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Abstract

Climate influences forests directly and indirectly through disturbance. The interaction of climate change and increas-
ing area burned has the potential to alter forest composition and community assembly. However, the overall forest
response is likely to be influenced by species-specific responses to environmental change and the scale of change in
overstory species cover. In this study, we sought to quantify how projected changes in climate and large wildfire size
would alter forest communities and carbon (C) dynamics, irrespective of competition from nontree species and poten-
tial changes in other fire regimes, across the Sierra Nevada, USA. We used a species-specific, spatially explicit forest
landscape model (LANDIS-II) to evaluate forest response to climate–wildfire interactions under historical (baseline)
climate and climate projections from three climate models (GFDL, CCSM3, and CNRM) forced by a medium–high
emission scenario (A2) in combination with corresponding climate-specific large wildfire projections. By late century,
we found modest changes in the spatial distribution of dominant species by biomass relative to baseline, but exten-
sive changes in recruitment distribution. Although forest recruitment declined across much of the Sierra, we found
that projected climate and wildfire favored the recruitment of more drought-tolerant species over less drought-toler-
ant species relative to baseline, and this change was greatest at mid-elevations. We also found that projected climate
and wildfire decreased tree species richness across a large proportion of the study area and transitioned more area to
a C source, which reduced landscape-level C sequestration potential. Our study, although a conservative estimate,
suggests that by late century, forest community distributions may not change as intact units as predicted by biome-
based modeling, but are likely to trend toward simplified community composition as communities gradually disag-
gregate and the least tolerant species are no longer able to establish. The potential exists for substantial community
composition change and forest simplification beyond this century.
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Introduction

Climate influences forests directly through its differen-
tial effects on tree species and indirectly through distur-
bance. Climate-induced drought stress (Williams et al.,
2012) and climate-enhanced large wildfire activity
(Westerling et al., 2006; Westerling, 2016) are antici-
pated to cause changes in forest community composi-
tion and productivity, which are likely to affect carbon
(C) dynamics (Williams et al., 2007; Lenihan et al., 2008;
Loudermilk et al., 2013; Gonzalez et al., 2015). How-
ever, there is often a disparity between changes in for-
est community composition at the landscape scale and
the magnitude of environmental change (Jones et al.,
2009; Bertrand et al., 2011; Zhu et al., 2012; Svenning &
Sandel, 2013). While environmental change can shift

the fundamental niche space for successful reproduc-
tion of some species, change in overstory species com-
position is much slower because mature trees are
typically more tolerant of a broader range of abiotic
conditions (Dolanc et al., 2013; Svenning & Sandel,
2013). Understanding how the interaction of changing
climate and climate-driven changes in disturbance
regime will influence tree species distributions is cen-
tral to understanding how these factors will alter forest
communities across large landscapes.
Climate has long been identified as a primary control

on species occurrence, with species-specific environ-
mental tolerance largely determining where species
occur along a climate gradient (Woodward et al., 2004;
McKenney et al., 2007). Temperature and precipitation
are the climate variables that most directly affect vege-
tation biogeography. Changes in these variables are
anticipated to influence species distributions and thus
community assemblage (Woodward et al., 2004;
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Williams et al., 2007; Lutz et al., 2010). With the excep-
tion of extreme events, such as ‘hotter drought’ (Wil-
liams et al., 2012; Allen et al., 2015), which can cause
sudden forest dieback, climatically driven changes in
community composition are often gradual and show
disequilibrium with climate (Eriksson, 1996; Bertrand
et al., 2011; Svenning & Sandel, 2013). Change in forest
species cover may be delayed relative to the rate of cli-
mate change because long-lived tree species can persist
on site even if conditions have become unfavorable for
recruitment (Svenning & Sandel, 2013). Moreover, in
more topographically diverse environments, montane
forest species can move relatively short distances and
remain in the same climate space (Loarie et al., 2009;
Scherrer & K€orner, 2011). In contrast to the time lag
between changing environmental conditions and
change in the overstory species assemblage, regenera-
tion is more responsive to climate change with recruit-
ment success affecting species distribution and forest
community assemblage in the long run (Grubb, 1977;
Mok et al., 2012; Zhu et al., 2012).
Climate can also indirectly modify forested land-

scapes through its effects on wildfire regimes (Littell
et al., 2009; Westerling et al., 2011a). Interannual and
decadal climatic variability has been found to cause
regional synchrony in large fire years and area burned
in the western United States (Heyerdahl et al., 2008a;
Westerling, 2016). The relationship between climate
variation and wildfire activity varies regionally and
includes factors such as timing of snow melt (fire sea-
son length), vegetation growth (fuel availability), and
biomass moisture (fuel flammability) (Heyerdahl et al.,
2008b; Gill & Taylor, 2009; Trouet et al., 2010; Taylor &
Scholl, 2012). Increasing temperatures and earlier
spring snow melt have been linked to an increase in the
frequency of large wildfires in the western United
States, and more frequent large wildfires are projected
with continued warming (Westerling et al., 2006, 2011a,
b). As area burned increases, the area burned by severe
fire is likely to increase (Dillon et al., 2011; Miller & Saf-
ford, 2012; Harris & Taylor, 2015), especially when fires
burn in dry conditions under extreme fire weather in
forests that have homogenized structure resulting from
past management actions (McKelvey et al., 1996; Miller
et al., 2009; van Mantgem et al., 2013; Collins, 2014).
The interaction of warmer, drier climate and increas-

ing area burned, coupled with increasing fire severity
(e.g., proportion of trees killed) resulting from fire
exclusion (Miller et al., 2009) and past logging activity
(McKelvey et al., 1996), has the potential to alter forest
composition and community assembly. Species with a
higher tolerance to drought and fire may eventually
gain competitive advantage over less-tolerant species
within the community (Stevens et al., 2015). However,

