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a  b  s  t  r  a  c  t

Climate  change  adaptation  and mitigation  require  understanding  of  vegetation  response  to  climate
change.  Using  the  MC2  dynamic  global  vegetation  model  (DGVM)  we simulate  vegetation  for  the North-
west  United  States  using  results  from  20 different  Climate  Model  Intercomparison  Project  Phase  5 (CMIP5)
models  downscaled  using  the  MACA  algorithm.  Results  were  generated  for  representative  concentration
pathways  (RCPs)  4.5 and  8.5  under  vegetation  modeling  scenarios  with  and  without  fire  suppression
for  a total  of  80  model  runs for future  projections.  For  analysis,  results  were  aggregated  by  three  subre-
gions: the Western  Northwest  (WNW),  from  the  crest  of  the  Cascade  Mountains  west;  Northwest  Plains
and  Plateau  (NWPP),  the non-mountainous  areas  east  of  the Cascade  Mountains;  and  Eastern  Northwest
Mountains  (ENWM),  the  mountainous  areas  east  of  the  Cascade  Mountains.  In the  WNW,  mean  fire inter-
val (MFI)  averaged  over  all  climate  projections  decreases  by  up to 48%,  and  potential  vegetation  shifts
acific Northwest
nited States
MIP5

from  conifer  to  mixed  forest  under  RCP  4.5 and 8.5 with  and  without  fire  suppression.  In the  NWPP  MFI
averaged  over  all climate  projections  decreases  by up  to  82%  without  fire  suppression  and  increases  by up
to 14%  with  fire  suppression  resulting  in  woodier  vegetation  cover.  In the  ENWM,  MFI  averaged  across  all
climate projections  decreases  by  up to 81%,  subalpine  communities  are  lost,  but  conifer  forests  continue
to dominate  the  subregion  in the  future.
. Introduction

Effects of warming climate have already been observed in the
acific Northwest (PNW) (e.g. Cayan et al., 2001; Mote et al., 2005),
nd projections indicate further warming throughout the 21st cen-
ury (e.g. Mote and Salathé, 2010). In some areas, impacts of climate
hange may  lead to widespread ecological disruption (Rehfeldt
t al., 2006). Regional efforts toward climate change adaptation and
itigation require some understanding of the vegetation response

o climate change (Chmura et al., 2011) and must take into account
ariation in projected future conditions (Millar et al., 2007).

In this context, a variety of regional studies within or including
he Pacific Northwest (PNW) have examined potential climate-

riven changes in the distribution of vegetation cover types and
pecies (e.g. Rehfeldt et al., 2006; Littell et al., 2010; Rogers et al.,
011; Coops et al., 2011; Creutzburg et al., 2014; Rehfeldt et al.,

∗ Corresponding author at: Conservation Biology Institute, 136 SW Washing-
on  Avenue, Ste 202, Corvallis, OR 97333, United States. Tel.: +1 541 368 5810;
ax: +1 541 752 0518.

E-mail address: tim@consbio.org (T. Sheehan).

ttp://dx.doi.org/10.1016/j.ecolmodel.2015.08.023
304-3800/© 2015 Elsevier B.V. All rights reserved.
©  2015  Elsevier  B.V.  All  rights  reserved.

2014a,b,c). Other studies have focused on the potential effects of
PNW regional climate change on fire regime (Whitlock et al., 2003),
insect population dynamics (Bentz et al., 2010), and forest produc-
tivity (Latta et al., 2009).

Modeling approaches have included process-based dynamic
global vegetation models (DGVMs) (e.g. Rogers et al., 2011), sta-
tistical methods such as random forests classification (e.g. Rehfeldt
et al., 2006, 2012, 2014a), linear mixed effects models (e.g. Rehfeldt
et al., 2014b), the relationship between bioclimatic variables and
species (e.g. Shafer et al., 2001), and hybrid approaches, such as
combining process-based model results with statistical classifica-
tion tree methods (e.g. Coops and Waring, 2011) or with state and
transition models (STMs) (e.g. Creutzburg et al., 2014; Halofsky
et al., 2014).

The Integrated Scenarios of Climate, Hydrology and Vegetation
project (http://bit.ly/104rQiB) was  a collaboration between the
Northwest Climate Science Center, the University of Idaho, Con-
servation Biology Institute, and the University of Washington.

