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Abstract

Over the twenty-first century, the combined effects of increased fire activity and climate
change are expected to alter forest composition and structure in many ecosystems by
changing postfire successional trajectories and recovery. Southwestern US mountain ecosystems contain a variety of vegetation communities organized along an elevation gradient
that will respond uniquely to changes in climate and fire regime. Moreover, the twentiethcentury fire exclusion has altered forest structure and fuel loads compared to their natural
states (i.e., without fire suppression). Consequently, uncertainties persist about future
vegetation shifts along the elevation gradient. In this study, we simulated future vegetation
dynamics along an elevation gradient in the southwestern US comprising pinyon-juniper
woodlands, ponderosa pine forests, and mixed-conifer forests for the period 2000–2099, to
quantify the effects of future climate conditions and projected wildfires on species productivity and distribution. While we expected to find larger changes in aboveground biomass,
species diversity and species-specific abundance at low elevation due to warmer and drier
conditions, the largest changes occurred at high elevation in mixed-conifer forests and were
caused by wildfire. The largest increase in high-severity and large fires were recorded in this
vegetation type, leading to high mortality of the dominant species, Picea engelmannii and
Abies lasiocarpa, which are not adapted to fire. The decline of these two species reduced
biomass productivity at high elevation. In ponderosa pine forests and pinyon-juniper
woodlands, fewer vegetation changes occurred due to higher abundance of well-adapted
species to fire and the lower fuel loads mitigating projected fire activity, respectively. Thus,
future research should prioritize understanding of the processes involved in future vegetation shifts in mixed-conifer forests in order to mitigate both loss of diversity specific to highelevation forests and the decrease in biomass productivity, and thus carbon storage capacity,
of these ecosystems due to wildfires.
Keywords Climate change . Wildfire . LANDIS-II . Forest diversity . Biomass . Fire severity . Fire
size . Species richness

1 Introduction
Ongoing climate change is altering the geographic distributions of plant species worldwide
(Chapin et al. 2008; Morin et al. 2008). In forest ecosystems, disturbance catalyzes
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distributional changes by disrupting the established equilibrium of species communities,
leading to new successional dynamics which may be not be well adapted to future climate
conditions (Franklin et al. 2016; Thom et al. 2017). Moreover, changes in forest community
composition affect ecosystem structure and function, including the provisioning of ecosystem
services (Ahlström et al. 2015; Pecl et al. 2017). Understanding how the interaction of
changing climate and disturbance will impact the forest community composition, and the
distribution of tree species is central to predicting ecosystem function (Millar and Stephenson
2015; Trumbore et al. 2015).
In a warming world, tree taxa shift predominantly toward currently colder and moister
locations, at higher latitudes and higher elevations (Chen et al. 2011; Kelly and Goulden
2008). However, changes in the distribution of tree species in response to ecological and
physiological processes are not linear. The ability of species to move geographically to track
climate depends on species-specific ecophysiology and can involve ecological interactions
such as competition for abiotic and biotic resources (Anderegg and HilleRisLambers 2015;
Chen et al. 2011; Gratani 2014; Lenoir et al. 2008; Zhu et al. 2011). When disturbance
processes interact with ongoing climate change, they can act as an additional constraint on the
ability of species to move by impacting environmental variables (e.g., light, soil nutrients,
water availability) and thus ecological interactions between species (Dale et al. 2000;
Overpeck et al. 1990).
One such prevailing disturbance process in the western USA is wildfire. Increasing
temperatures and earlier snow melt are lengthening the fire season and increasing fuel
flammability, leading to larger area burned and higher fire severity (Abatzoglou and
Williams 2016; Kitzberger et al. 2017; Singleton et al. 2019; van Mantgem et al. 2013;
Westerling 2016). Moreover, since the early 1930s, fire exclusion has altered forest structure
and increased fuel loads, leading to more area that is impacted by large and high-severity
wildfire (Miller et al. 2009; Singleton et al. 2019). The combined effects of increasing
aridification and fire are reshaping southwestern forest ecosystems (Cooper et al. 2018;
Stevens-Rumann et al. 2017). Larger high-severity fire patches are causing dispersal limitations, and the combined effects of higher temperature and moisture deficit are reducing
seedling recruitment (Anderson-Teixeira et al. 2013; Davis et al. 2019; Poulos et al. 2020a).
Climate warming and resultant drying due to increased atmospheric water demand are also
causing increased tree mortality (Allen et al. 2015; Breshears and Barnes 1999).
However, the elevation gradient in many western US landscapes is steep and covered by
different vegetation types which may respond differently to changing climate conditions and
fire regimes (Anderson-Teixeira et al. 2013; Liang et al. 2017a; Remy et al. 2019). Limited
postfire tree regeneration is more common in low-elevation, dry forest types (i.e., pinyonjuniper woodlands and dry ponderosa pine forests) than in high-elevation forest types (i.e.,
mixed-conifer forests) in the western USA (Stevens-Rumann and Morgan 2019). However,
altered fire regimes due to higher fuel continuity and fuel loads, combined with warming and
drying, have the potential to further change postfire successional trajectories in mid- and highelevation forest types. Several studies have shown regeneration failures in species commonly
found in ponderosa pine and mixed-conifer forests in response to altered fire regimes and
increased warming, leading to a decline in biomass and tree species richness (Flatley and Fulé
2016; Hansen et al. 2018; Liang et al. 2017a; Petrie et al. 2016).
Given uncertainties that persist about future vegetation shifts along elevation gradients in
the western USA, we sought to disentangle the effects of projected climate from wildfire to
improve our understanding of how species will move across the landscape. We used a species-
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specific, spatially explicit landscape modeling approach to simulate future vegetation dynamics under projected climate, with and without wildfire, across an elevation gradient in the
southwestern USA that includes pinyon-juniper woodlands, ponderosa pine forests, and
mixed-conifer forests. By comparing simulation outputs from scenarios with climate change
only and climate change with wildfire, we quantified the effects of projected wildfires in the
context of ongoing climate change on species distributions and productivity. We hypothesized
(i) an increase in area burned by high-severity fire through the twenty-first century across the
elevation gradient because of climate change, leading to (ii) decreases in biomass productivity
and tree species richness due to projected fire regime and climate conditions, especially at low
elevation (i.e., in pinyon-juniper woodlands), and (iii) higher recruitment of species adapted to
fire over species sensitive to fire, especially at high-elevation where the current most abundant
species are not adapted to fire.