the effects of projected climate–wildfire interactions on
forest cover and species distributions may vary as a
function of scale. The substantial change in vegetation
types projected by biome-based simulation approaches
(Bachelet et al., 2001; Hayhoe et al., 2004; Lenihan et al.,
2008; Gonzalez et al., 2010) may overestimate the poten-
tial for change. The variability in species-specific toler-
ance to environmental change may drive community
composition change, without a concomitant shift in the
vegetation type (Zhu et al., 2012; Svenning & Sandel,
2013).
Given the climatic constraints on species recruitment

and the dispersal limitations resulting from the increas-
ing extent of high-severity fires (Miller & Safford, 2012),
delayed forest recovery could impact forest C dynam-
ics. Fire-induced tree mortality can transition a forest
from a C sink to a C source, lowering landscape-level C
sequestration potential (Dore et al., 2008). The time
required for the burned forest to return to a C sink
depends on postfire succession. If the successional
pathway results in re-establishment of the prefire com-
munity, forest growth will resequester the C lost from
fire. However, if changes in climate and fire regime
slow or alter postfire succession, the burned area may
transition to a lower C state community type and this
transition from forest to shrubland or grassland can be
reinforced by subsequent burning (Hurteau & Brooks,
2011; Collins & Roller, 2013; Stephens et al., 2013;
Lauvaux et al., 2016).
The Sierra Nevada Mountains are occupied by a

diversity of tree species and forest types, with distribu-
tions being shaped by climate and wildfire patterns that
tend to sort by elevation (van Wagtendonk & Fites-
Kaufman, 2006). Forest types range from low-elevation
dry forests and woodlands to mid-elevation mixed-con-
ifer forests and high-elevation upper montane and sub-
alpine forests. Mid-elevation forest composition has
been most impacted by fire exclusion, transitioning
these forests from being dominated by drought-toler-
ant, fire-resistant pines to drought-intolerant, fire-sensi-
tive firs (McKelvey et al., 1996; Scholl & Taylor, 2010).
Given the substantial latitudinal and elevational range
that Sierra Nevada forests span and the range of spe-
cies-specific physiological tolerance to stressors, we
asked the question: How will forest composition and
community assembly as well as associated C dynamics
change across the landscape under projected climate–
wildfire interactions? We used a species-specific, spa-
tially explicit landscape modeling approach to evaluate
the effects of climate change and climate-driven
changes in area burned on forest dynamics. We used
climate projections from three climate models driven
by a medium–high emission scenario in combination
with corresponding climate-specific large wildfire
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projections to evaluate the effects of different climate–
wildfire scenarios. We hypothesized that (i) the change
in overstory species composition would be less exten-
sive than the change in recruitment because young
individuals tolerate a more constrained range of abiotic
conditions than mature individuals, (ii) projected cli-
mate and wildfire would favor the recruitment of
drought-tolerant species over drought-intolerant spe-
cies and that this change would be greatest at mid-
elevations where drought-intolerant species comprise a
majority of the forest community, (iii) projected climate
and wildfire would result in communities with lower
species richness, and (iv) warmer, drier conditions and
larger wildfires would transition more of the landscape
to a C source.

Materials and methods

Study area description

Our study area comprised approximately 3.4 9 106 ha of
forested land over the Sierra Nevada Mountains of California
and Nevada, USA (Fig. 1). Other vegetation types, such as

shrubland and grassland, are also distributed across the Sierra
Nevada, but these vegetation types were not included in our
simulations because of computational limitations. Our study

area spans a substantial elevation gradient (Fig. S1a). The
gradual western slope constitutes the majority of our study
area, while the steep eastern slope occupies a narrow strip of
the study area (Fig. 1). The climate is primarily Mediterranean

with dry summers and wet winters (van Wagtendonk & Fites-
Kaufman, 2006). More than half of the total precipitation falls
as snow, with snow melt from persistent snowpack providing

a source of moisture into summer. Total precipitation varies
over the region, decreasing from north to south and from high
to low elevation. Precipitation is also higher on the western

slope than on the eastern slope, due to the rain shadow effect.
Fire activity mainly occurs during the annual drought period
when there is little rain (Westerling et al., 2003; Syphard et al.,
2011). Soils in the study area are primarily classified as shal-

low, well-drained Entisols and Inceptisols, but some more
developed Alfisonls, Mollisols, and Andisols exist (NRCS,
2013).

Forest type varies by elevation (Fig. S2), with low-elevation
forests being more moisture limited and higher elevation for-
ests being more temperature limited. On the western slope of

the study area, the low-elevation forests and woodlands are
primarily comprised of gray pine (Pinus sabiniana), ponderosa
pine (P. ponderosa), and oaks (Quercus spp.). The mid-elevation
forests are dominated by a mix of conifers including white fir

(Abies concolor), Douglas fir (Pseudotsuga menziesii), ponderosa
pine, Jeffrey pine (P. jeffreyi), sugar pine (P. lambertiana), and
incense cedar (Calocedrus decurrens). The upper montane and

subalpine forests mainly consist of red fir (A. magnifica),
western white pine (P. monticola), mountain hemlock
(Tsuga mertensiana), lodgepole pine (P. contorta), and white-

bark pine (P. albicaulis). On the eastern slope of Sierra Nevada,

the forest communities are similar, but typically occur at

higher elevation because of lower precipitation. The primary
vegetation differences are a higher proportion of Jeffrey pine
at mid-elevation in the eastside forests, and the lower eleva-

tion eastern woodlands are primarily comprised of singleleaf
pinyon pine (P. monophylla). Chaparral communities are per-
sistent at some locations in the Sierra Nevada (Keeley et al.,
2005); however, the focus of our study was on tree species and
we did not include parameterization for shrub species.

