may be a prerequisite
for upslope forest retreat. In such regions, trail-
ing-edge forests may actually be resilient to cli-
mate change so long as high-severity disturbance
can be avoided.

We observed little recent tree mortality (i.e.,
dead trees with needles or fine branches) at our
sites in the ESN in 2017 despite a severe and
long-duration drought in California from 2012 to
2015 which caused widespread tree mortality on
the western side of the Sierra Nevada along with
pockets of high mortality on the eastern side
(Young et al. 2017). Therefore, forests at these
sites may be resistant to severe multi-year
droughts, which are becoming increasingly likely
in California (Swain et al. 2016). Because denser
stands tended to experience greater mortality
from the drought and associated bark beetle out-
breaks in the Sierra Nevada (Fettig et al. 2019,
Restaino et al. 2019), low tree density may have
contributed to drought resistance at our sites
(127 £ 233 live trees/ha in 2017 vs. 397 + 292
trees/ha in pine and mixed-conifer forests
throughout the Sierra Nevada; Safford and Ste-
vens 2017). However, lack of post-fire tree regen-
eration at our sites where fire killed most trees
suggests forest loss may occur with high-severity
fire. Across the ESN, 18.5% of yellow pine forests
were burned between 1984 and 2017 and 48%
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was high-severity fire, and 14.4% of pinyon—ju-
niper woodland burned and 54% was high-sever-
ity fire (Harris 2019). The high percentage of
high-severity fire in recent fires suggests that fire
is generating substantial forest loss and vegeta-
tion switching in locations where forests might
otherwise be resilient.

The extent to which low-elevation forest mar-
gins may be resilient to climate change but highly
vulnerable to high-severity disturbance is largely
unknown and deserves further research. As tem-
peratures continue to rise, evaporative demand
and drought intensity will increase and conse-
quently increased tree mortality from drought,
insect outbreaks and wildfire may drive forest
retreat (Williams et al. 2013). California may be
unusual since mean annual precipitation is pro-
jected to increase in the northern and central por-
tions of the state, which may moderate increases
in drought intensity and lead to greater AET
(Polade et al. 2017, Pierce et al. 2018, Swain et al.
2018). However, Petrie et al. (2017) used future
water balance projections to predict regeneration
potential for ponderosa pine and found that
potential will increase during the next four dec-
ades in the U.S. Intermountain West before declin-
ing at the end of the century due to increased
seedling mortality from continued warming. The
regeneration projections for ponderosa pine sug-
gest that climate change may not uniformly reduce
tree regeneration in all locations and time periods.
Especially in other rain-shadow locations in which
trees are highly drought-tolerant, forests may per-
sist in a changing climate unless tree cover is
removed through high-severity disturbance.

Conclusion

The absence of tree regeneration in half of our
field plots and the low seedling densities in other
plots, including many burned at high severity,
suggest that wildfire could cause lasting loss of
tree cover. The fires may have also generated a
shift toward drought-tolerant but fire-sensitive
species. Because tree regeneration had a strong
positive response to AET and because AET is
projected to increase in the future at these sites,
we do not find evidence of climate-driven
upslope retreat of forests. In the absence of
strong directional effects of climate change on
tree regeneration, these sites may be resilient to
climate change and low-severity disturbances. In
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areas where forest cover survives wildfire, tree
regeneration may be more robust and fuels will
be reduced. The result will be an area that is
more resilient to future warming. On the other
hand, high-severity fire removes cover of trees
and nurse shrubs which are important to tree
regeneration and amelioration of local drought
stress, causing a transition to non-forest that may
be difficult to reverse. Consequently, patterns of
fire severity may determine the future mosaic of
semi-arid forest and non-forest in this and other
rain-shadow landscapes, and avoiding high-
severity fire may be critical to long-term mainte-
nance of tree cover.
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