2 Materials and methods
2.1 Study area description
Our study area comprised approximately 1.5 × 106 ha of forested land in the upper Rio Grande
watershed in New Mexico and Colorado, USA (Fig. 1). The climate is primarily continental,
with cold, wet winters, and warm summers; approximately 50% of the annual precipitation
occurs in summer monsoonal storms (Sheppard et al. 2002). The mean annual temperature is
10 °C between 1900 and 2200 m a.s.l. and 6.4°C at 3000 m a.s.l. (National Weather Service
data available online at http://w2.weather.gov/climate). The mean annual precipitation varies
from a low of 380 mm between 1900 and 2200 m a.s.l. to 650 mm at 3000 m a.s.l.). The
majority of soils are classified as clay loams with lesser areas of loam, sandy clay, and silty
clay (Miller and White 1998).
Forest type varies by elevation; low-elevation woodlands and forests are more moisture limited while higher elevation forests are more temperature limited (Figs. S1). The
low-elevation area (460,107 ha) is primarily dominated by pinyon-juniper woodlands
(Pinus edulis Engelm. and Juniperus monosperma (Engelm.) Sarg.) with Juniperus
scopulorum (Sarg.) and Quercus gambelii (Nutt.). Mid-elevation forests (725,364 ha)
are dominated by a mix of species including Pinus ponderosa (C. Lawson), Pseudotsuga
menziesii ((Mirb.) Franco), and Abies concolor ((Gordon) Lindley ex Hidebrand), with
scattered junipers, Q. gambelii, and Populus tremuloides (Michx.). High-elevation forests (316,962 ha) primarily consist of Picea engelmannii (Parry ex Engelm.) and Abies
lasiocarpa ((Hooker) Nuttall), with the scattered presence of P. menziesii, A. concolor,
and Q. gambelii.