Simulation model framework and parameterization

To project landscape-scale forest dynamics in response to
changes in climate and wildfire, we used LANDIS-II, a spa-
tially explicit landscape-scale forest succession and distur-

bance model using a core-extension framework (Scheller et al.,
2007). In the model, species are represented by biomass in age
cohorts and forest succession is based on growth, mortality,

and reproduction, as determined by species-specific life his-
tory and physiological attributes. To simulate succession and
disturbance, we used three extensions for this study: the Cen-

tury Succession extension (Scheller et al., 2011a; hereafter
called ‘Century’), the Dynamic Leaf Biomass Fuels extension
(Sturtevant et al., 2009; Scheller et al., 2011b; hereafter called
‘Dynamic Fuel’), and the Dynamic Fire extension (Sturtevant

et al., 2009, hereafter called ‘Dynamic Fire’).
The core LANDIS-II model requires an initial communities

layer that represents the distribution of species age cohorts

across the study area and an ecoregions layer that divides the
landscape by similarity of soil and climatic conditions. We
developed the initial communities layer by dividing the land-

scape into a 150-m grid and assigning species age cohorts to
each grid cell using US Forest Service Forest Inventory and
Analysis (FIA) plot data from 2000 to 2010 (O’Connell et al.,
2013; see Appendix S1). The initial communities layer

included 24 tree species (Table S1), which represented 95% of
the individual trees in the FIA data within our study area. We
divided the study area into 18 ecoregions (Fig. 1) using the US

Forest Service Ecological Provinces and Sections map (Cleland
et al., 2007) and the US Environmental Protection Agency level
IV ecoregion map (U.S. Environmental Protection Agency,

2013) to capture general patterns of vegetation, climate, and
soil type and facilitate parameterization of the extensions.

The Century extension was derived from the original CEN-
TURY soil model and simulates pools and fluxes of carbon

and nitrogen (Metherell et al., 1993; Parton et al., 1993). Cohort
growth, defined by species and functional group-level param-
eters, is influenced by soil characteristics (e.g., soil texture)

and climate inputs. Recruitment of new cohorts is determined
by minimum January temperature, growing degree-days, and
species-level tolerance of drought and shade, factors that vary

as a function of climate. Cohorts compete for resources and
growing space within each grid cell and disperse across grid
cells, leading to changes in species distributions. Nondistur-
bance mortality occurs as cohorts mature (e.g., the stem-exclu-

sion phase) and approaches their maximum age. Climate
extreme-induced mortality (e.g., large tree dieback events) is
not currently included in the model (see Discussion).
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Fire-induced mortality results in the majority of the live tree C
being transferred to the dead C pool, with a small fraction

being volatilized to the atmosphere as a function of the fire
severity.

Century requires parameters for species and functional
groups and ecoregion-level soil and climate data to model

recruitment and growth response. Species and functional
group parameters were gathered from the literature, online

sources, or estimated following algorithms in LANDIS-II (see
Appendix S1 and Tables S2 and S3). Soil properties such as

soil texture, drainage class, and initial pools of C and nitrogen
(N) were developed as a spatially weighted average to 1 m
soil depth for each ecoregion (Tables S4 and S5) using the
NRCS gSSURGO database (NRCS, 2013) following the

methodology outlined in CENTURY model documentation
(Metherell et al., 1993). Soil organic matter decay rates were

Fig. 1 Map of study area, the Sierra Nevada Mountains, CA, and NV, USA. Colored background shows the eighteen ecoregions used

in LANDIS-II simulations. The black line shows the approximate location of the Sierra Nevada crest, differentiating the east and west

slopes.
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estimated based on Schimel et al. (1994) and calibrated follow-

ing Loudermilk et al. (2013). Century uses means and stan-
dard deviations of monthly temperature and precipitation to
create distributions for drawing monthly climate data for driv-

ing simulations. For this study, climate distributions were
developed using downscaled (12 km) climate projections (see
Climate scenarios). Climate inputs were at the same scale as

the 12-km climate projection grids which best retain the spatial
variability of climate over the landscape. The extension does
not include CO2 fertilization effects, which can increase water-
use efficiency (Keenan et al., 2013). However, sustained CO2

fertilization effects are less likely due to N limitation (Norby
et al., 2010), as nitrogen inputs in the Sierra Nevada are rela-
tively small (Fenn et al., 2003).

We used the Dynamic Fuel extension to assign fuel types
based on vegetation characteristics to each 150-m grid cell.
The fuel-type parameterization represents general fuel condi-

tions and influences the rate of spread and fire severity when
wildfire is simulated. Fuel type is dynamic, and the fuel type
for a specific grid cell is reassigned at each time step as a func-
tion of species composition and age and the occurrence of dis-

turbance at the previous time step. We developed seventeen
fuel types (Table S6) by binning general forest types that burn
in a similar manner following the previous work conducted in

the southern Sierra Nevada (Spencer et al., 2008; Sturtevant
et al., 2009; Syphard et al., 2011).

We used the Dynamic Fire extension to simulate stochastic

wildfire events. Working in conjunction with Dynamic Fuels,
this extension simulates fire behavior (e.g., fire spread) and
effects (e.g., cohort mortality) based on fuel types, fire
weather, and topographic data using a methodology similar to

the Canadian Forest Fire Behavior Prediction System (van
Wagner et al., 1992). The occurrence of a fire is determined
based on the probability of ignition. Fire size is randomly

drawn from a user-defined fire size distribution. Fire spread/
shape is determined based on minimum travel time across
pixels given fuel conditions, fire weather, and topography.

The topography-adjusted fire spread rate is calculated based
on slope and aspect layers following equations from Van Wag-
ner (1987). Fire weather data associated with a fire event is
randomly selected from a distribution of fire weather data fol-

lowing the assumption that larger fires tend to occur when fire
weather is more favorable for burning (e.g., higher tempera-
ture, lower fuel moisture). Simulated wildfires reach varying

levels of fire severity given the complex interactions among
fuels, weather, and topography. Actual severity (e.g., cohorts
killed) depends on both cohort age and species-specific fire

tolerance relative to the severity of a fire (e.g., the youngest
cohorts with low fire tolerance are most vulnerable).

Following Syphard et al. (2011), we stratified the study area
into three fire regions (Fig. S1b) using digital elevation model

(DEM) data to broadly reflect fire regime attributes, including
fire size distribution and fire frequency, that correspond to the
low-elevation dry forests and woodlands (<1190 m), mid-ele-

vation mixed-conifer forests (1190–2120 m), and upper mon-
tane and subalpine forests (>2120 m). Fire size distributions
were constructed using climate projection-specific large wild-

fire projections (>200 ha, see Wildfire scenarios). Ignition

frequency was parameterized and calibrated for each fire

region based on contemporary wildfire records (http://frap.
fire.ca.gov/). Representative fire weather inputs, including
daily values of wind speed, wind direction, fine fuel moisture,

and buildup index, were obtained using Fire Family Plus 4.1
(Bradshaw & McCormick, 2000), based on daily weather
records (e.g., temperature, relative humidity, precipitation,

wind speed, and direction) from selected Remote Automatic
Weather Stations (RAWS, Fig. S1b). We used RAWS data from
stations that had the most complete fire season records for the
period 2000–2013 to develop the fire weather distributions, a

date range that is characterized by an upward trend of high to
extreme fire danger days (Collins, 2014). Spatial layers of slope
and aspect data (150-m resolution) were obtained from

LANDFIRE (2010) (http://www.landfire.gov). Fuel-specific
spread parameters (Table S6) were calibrated based on spread
rates in Scott & Burgan (2005) and fire severity distributions of

fire regime types in Thode et al. (2011).

Model validation

We compared populated initial communities and simulated
aboveground C (AGC) to data obtained from FIA data and
other empirical-based estimates (Kellndorfer et al., 2012; Wil-
son et al., 2013; Gonzalez et al., 2015). The spatial distribution

of forest types in the initial communities layer represented the
spatial distribution of forest types in FIA plots across the
study area (Fig. S3). Simulated mean AGC was obtained fol-

lowing model spin-up (where forest communities are grown
to their parameterized ages, representing a current condition
of the forested landscape). FIA plot-level AGC estimates were

scaled from individual tree biomass calculated using genus-
specific allometric equations from Jenkins et al. (2003). The
simulated AGC exhibited much of the same variability as the
empirical-based estimates, although the ranges of extreme val-

ues were not fully captured due to the difference in the scale
between our simulation and empirical-based estimates
(Fig. S4). However, as parameterized, the model captured the

influence of species composition and age structure, as well as
climate and site conditions on forest productivity.

Climate scenarios

We used downscaled (12 km) Intergovernmental Panel on Cli-
mate Change Fourth Assessment Report (IPCC, 2007) climate
projections (Hidalgo et al., 2008; Maurer & Hidalgo, 2008)

from three general circulation models (GCMs), forced by the
business-as-usual (A2) emission scenario to develop monthly
temperature and precipitation distributions from 2010 to 2100

for use in LANDIS-II. We used the GCM data to calculate
monthly means and standard deviations of temperature and
precipitation for each decade of the simulation period. We

used the historical period (1980–2010) of the GCM data to
develop baseline monthly climate distributions specific to each
GCM. The three GCMs were selected from a suite of GCMs
evaluated for California by Cayan et al. (2009) on the basis of

their fidelity in capturing climate variability and seasonality
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over the historical period. The selected GCMs were as follows:

GFDL CM2.1 (GFDL, Geophysical Fluid Dynamics Lab cou-
pled model); NCAR CCSM3 (CCSM3, National Center for
Atmospheric Research Community Climate System Model);

and CNRM CM3 (CNRM, Centre National de Recherches
M"et"eorologiques Coupled Global Climate Model). Across the
study area, all GCM projections showed a warming trend

throughout the simulation period (2010–2100), with CNRM
having the largest increase in late-century temperature
(Fig. S5). Precipitation was more variable between the differ-
ent GCM projections. During early twenty-first century, the

water budget (water balance between precipitation and poten-
tial evapotranspiration, a proxy indicating water available to
plants) was highly variable between GCMs (Fig. S6). How-

ever, by late century, the water budget associated with each
GCM became negative at low and mid-elevations. Projections
from CNRM and GFDL had the largest reduction in water

budget from early to late century.

Wildfire scenarios

Large wildfires that escape initial suppression effort represent
a small fraction of total wildfires, but account for a dispropor-
tionately large fraction (>95%) of total area burned per year
(Strauss et al., 1989; Miller & Safford, 2012). Over large areas,

these events are primarily influenced by climate (Turner &
Romme, 1994; Westerling et al., 2006; Littell et al., 2009). We
used GCM-specific area burned projections (12-km resolution)

for large wildfires (>200 ha) developed by Westerling et al.
(2011a) using generalized Pareto distributions of log-area
burned from historical fires conditional on climate projections

(cumulative monthly moisture deficit) and land surface char-
acteristics (topography and LANDFIRE fire regime condition
class). We used these fire projection data for all 12-km grid
cells within each fire region to develop fire size distributions

that were updated each decade from 2010 to 2100 for each fire
region (Table S7). We developed baseline fire size distribu-
tions specific to each GCM using data from 1980 to 2010. The

start of the baseline period was constrained by the availability
of comprehensive FIA data to characterize biomass. However,
significant climate change is already represented in observa-

tions and simulations for the 1980–2010 period, so compar-
isons between the baseline and later simulations understate
the full impact of climate change on wildfire in Sierran forests.
Furthermore, since we are only simulating large wildfires, we

are making the inherent assumption that fire suppression
effectiveness will remain consistent in the future. All fire
parameters, with the exception of fire size distributions, were

held constant between scenarios. Simulations that included
projected wildfire resulted in increased mean fire size and
area burned and decreased fire rotation relative to baseline

wildfire for all GCMs (Table 1, Fig. S7).