2.2 Simulation model description
We used the LANDIS-II (v6.2, Scheller et al. 2007) forest landscape model with the PnET
succession extension (v2.1, de Bruijn et al. 2014) to model vegetation development and
dynamics at a 9-ha spatial resolution and annual time step. LANDIS-II simulates the dispersal,
establishment, growth, and mortality of forest species using species-specific age cohorts. The
PnET extension includes elements of the PnET-II ecophysiology model (Aber et al. 1995),
adding increased physiological control of tree growth, mortality, and establishment, with
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Figure 1: Location and characteristics of the study area

competition for light and water affecting the growth and survival of individual cohorts. At each
time step, a modified instance of PnET-II is run for each species cohort. Gross photosynthesis
in PnET-II can be reduced by multiple factors: water stress, radiation limits (e.g., lower canopy
layers), vapor pressure deficit, temperature, and age. Individual cohorts compete for available
light and water to drive photosynthesis and carbon accumulation (de Bruijn et al. 2014). The
PnET extension also calculates establishment probability at each time step based on water and
light availability.
We used the Dynamic Fuels and Fire System extension (v2.1) to simulate landscape
wildfire and fuels interactions (Sturtevant et al. 2009). At each time step, current species and
stand-age composition determine the assigned fuel type for each grid cell. Wildfire is simulated
stochastically, drawing from fire size and fire weather distributions to simulate fire as
influenced by the fuel type and topography. Fire severity is determined by the effects of fire
on the age cohorts of biomass, and each grid cell burned in a fire is assigned a severity class
defined by the proportion of cohorts killed by the fire event. Severity classes range from low to
high, with low to medium severity resulting in surface fire with little or no tree mortality and
some overstory tree torching that causes mortality. High severity coincides with crown fire
activity that results in extensive tree mortality.

Climatic Change

(2021) 166:46

Page 5 of 20

46

2.3 Climate data
LANDIS-II and the PnET extension require monthly climate data for maximum and minimum
temperature, precipitation, incoming shortwave radiation, and atmospheric CO2 concentration.
We used gridded downscaled climate simulations for 1950–2099 from four global climate
models (Representative Concentration Pathway (RCP) 4.5 and 8.5; see IPCC AR5 WGI 2013)
via the Coupled Model Intercomparison Project Phase 5 multi-model ensemble (CMIP5;
Bureau of Reclamation 2013). These included global models from Commonwealth Scientific
and Industrial Research Organization and Bureau of Meteorology (ACCESS1-0, The Commonwealth Scientific and Industrial Research Organisation 2017), the Canadian Centre for
Climate Modeling and Analysis (CanESM2; Christian et al. 2010), the United Kingdom Met
Office Hadley Centre (HadGEM2-ES, Collins et al. 2008), and the Community Earth System
Model Contributors (CESM1-BGC, Long et al. 2013). The climate scenarios were downscaled
to a 1/16 degree latitude-longitude grid using the localized constructed analogs statistical
downscaling methodology to produce temperature and precipitation data (Pierce et al. 2014;
Pierce et al. 2015). We downloaded incoming shortwave radiation data from TerraClimate for
years 1958–2017 (http://www.climatologylab.org/terraclimate.html, Abatzoglou et al. 2018);
for years 2018–2099, we sampled from the distribution of monthly values. We converted the
shortwave radiation from TerraClimate to photosynthetically active radiation following Britton
and Dodd (1976). We downloaded CO2 data for the CMIP5 RCP 4.5 and 8.5 from http://tntcat.
iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=download (Riahi et al. 2007). The projections
include data from 1950 to 2099, and we used data from 1958 to 2000 for model spin-up.

2.4 Landis-II parameterization and validation
The LANDIS-II core and PnET extension require the landscape to be divided into
“ecoregions” that represent unique climatic and soil conditions. The scale of our projected
climate data (~ 6 km) defined our ecoregions, resulting in 493 unique ecoregions across our
study area. We assigned soil class and depth to each ecoregion with the type that covered the
majority of the ecoregion from CONUS-SOIL spatial data (Miller and White 1998).
LANDIS-II initial communities are defined by unique species-age cohorts and represent the
vegetation condition at the start of the simulation. We used a gradient nearest neighbor approach to
map existing vegetation using data from 836 unique Forest Inventory and Analysis (FIA, https://
www.fia.fs.fed.us/) vegetation plots, topographic indices, and recent Landsat imagery 8 (available
at https://landsat.usgs.gov/landsat-8) (Crookston et al. 2007; Ohmann and Gregory 2002). We
used the yaImpute package (v1.0-31, Crookston and Finley 2008) with a random forest classification in R to produce the initial communities map with a 9-ha grid (R Core Team). We selected
FIA plots that had been sampled since 2005, selecting the most recent measure year if multiple
existed. We used species and region-specific allometric equations to assign ages to individual tree
records and grouped them into 10-year cohorts to train the random forest algorithm.
We obtained species-specific physiological parameter values for the PnET extension using
a literature search and the TRY database (https://www.try-db.org/TryWeb/Home.php, Kattge
et al. 2011). The majority of the parameters for the species included in our simulations were
previously tested and validated using eddy covariance tower data (Remy et al. 2019). We
conducted additional validation by comparing the distribution of model spin-up aboveground
biomass with the distribution of biomass calculated from the FIA plots using genus-specific
allometric equations (Jenkins et al. 2003).
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The Dynamic Fuels and Fire System extension requires unique fire regions as an input,
each with representative fire regimes (i.e., fire size distributions and weather that initiate fire
ignition). Following the methods described in Krofcheck et al. (2017), we stratified the study
area into three fire regions that correspond to the low-elevation woodlands (1627–2315 m),
mid-elevation ponderosa pine forests (2316–2915 m), and high-elevation mixed-conifer forests
(2916–4007 m) (Fig. 1). These elevation bands correspond to the elevation distribution of
major vegetation types on this landscape (Table S1). The fuels and fire extension are based on
the Canadian Fire Behavior and Prediction System (Sturtevant et al. 2009) and assigns a fuel
type to each grid cell at every time step based on the species-age combinations present,
incorporating prior successional and disturbance processes on the vegetation structure and
composition. We used published fuels parameters to represent the fuel-type characteristics and
stand-age dynamics for northern New Mexico forest types (Keyser et al. 2020; Krofcheck et al.
2019; Krofcheck et al. 2017).
We used existing model parameterizations for the fire size distribution developed for a
subset of our study area by Krofcheck et al. (2019), and we estimated the number of ignitions
per year using fire perimeter data for the period 2000–2019 from northern New Mexico
(https://data-nifc.opendata.arcgis.com/search?tags=HistoricWildfires_OpenData).
Consequently, the maximum number of ignitions and the fire size distributions did not vary for
the period 2000–2099 in our simulations. In order to calculate fuel moisture as a function of
future climate, we needed relative humidity projections which were not present in the CMIP5downscaled projections. We used climate projections from the MACA dataset (https://climate.
northwestknowledge.net/MACA/) to drive fire weather, taking air temperature, relative
humidity, and precipitation outputs from the relative concentration pathway (RCP) 8.5 to
produce a distribution of fire weather every 10 years in the simulation. We chose three models
that represent the range of projected outcomes for the region as well as contained the outputs
required by the model (CNRM, GFDL, and MIROC5-ESM2) and produced an ensemble
mean of fire weather from the three projections. Consequently, every 10 years in the model
progression, the fire weather distribution matched local projections for the region. However,
wind speed and direction draws were appended to each decadal distribution using local nearby
remote access weather station (Pecos, NM at 2620 m [35.57°N; 105.66°W], Coyote, NM at
2680m [36.1°N; 106.67°W], Mountainair, NM, at 1981m [34.52°N; 106.24°W]) data and a
statistical approach described by Krofcheck et al. (2018).