Simulations and data analysis

We ran 90-year (2010–2100) simulations using the 150-m grid

and a 10-year time step for each scenario. The scenarios
included baseline climate and wildfire and projected climate

and wildfire for each GCM. We ran five replicate simulations
for each scenario as a compromise between requisite computa-

tional time and expected stochasticity in climate and wildfire.
To facilitate landscape-scale comparison between scenarios
and account for the uniform climate data within each 12-km
grid cell, we aggregated the 150-m forest simulation grid cells

to the scale of the climate projections (12 km) for analysis,
such that the results for each 12-km grid cell are the composite
of 6400 individual 150-m grid cells. To evaluate the change in

spatial pattern in overstory and regeneration, we assigned
dominant overstory or regeneration species to each 12-km grid
cell based on the species that most frequently had the highest

biomass across replicates at late century (2100) or had the
highest number of total recruitment events across replicates
over the course of the simulation. We combined total recruit-
ment events for all species over the simulation period within

each 12-km grid and calculated the mean percent change rela-
tive to baseline for each GCM across replicates. To evaluate
changes in species composition, we categorized each 12-km

grid with the most frequent tree species richness (count of tree
species) in the nested 150-m grid cells across GCMs and repli-
cates by late century (2100). To evaluate the effects of pro-

jected climate–wildfire interactions on landscape C dynamics,
we used a t-test to compare mean late-century (2100) land-
scape aboveground C between baseline and projected scenar-
ios for each elevation band and calculated mean landscape net

ecosystem C balance (NECB), a net C flux that included net
primary productivity, respiration, and C loss from wildfire,
for each elevation band over the simulation period. We used

ArcMap 10.1 (ESRI, 2012) and R v3.2.2 (R Core Team, 2015) to
conduct analyses and produce figures.

Results

By late century, we found modest changes in the spatial
distribution of dominant species by biomass relative to
the baseline scenarios (Fig. 2a, b). The change primarily
occurred on the west slope of the Sierra Nevada at

Table 1 Summary of fire output statistics. Values are mean

fire size (standard deviation), mean area burned (standard
deviation), and fire rotation (standard deviation) across simu-
lation periods and replicate runs. Comparison of fire attributes

was conducted using the five replicate simulations for each
climate scenario, and the comparison between each climate
scenario and the baseline scenario was conducted using a

t-test

Climate

scenario

Mean fire

size (ha)

Mean area
burned per

decade (ha)

Fire rotation

period (years)

Baseline 1414 (2250) 158 755 (27 140) 212 (11)
GFDL 1578 (2829)** 177 272 (33 204)** 190 (10)**
CCSM3 1525 (2563) 173 718 (27 471)* 194 (13)

CNRM 1647 (2675)** 185 393 (33 235)** 182 (8)**

*P < 0.05, **P < 0.01.
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lower elevations, with a 15% decrease in the spatial
extent of white fir, Douglas fir, and incense cedar domi-
nated forests and a 17% increase in the spatial extent of
oak-dominated forest as well as a slight increase (2%)
in the spatial extent of ponderosa pine dominated for-
ests. The spatial extent of red fir-dominated forests
increased by 18% at mid-elevations and by 5% at higher
elevations. The change on the eastern slope was moder-
ate because the spatial scale of the climate data (12 km)

covers a large range of elevation on this much steeper
elevation gradient. Changes in dominant species varied
little between GCMs (Fig. S8).
In contrast to the modest changes in dominant spe-

cies by biomass, we found an extensive reduction in
recruitment relative to baseline over the entire land-
scape (Fig. S9). Across GCMs and elevation bands, 28%
to 91% of the landscape experienced a >50% reduction
in total recruitment events during the simulation period

Fig. 2 The spatial distribution of dominant tree species by total biomass and species recruitment by largest number of new cohorts

within each 12-km grid cell simulated under baseline climate and wildfire (BSWF) and projected climate and wildfire (CCWF). (a) Pixel

values mapped at each grid cell are species with the highest biomass across five replicate runs and three climate models by late century

(2100). (b) The hybrid bar plot shows the percentage of the landscape occupied by the species classes mapped in panel a within each

elevation band under BSWF and CCWF. Mean and standard error of aboveground C by elevation band are presented using the right y-

axis. Values are based on the mean across five replicate runs of the three climate models. (c) Pixel values mapped at each grid cell are

the species with the largest number of new cohorts over the course of simulation across five replicate runs and three climate models.