2.5 Simulation experiment description
To quantify the effects of projected climate and wildfire on vegetation dynamics, we ran
projected climate-only simulations and simulations that included both projected climate and
wildfire. We ran 10 replicate, 100-year simulations for each climate projection (10 replicates
for each of the 8 projected climate scenarios), with and without wildfire. We aggregated the
simulations from the four climate projections under each RCP for analysis of the climate-only
and climate and wildfire scenarios. We conducted data processing, statistical analysis, and
figure generation in R-3.6.2 (R Core Team 2019).
We quantified the projected wildfires based on three characteristics: area burned by highseverity fire, area burned by low- to moderate-severity fire (see part. Simulation model
description), and total area burned. We averaged each of these metrics by year between
2000 and 2099 for the 40 replicate simulations and used linear regression to identify any
trends during the twenty-first century.
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We evaluated the degree of landscape composition similarity at the start and end of the
simulations under both scenarios by computing Pearson’s correlations between presence and
absence of species at 2000 and 2099 with the cor.test function (package stats v3.6.2).
Aboveground biomass (further referred to as biomass), tree species diversity, and speciesspecific abundance were computed at the beginning (i.e., 2000) and the end (i.e., 2099) of the
simulations to quantify the effects of climate change and the combined effects of climate
change and wildfire within each elevation band. Biomass data were extracted from the
simulation outputs and summed for each elevation area. Tree species diversity index was
computed using the tree species richness in each pixel (9-ha grid scale) averaged by the
percentage of pixels within each elevation area occupied (i.e., presence or absence) by each
species for the 40 simulation replicates. We calculated the change in species abundances
between scenarios by differencing the 2099 results.
We extracted burned pixel data from the 40 simulations and quantified changes in
species presence to evaluate the sensitivity of the vegetation to different wildfire characteristics along the elevation gradient. In order to categorize changes in species presence
on a per pixel basis for each burned pixel, we compared species composition at the start
(2000) and end (2099) of the simulation and assigned “−1” for a loss of species presence,
“0” for no change, and “+1” for a gain of species presence. For each of these burned
pixels, we also extracted the total number of fire occurrences (hereafter frequency), the
average severity, and the average distance from the closest unburned pixels (hereafter
size) from the period 2000 to 2099. We used this approach to computing fire size to
mitigate the risk that overlapping fires that occur in the same year would be treated as
one large fire. We used Pearson’s correlations to evaluate relationships between speciesspecific abundances and the fire variables (i.e., frequency, severity, and size) along the
elevation gradient with the cor.test function (package stats v3.6.2).
All the code used to perform data analysis and data are available at https://datadryad.org/
stash/share/Oc4lWABDBprodPJAx0_m3tZenq4Rj0Nc-TDGQwkhahw.

3 Results
3.1 Fire activity
At the beginning of the century, the majority of the area was burned by low- to moderateseverity fire. However, increased warming and drying caused an increase in the proportion of
area that burned at high severity for all three elevation bands throughout the twenty-first
century, but the rate of increase in area burned by high severity did not differ between
elevation bands (Fig. 2A, C, Table S2). Total area burned is higher on average at high
elevation than at lower elevations throughout the twenty-first century, but did not increase
through time along the elevation gradient (Fig. 2A,C and Table S2). Finally, we found that
high-elevation forests also exhibited the highest variability per year in area burned, especially
under RCP 8.5 (Fig. 2B,D).

3.2 Landscape dynamics
The degree of similarity in landscape composition between the beginning and end of the
simulations was significantly higher for the climate change only simulations (Table S3).
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Figure 2 Projected area burned by low- to moderate- and high-fire severity by elevation in the upper Rio Grande
watershed during the twenty-first century (A, C) and the variance (B, D) under projected climate forced with
RCP 4.5 and RCP 8.5. Values correspond to annual averages from 40 replicate simulations. Dotted lines
correspond to linear regression (see Table S2 for intercept, slope, and mean values)

When simulations included wildfire, the greatest amount of change occurred at high
elevation, which accounted for most of the change reflected in the correlations for the
entire landscape (Table S3). These differences are reflected in differences in biomass and
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Figure 2 continued.

tree species richness between the two scenarios (Table 1). Starting biomass and tree
species richness varied between the RCPs due to non-similar historical (1950–2000)
climate conditions. Climate change only simulations had a much larger increase in
biomass at high elevation (RCP4.5: 62 ± 9, RCP8.5: 101 ± 17 Mg. ha-1) than at mid(RCP4.5: 56 ± 7, RCP8.5: 86 ± 15 Mg. ha-1) or low elevation (RCP4.5: 43 ± 4, RCP8.5:
58 ± 9 Mg. ha-1). When combined with wildfire, the majority of the increased biomass
that we simulated with warmer temperatures at high-elevation in the climate change only
scenario was lost, especially under RCP 4.5 (Table 1). Species richness increased with
decreasing elevation under both scenarios, with larger increases in the climate change
only RCP 4.5 scenario (Table 1).
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Table 1 Changes in projected biomass and tree species richness through the end of the twenty-first century by
elevation band under the climate change only and climate change with wildfire scenarios. Biomass is the mean
aboveground biomass for the elevation band. Richness is the mean number of tree species per grid cell (9 ha) in
the elevation band. Stars indicate p value < 0.001 of student’s t test between current and projected values. †
indicates not significant differences between values from RCP 4.5 and 8.5 projections
Elevation

Current (2000)

Biomass (Mg ha-1)
RCP 4.5
High
168
Mid
132
Low
62
High
131
RCP 8.5
Mid
116
Low
57
Tree species richness (number of species)
High
2.97
RCP 4.5
Mid
3.20
Low
2.23
High
3.01
RCP 8.5
Mid
3.22
Low
2.21

Projected climate
without fire (2099)

Projected climate
with fire (2099)

+ 62 ± 9 *,†
+ 56 ± 7 *
+ 43 ± 4 *
+ 101 ± 17 *,†
+ 86 ± 15 *
+ 58 ± 9 *

+ 2 ± 14,†
+ 26 ± 8 *
+ 27 ± 5 *
+ 36 ± 18 *,†
+ 53 ± 14 *
+ 42 ± 9 *

+ 0.96 ± 0.04 *
+ 1.63 ± 0.04 *
+ 1.72 ± 0.02 *,†
+ 0.77 ± 0.06 *
+ 1.44 ± 0.05 *
+ 1.75 ± 0.02 *,†

+ 0.47 ± 0.17 *
+ 1.07 ± 0.10 *
+ 1.18 ± 0.12 *,†
+ 0.22 ± 0.18 *
+ 0.87 ± 0.12 *
+ 1.23 ± 0.13 *,†

3.3 Species dynamics
Within each elevation range, the effect of fire severity, frequency, and size on the dominant
species varied substantially (Fig. 3A, C). At both mid and high elevation, all three fire
attributes promoted P. tremuloides regeneration, but increasing fire frequency and severity
were especially beneficial for P. tremuloides (+32 % high elevation, +13% mid-elevation
compared to the scenario without fire by 2099; Fig. 3B, D). At high elevation, P. engelmannii
decreased the most after large and frequent fires, especially under RCP 8.5, while the decreases
in A. lasiocarpa, P. menziesii, A. concolor, and P. flexilis were more or less due to any type of
fire (Fig. 3A). At mid-elevation, the distributions of the most abundant species P. ponderosa
and Q. gambelii were not impacted by fire (Fig. 3A, C). The other species abundances
decreased, mostly due to large fires, except for A. concolor which showed sensitivity to all
types of fire. At low elevation, decreases in abundance of the most common species were
primarily due to fire size (Figure 3A, C).
Overall, high-severity fires had a less negative impact on tree regeneration than large and/or
frequent fire, with the exception of firs (A. lasiocarpa and A. concolor). Large fire was the key
driver of the decrease in dominant species abundances all along the elevation gradient.
However, of the importance of fire frequency was either similar to higher than fire size for
several of the common species at high elevation (e.g., A. concolor and lasiocarpa., P. flexilis,
P. aristata, P. pungens).

4 Discussion
Broadly, projected increasing high-severity fire patch sizes combined with climate change are
expected to catalyze large vegetation shifts in forest ecosystems in the coming decades (Davis
et al. 2019; Hansen et al. 2018; Parks et al. 2019; Singleton et al. 2019; Stevens-Rumann and
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Figure 3 Pearson’s correlations of individual species presence/absence between 2000 and 2099 and fire metrics
(severity, frequency, and size) in each elevation band (A, C) and the difference in area occupied by each species
at time 2099 between the climate change only and climate change and wildfire scenarios (B, D) for both projected
climate conditions RCP 4.5 and 8.5. Only species covering more than 10% of the elevation bands at 2000 or
2099 are shown. Species are sorted from most to least abundant at time 2000 (clockwise for the radar chart and
from the left for the bar chart). Correlations were calculated at the grid cell scale using burned grid cells from the
40 replicates. All Pearson’s correlations are significant (p value < 0.05), with the exception of P. engelmannii and
fire severity at high elevation. Differences in area occupied by species between both scenarios are the mean and
standard deviation from the 40 replicate simulations. See Table S1 for detailed values

Morgan 2019). Similar to the current observed trends of increasing high-severity fire, we
found a steady increase in area burned by high severity though the twenty-first century, and
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Figure 3 continued.