(d) The bar plot shows the percentage of the landscape occupied by the species classes mapped in panel c within each elevation band

under BSWF and CCWF.
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(Table 2). The reduction in recruitment events was pri-
marily in the low- and mid-elevation bands. We did
find an increase in recruitment events in some areas of
the high-elevation band (>2120 m). The decline in
recruitment events was largest under the drier GFDL
and CNRM climate projections (Table 2 and Fig. S9).
Although forest recruitment declined across much of

the Sierra, we found that projected climate and wildfire
favored the recruitment of more drought-tolerant species
relative to baseline (Fig. 2c, d). In the lowest elevation
band (<1190 m), the number of grid cells where gray
pine had the largest number of new cohorts increased by
11% along the western slope, while the proportion of the
lowest elevation band where ponderosa pine had the
most new cohorts decreased by 17%. In the mid-eleva-
tion band (1190–2120 m), where we had hypothesized
the largest changes in species recruitment, we found
marked increases in the spatial extent where recruitment
was dominated by ponderosa pine (16%), pinyon pine
(21%), and oaks (267%) and a reduction in the spatial
extent where recruitment was dominated by white fir,
Douglas fir, and incense cedar (!83%). In the highest
elevation band, the spatial extent where Jeffrey pine had
the largest number of recruits increased by 13% and pin-
yon pine increased by 56%, while the spatial extent
where red fir (!50%) and subalpine species (!9%) had
the largest number of recruits decreased. Expansion of
pinyon pine recruits occurred along the east side of the
Sierra Nevada and in the southern end of the mountain
range. While currently present in the southern Sierra
Nevada, the expansion of pinyon pine regeneration
across this area may be a function of our simulations not
including shrub species, which can remain dominant at
a site with more frequent fire occurrence (Keeley et al.,
2005). Shifts in the distribution of recruits toward more
drought-tolerant species were largest under the GFDL
and CNRM climate projections (Fig. S10).

With projected climate and wildfire limiting recruit-
ment, we found a substantial reduction in tree species
richness within each elevation band by late century
relative to baseline (Fig. 3). Overall, the spatial extent
of low-richness communities (<3 species) increased by
37%, while higher-richness communities (>6 species)
decreased by 44%. The largest declines in species
richness were in the mid-elevation band. Changes in
species richness varied little between GCMs
(Fig. S11).
As forests matured, NECB declined under all climate

scenarios and across all elevation bands. However, pro-
jected changes in climate and wildfire caused a sharper
decline in NECB relative to baseline (Fig. 4), with more
than 80% of the study area experiencing a decline in the
sink strength by late century (Fig. S12). Although the
study area remained a C sink (NECB>0) throughout all
simulations, by late century, a greater percentage of the
study area became a C source (Fig. 5) and aboveground
C decreased significantly relative to baseline at low
(P < 0.01) and mid-elevations (P < 0.01) (Fig. 2b).
While the reduction in C on a per unit area basis was
relatively small (Fig. S13), across the Sierra Nevada it
equated to an average of 1.7 Tg C reduction in the
low-elevation band and 4.1 Tg C reduction in the mid-
elevation band by late century. The reductions in
aboveground C relative to baseline were largest under
the GFDL and CNRM climate projections (Fig. S8).

Discussion

Projected changes in climate are expected to cause
changes in species distributions as they move to track
their appropriate climate space. Biome-based simula-
tions of vegetation response to changing climate sug-
gest a substantial displacement of vegetation types
across the Sierra Nevada under future climate, with a

Table 2 Percentage of each elevation band characterized by each class of percent change in total recruitment events from baseline

under each climate model. Total recruitment events are for all species over the simulation period. Values represent mean and stan-
dard error across five replicate simulations

Elevation band (m) Scenarios

Percentage of land area (%)

<!50% !50% to <5% 0 " 5% >5% to 50% >50%

<1190 GFDL 72.1 (0.4) 24.7 (0.3) 1.0 (0.5) 2.0 (0.5) 0.2 (0.2)
CCSM3 66.5 (0.6) 16.8 (0.7) 4.6 (1.0) 10.4 (1.4) 1.7 (0.6)

CNRM 90.5 (1.5) 8.8 (1.3) 0.7 (0.3) 0 0
1190–2120 GFDL 74.6 (0.7) 19.2 (1.1) 2.0 (0.4) 2.7 (0.5) 1.5 (0.5)

CCSM3 40.7 (0.9) 39.1 (0.4) 3.4 (0.7) 9.0 (1.1) 7.8 (0.3)

CNRM 86.4 (1.1) 11.9 (0.8) 0.6 (0.2) 0.9 (0.3) 0.2 (0.1)
>2120 GFDL 58.4 (0.7) 19.3 (0.7) 1.4 (0.3) 5.9 (0.4) 15.0 (0.3)

CCSM3 27.6 (0.6) 41.4 (1.2) 3.1 (0.5) 8.6 (0.7) 19.3 (0.3)
CNRM 55.4 (0.6) 22.6 (0.8) 2.2 (0.5) 6.1 (0.4) 13.7 (0.5)
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marked spatial contraction of subalpine forests and dis-
placement of mixed-conifer forests by other vegetation
types (Hayhoe et al., 2004; Lenihan et al., 2008). How-
ever, our results did not show appreciable change in
the spatial distribution of forest species cover at mid-
and high elevations (Fig. 2a, b), suggesting there might
be a lag effect in vegetation adjustment to environmen-
tal change (Williams et al., 2007; Bertrand et al., 2011;

Dolanc et al., 2013; Svenning & Sandel, 2013). Conifer
species in the Sierra Nevada are mostly long-lived.
Except for extreme events, such as drought-induced
forest dieback (McIntyre et al., 2015) and stand-repla-
cing fires, mature individuals are able to endure signifi-
cant environmental change (Eriksson, 1996; Morris
et al., 2008; Dolanc et al., 2013), requiring several dec-
ades to centuries for upslope migration of species dis-
tributions to be fully realized.
Because tree seedlings tolerate a more constrained

range of abiotic conditions than mature trees (Jackson
et al., 2009; Mok et al., 2012), we had predicted larger
changes in recruitment than in overstory species under
projected climate and wildfire scenarios. We found that
both a large decrease in recruitment events (Table 2
and Fig. S9) and the spatial distribution of species-spe-
cific regeneration were considerably more sensitive to
projected climate and wildfire scenarios than overstory
species (Fig. 2). The decrease in recruitment events
occurred primarily at low and mid-elevations due to
increased moisture limitation (Table 2 and Fig. S6). The
extensive reduction in recruitment can affect species
abundance and may increase species’ extinction risk
due to extreme events, such as hotter drought (Lloret
et al., 2004; Thomas et al., 2004; Allen et al., 2015).
Where previous biome-based modeling efforts found
significant impacts of climate change on high-elevation
vegetation (Lenihan et al., 2008), we found an increase
in recruitment events at many of the highest elevation
areas (Table 2 and Fig. S9). This may be caused by a
beneficial effect from warming temperature at high-ele-
vation sites where precipitation is nonlimiting under
projected climate. Recent empirical research found that
warming temperature in nonmoisture limited systems
alleviated the climatic stress for recruits and led to