our results demonstrate that the interaction between fire and climate change caused larger
changes in species distributions than climate change alone (Fig. 2, Table S3).
Overall, projected warming driven by increasing carbon dioxide and other greenhouse
gases is expected to increase forest growth and tree species richness in the absence of
disturbances during the twenty-first century (Flatley and Fulé 2016; Iverson and Prasad
2001). Our results support this and show an increase in biomass productivity and tree species
richness along the elevation gradient under projected climate (Table 1). In the absence of
wildfire, we observed an increase in the abundance of all species, except P. tremuloides and
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Q. gambelii at mid and high elevations (Table S1). However, ongoing climate change is a
driver of increased fire activity, and the compound effects of changing climate and wildfire are
likely to reshape ecosystems (Liang et al. 2017b; Marshall and Falk 2020; Westerling 2016).
We expected that simulated fire activity would cause the largest changes at low elevation
because warmer, drier conditions reduce postfire tree regeneration (Donato et al. 2016; Kemp
et al. 2019; Parks et al. 2019). However, we found the largest changes were in the highelevation mixed-conifer and spruce-fir forests, even though tree species richness remained
relatively constant over time (Table 1, S3).
Fires in the southwestern USA were actively suppressed by public land management
agencies during the majority of the twentieth century, leading to an increase in fuel loads
and fuel connectivity and favoring the expansion of species not adapted to fire (Fulé et al.
2002; Margolis et al. 2007; Mast and Wolf 2004; Strahan et al. 2016). In mixed-conifer forests,
fine surface fuels are typically sparse and ladder fuels more abundant than in ponderosa pine
forests, which historically caused more infrequent and larger mixed-severity fires
(Schoennagel et al. 2004). Our results from early in the simulation period approximate this
historic condition well, with high interannual variability in area burned and a mix of low- and
moderate-severity coupled with high-severity fire (Fig. 2). These high-severity fire patches
create larger canopy openings favoring the regeneration of early seral species that are capable
resprouting or wind dispersal, such as P. tremuloides (Campbell and Shinneman 2017; Shive
et al. 2018). As the climate continued to warm, the proportion of area burned at high-severity
increased, causing declines in the dominant species P. engelmannii and A. lasiocarpa, which
are not fire resistant (Bigler et al. 2005; Stevens et al. 2020). The increase in high-severity fire
and resultant change in dominant species caused a large biomass loss, despite the positive
effect of projected climate change on biomass productivity at high elevation (Table 1, Fig. 3).
Moreover, this decrease in biomass due to wildfires is not compensated by warmer conditions
under RCP 4.5 simulations, because temperature increases are insufficient to cause substantial
increases in growth. The large and high-severity fires, in addition to promoting the establishment of P. tremuloides, allowed the establishment of P. ponderosa, which is adapted to more
frequent fire and tolerant of warmer and drier conditions than the previously dominant
P. engelmannii and A. lasiocarpa (Fig. 4). This finding indicates that fire can act to catalyze
changes in species distributions by creating conditions that allow establishment of lower
elevation species as the climate continues to change. However, warmer conditions and fires
tend to limit the tree species diversification promoted by future climate conditions at regional
scale (Table 1).
At low and mid-elevations, total area burned and the number of years with extreme fire
activity were lower than at high elevation, and species composition and biomass were less
impacted by wildfire (Tables 1 and S3, Figs. 2 and 3). At mid-elevation, two of the most
common species, P. ponderosa and P. menziesii, are fire resistant, and another common
species, Q. gambelii, resprouts following fire and can persist in both tree and shrub form
(Guiterman et al. 2018; Kemp et al. 2016; Stoddard et al. 2015). At low elevation, pinyonjuniper woodlands are less productive, and even though P. edulis and J. monosperma are two
species sensitive to fire, fuel limitations on fire size caused fires to be consistently smaller than
at high elevation, reducing fire impacts (Koniak 1985; Parks et al. 2018; Poulos et al. 2020b).
High-elevation mixed-coniferous forests have been resilient to a broad range of climatic
conditions and fire regimes over the past 6,000 years (Anderson et al. 2008; Higuera et al.
2014; Morris et al. 2015). Further, the prevailing hypothesis regarding climate change impacts
on forests has been that impacts will be greatest at the lower elevation boundary or trailing
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edge of an ecosystem or species’ distribution, leading to a focus on lower elevation pinyonjuniper woodlands and ponderosa pine forests (Davis et al. 2019; Kemp et al. 2019; Parks et al.