Fig. 3 The proportion of the landscape occupied by tree species

richness class by elevation band under baseline climate and

wildfire (BSWF) and projected climate and wildfire (CCWF).

Values are based on the most frequent richness class within the

12-km grid cells across three climate models and five replicate

runs by late century (2100).

Fig. 4 Mean and standard error of landscape net ecosystem C balance (NECB) in each elevation band for baseline climate and wildfire

and projected climate and wildfire under each climate model over the simulation period. Projected values are from five replicate simu-

lations for each climate model. Baseline values are from three climate models and five replicate simulations.
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relatively abundant and frequent regeneration (Dodson
& Root, 2013; Dolanc et al., 2013).
We hypothesized that changing climate and wildfire

would favor the recruitment of drought-tolerant species
over drought-intolerant species and this change would
be greatest at mid-elevations. Although projected cli-
mate and wildfire decreased forest recruitment across
much of the Sierra Nevada, species with relatively
higher drought tolerance (e.g., oak, gray pine, pon-
derosa pine, pinyon pine, and Jeffrey pine) accounted
for the majority of recruits (Fig. 2c, d). Species that are
less drought-tolerant (e.g., white fir, Douglas fir, and
red fir) had recruitment events that were disproportion-
ately less than their contribution to overstory abun-
dance under projected climate and wildfire. These
species-specific shifts in recruitment were largest at
mid-elevations where less drought-tolerant species
(e.g., white fir) had proliferated during the twentieth
century due to fire suppression (McKelvey et al., 1996;
Scholl & Taylor, 2010). These trends are consistent with

recent empirical studies that documented significant
thermophilization in forest understory as facilitated by
climate warming and wildfires (De Frenne et al., 2013;
Stevens et al., 2015). The altered recruitment distribu-
tion may initiate cascading effects on forest succes-
sional trajectory, affecting community composition and
species abundance in the long term (Grubb, 1977; Lloret
et al., 2004).
Given our prediction for projected climate and wild-

fire to have a larger impact on tree regeneration, we
hypothesized that tree species richness would decline
by late century. We found the decrease in recruitment
under projected climate and wildfire led to an
increased proportion of the landscape having lower
tree species richness (Fig. 3). Simplified community
composition and a shift toward more drought-tolerant
recruitment suggest that species that are least tolerant
to environmental change may be unable to establish
under projected future conditions. The simplification of
forest communities could impact forest productivity as

Fig. 5 Percentage of land area in each elevation band that is a C source by late century for each climate model under baseline climate

and wildfire (BSWF) and projected climate and wildfire (CCWF). Values are mean and standard error for five replicate simulations for

each climate model.
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well as C sequestration (Chapin et al., 2000; Cardinale
et al., 2012). Forests with lower tree species richness are
also more vulnerable to insect and pathogen outbreaks
(Dale et al., 2001). Bark beetles, defoliators, and plant
disease all tend to be host-specific at the level of tree
genus (Hicke et al., 2012). Given the current level of
insect-induced mortality in low-elevation pines in the
southern Sierra Nevada (Potter, 2016), increasing
outbreaks of these biotic disturbances in a simpler,
pine-dominated forest community (Figs 2 and 3) under
climate change may cause substantial tree mortality
and exert profound impacts on the integrity and func-
tioning of forest ecosystems (Brown et al., 2010; Hicke
et al., 2013; Ghimire et al., 2015).
Large-scale forest disturbances pose a risk to the pro-

vision of ecosystem services (Millar & Stephenson,
2015). We hypothesized that projected climate and
increasing burned area would drive an increase in the
proportion of the landscape that is a C source because
larger fires and increasing extent of high-severity burn
patches have been found to slow or limit postfire forest
recovery due to dispersal limitation and drought stress
(Collins & Roller, 2013; Dodson & Root, 2013; Stephens
et al., 2013), factors that could more extensively impact
Sierran forests with warming climate and increasing
area burned. Our results of declining NECB, reduced
aboveground C, and a greater proportion of landscape
being a C source by late century under projected cli-
mate and wildfire suggest that the combined effects of
these global change factors and the resultant changes in
forest community composition will impact forest
C dynamics. The result of increasing area becoming a
C source also implicitly demonstrates the potential for
an altered successional pathway with burned area tran-
sitioning to a lower C state following high-severity
wildfire.
Our simulation approach is limited by four factors:

changing fire regimes, excluding shrub species, extreme
drought-induced tree mortality, and the coarse scale of
the projected climate data, all of which could impact
the results. Our simulations only included climate-dri-
ven increases in wildfire size and therefore are a con-
servative estimate of projected wildfire impacts on
forests. Given the influence of changing climate and
increasing area burned on the number of regeneration
events, species-specific regeneration success, and C
dynamics in the system, the potential exists for addi-
tional impacts with changes in other aspects of fire
regimes. Wildfire is expected to become more frequent
due to both climate change and human activities
(Syphard et al., 2007; Lutz et al., 2009; Moritz et al.,
2012). As extreme wildfire weather becomes more com-
mon under warming climate (Collins, 2014), increasing
area burned is likely to be accompanied by an increase

in the area impacted by high-severity wildfire (Dillon
et al., 2011; Westerling et al., 2011a; Miller & Safford,
2012; Harris & Taylor, 2015). The increasing frequency
of extreme fire weather may also lead to diminished fire
suppression effectiveness, thus resulting in more large
wildfires. Realization of climate-driven changes in all
elements of fire regimes (e.g., frequency, severity) may
increase fire-induced tree mortality and postfire C
release (Kashian et al., 2006; Dore et al., 2008; North &
Hurteau, 2011; van Mantgem et al., 2013), which could
accelerate tree species shifts and cause further decline
in the C sink strength. Furthermore, because our simu-
lations did not include shrub species, our results repre-
sent a conservative estimate of vegetation shift from
tree dominated to shrub-dominated communities fol-
lowing high-severity wildfire. Previous studies show
that shrubs are often fire-adapted and reestablish
quickly in large high-severity burn patches (Kauffman
& Martin, 1991; Knapp et al., 2012). Once established, a
positive feedback loop can form with subsequent fires
to reinforce a shrub-dominated community and reduce
tree regeneration (Odion et al., 2010; Coppoletta et al.,
2016; Lauvaux et al., 2016). This dynamic, in addition to
environmental stress, may further limit forest develop-
ment and result in larger areas being type converted
from tree dominated to shrub dominated in severely
burned stands. Thus, competition from nontree species
may likely restrain the expansion of pinyon pine on the
eastside and southern Sierra where chaparral commu-
nities are persistent.
Tree mortality and forest dieback are likely to acceler-

ate with rising temperature and accompanying drought
because the atmospheric water demand during periods
of high vapor pressure deficit can cause hydraulic fail-
ure (Adams et al., 2009; Williams et al., 2012; Allen
et al., 2015; McDowell et al., 2016). In addition, increas-
ing drought stress can facilitate insect outbreaks by
weakening the natural defenses of host trees, thereby
leading to widespread conifer mortality (Kurz et al.,
2008; Ghimire et al., 2015). Because our model does not
capture the mechanistic process of cavitation during
extreme drought and we did not simulate insect out-
breaks, our results may overstate the climate resilience
of Sierran forests and increasing extreme drought fre-
quency could cause faster change in overstory species.
Widespread, climate-induced tree mortality events
would not only impact species distributions, but would
also negatively impact NECB and aboveground C.
While additional investigation is needed to better
understand how this type of event will influence Sier-
ran forests, these ecosystems are unlikely to be uni-
formly impacted because topographic heterogeneity
can mediate climate and buffer forests from direct cli-
mate impacts (Loarie et al., 2009; Dobrowski, 2011;
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Franklin et al., 2013). However, our ability to simulate
the influence of topography on climate variability is
currently limited by the scale of the projected climate
data. As an example, the eastern slope of the Sierra
Nevada has a steep elevation gradient and a wide
range of elevations are simulated with the same climate
because they fall within a 12-km climate grid cell. Thus,
climate for lower elevation woodlands and higher ele-
vation forests was drawn from the same monthly distri-
butions. The resolution of the projected climate data
could drive an overestimate of the potential expansion
of woodland species, such as pinyon pine, and a
decline of higher elevation species. Furthermore, this
resolution precludes climate variability as a function of
topographic features within a projected climate grid
cell. Efforts to further downscale climate projections
over the Sierra Nevada are underway (Flint & Flint,
2012) and could improve the ability to simulate species
movement in this topographically complex landscape.
Our results are also impacted by assumptions stem-

ming from model structure uncertainty. In LANDIS-II,
the set relationships between species performance (e.g.,
species recruitment and vegetative growth) and envi-
ronmental factors (e.g., CO2, moisture, and fire severity)
are assumed to be unchanged over time. Under climate
change, these relationships may be altered due to spe-
cies acclimation or maladaptation responses (Keenan
et al., 2013; van Mantgem et al., 2013). The model
assumes that species phenological activities are unaf-
fected by climate warming. However, increasing tem-
perature may shift species phenology and undermine
the conditions required for species development (e.g.,
prechilling for germination), thus affecting subsequent
species growth (Memmott et al., 2007; Harrington et al.,
2010). Forest response to climate and wildfire is a com-
plex, multiscale process, which is difficult to study at
large spatiotemporal scales using empirical approaches.
Thus, while forest landscape models, such as LANDIS-
II, require assumptions and include model structure
uncertainty, by taking account of spatial interactions of
multiple ecological processes, they provide a realistic
and heuristic tool to study forest landscape response.
Across the Sierra Nevada, our simulations showed

disparate responses in overstory dominant species and
understory recruitment to environmental change. Over
the twenty-first century, forest communities are
unlikely to diminish as intact units as predicted by
biome-based modeling, but are likely to trend toward
simplified community composition as communities
gradually disaggregate and the least tolerant species
are lost. Furthermore, our results of reduced species
richness and altered recruitment distribution suggest
there is great potential for community composition
change and forest simplification beyond this century.

However, this change could accelerate with climate-dri-
ven forest dieback, related insect outbreaks and increas-
ing fire frequency. Our results highlight the importance
of accounting for species-specific dynamics in land-
scape modeling and suggest that higher resolution cli-
mate projections are necessary to better capture the
influence of topographically mediated climate on spe-
cies distributions. We should expect similar mecha-
nisms of response to environmental change in other
Mediterranean and semiarid mountain ranges world-
wide, where interspecific differences, topography, and
disturbance influence forest community composition
and productivity.
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