2019; Stevens-Rumann et al. 2017). While these lower elevation systems are certainly
susceptible to vegetation change because of the combined effects of wildfire and climate,
our simulations suggest that fire activity at high elevation, combined with ongoing climate
change, could have significant impacts on both species distributions and biomass density
(Coop et al. 2020; Keyser et al. 2020; O'Connor et al. 2020; Stevens-Rumann and Morgan
2019). Future fire regime changes will increase the chance that what is currently spruce-fir
forest (P. englemanii and A. lasiocarpa), with a low-frequency fire regime, will become less
common, especially under projected climate conditions associated with RCP 8.5. At higher
rates of warming, this high-elevation forest type is replaced by P. tremuloides, a postdisturbance successional species, and species more common at mid-elevation (P. ponderosa,
P. menziesii) (Fig. 3). Empirical observations through the last decade in the Grand Canyon
National Park also show a shift in species dominance towards ponderosa pine in both the
mixed-conifer and spruce-fir forests (Stoddard et al. 2020). Previous work on the Kaibab
Plateau in Northern Arizona simulated widespread loss of more mesic conifer species and
transition toward species more tolerant of warm, dry conditions with projected climate change
(Flatley and Fulé 2016). The influence of topography on both climate and fire refugia are the
likely cause of the persistence of more mesic conifer species in our topographically complex
landscape compared to the Kaibab Plateau (Dobrowski 2011; Krawchuk et al. 2020).
There are three primary sources of uncertainty that could have influenced our results. First,
the spatial resolution of the projected climate data we used in this study (~ 6-km grid) does not
capture the fine-scale variability that occurs in a topographically complex system and is
responsible for high spatial vegetation variability (Franklin et al. 2013). The average elevation
range covered by each projected climate grid cell in our study area was 510 ± 280 m, which in
a steep elevation gradient can mask substantial changes in temperature and precipitation.
Further, approximately half of annual precipitation occurs during the summer monsoon, which
has high spatial variability (Petrie et al. 2014). We attempted to minimize the effects of the
projected climate data resolution by stratifying our landscape by elevation bands. However, the
potential still exists for lags in species movement. Second, extreme drought events and insect
outbreaks are also important disturbances in these ecosystems and can interact to cause
widespread mortality (Anderegg et al. 2015; Ganey and Vojta 2011; Huang and Anderegg
2012; Kane et al. 2017; Williams et al. 2010). We did not simulate insect outbreaks, which can
be an important driver of mortality during drought, and there is evidence that fine-scale
processes influence the frequency and magnitude of extreme events (Diffenbaugh et al.
2005; Fei et al. 2019; Kolb et al. 2016). As a result of these limitations, our results may be
optimistic about the resilience of these ecosystems to climate change. Finally, we parameterized the number of ignitions and fire size distribution from empirical data (2000–2019), and
the simulated number of fires and fire sizes cannot exceed these values (Fig. S3). Given the
link between climate and area burned, our simulations likely underestimate area burned
(Westerling 2016). A feedback between vegetation and fire can reduce subsequent fire size,
but this effect is dependent upon the rate of vegetation regrowth (Hurteau et al. 2019). In our
landscape, low and mid-elevation areas could become fuel limited with ongoing warming and
drying, but sustained productivity at high-elevation likely means we have underestimated the
area burned. The effect of all three of these sources of uncertainty is a bias toward resiliency in
the system. As a result, the ecosystem changes we expect to see under future conditions could
be substantially larger than our result.
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5 Conclusion
Changing climatic conditions are likely to alter species and ecosystem distributions, and, in the
southwestern USA, these changes will occur over relatively short distances because of steep
elevational gradients. By isolating climate change from the interaction of climate change and
fire, our results indicate that the amount of distributional change and change in biomass is
influenced heavily by fire size, severity, and frequency. This finding is especially true for highelevation forests, which we expected to be more resilient to changing climate. Future research
should prioritize understanding the processes controlling dispersal and establishment of
higher-elevation tree species and climatic limitations on lower-elevation species establishing
at higher elevation. These factors are likely to influence the amount and composition of forest
cover at higher elevations in the southwestern USA as the climate continues to warm and dry
and ecosystems become more flammable.
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