The goal was  to model future changes in climate, hydrology, and
vegetation over the western United States from the coast to the
Great Plains. Results from the Climate Model Intercomparison
Project Phase 5 (CMIP5, http://cmip-pcmdi.llnl.gov/cmip5/) were

dx.doi.org/10.1016/j.ecolmodel.2015.08.023
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2015.08.023&domain=pdf
mailto:tim@consbio.org
http://bit.ly/104rQiB
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Fig. 1. (a) Index map  of study area within the contiguous United States; (b) subre-
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valuated for their ability to simulate the climate of the Northwest.
he most relevant models (Vano et al., 2015) were downscaled to
ner grids and used in regional hydrologic and vegetation models.

This paper presents the regional results from the vegetation
odeling efforts using the downscaled CMIP5 projections in the

acific Northwest and provides an example of the insights pro-
uced through the use of a process-based vegetation model with

 large number of the most recent global climate projections. Our
esults suggest that fire plays a major role in shaping climate change
nfluence on vegetation.

. Methods

.1. Study area

For this paper we focused on the Pacific Northwest region of
he conterminous United States (north of 42◦ latitude and west
f −111◦ longitude). Based on topographic and climatological
haracteristics, we defined three subregions (Fig. 1 and Table 1)
erived from the full and partial EPA Level III Ecoregions (Omernik
nd Griffith, 2014) within the study area (Table 1). The West-
rn Northwest (WNW)  subregion comprises the area west of the
rest of the Cascade Mountains and represents 21% of the study
rea. It includes the Coast Range, Klamath Mountains/California
igh North Coast Range, Willamette Valley, Puget Lowlands, Cas-
ades, and North Cascades Level III Ecoregions. This subregion falls
nder strong coastal climatological influence with warmer mini-
um temperatures and much greater precipitation than the other

wo subregions. The Northwest Plains and Plateau (NWPP) subre-
ion comprises 38% of the area and includes the Eastern Cascades
lopes and Foothills, Northern Basin and Range, Columbia Plateau,
nake River Plain, Northwest Great Plains, and Northwest Glaciated
lains Level III Ecoregions. This subregion is lower in elevation
han the Cascades and other Northwest mountain ranges. It is
rier than the other two subregions and experiences higher max-

mum temperatures. The remaining 41% of the area is covered by
he Eastern Northwest Mountains (ENWM)  comprising the moun-
ainous regions east of the Cascades. This subregion includes the

asatch and Uinta Mountains, Wyoming Basin, Blue Mountains,
daho Batholith, Middle Rockies, Northern Rockies, and Canadian
ockies Level III Ecoregions. It is the coldest of the subregions and
as precipitation amounts intermediate to those of the other two.

.2. Model description

We  used MC2, the C++ version of the MC1  dynamic global

egetation model (DGVM) (Bachelet et al., 2015). While the code
tructure of MC2  was modified from MC1  for purposes of perfor-
ance improvement and run option specification, it uses the same

lgorithms as MC1  and was designed to be functionally equivalent.

able 1
NW subregion characteristics. Climate variables are derived from PRISM data and avera

Area (km2) Mean minimum
monthly
temperature (◦C)

Mean maximum
monthly
temperature (◦C)

Annu
prec
(mm

Full Study Area 784,358 0.56 13.26 842 

Western Northwest
(WNW)

162,620 3.66 13.97 1841 

Northwest Plains and
Plateau (NWPP)

300,393 0.95 14.93 382 

Eastern Northwest
Mountains (ENWM)

321,345 -0.75 12.43 643 
gions defined for this study: (1) Western Northwest (WNW), (2) Northwest Plains
and Plateau (NWPP), and (3) Eastern Northwest Mountains (ENWM); and (c) eleva-
tion  in meters.

MC1  and MC2  have been widely used at global to regional scales to

simulate potential vegetation shifts, carbon (C) fluxes, and wildfires
in national parks (e.g. King et al., 2013), individual states (Lenihan
et al., 2008), across the conterminous United States (Bachelet et al.,
2001), North America (Drapek et al., 2015), as well as globally

ged over the historical baseline period (1971–2000).

al
ipitation
)

Annual summer
precipitation
(mm)

Level III Ecoregions

95.76
139.95 Coast Range, Klamath Mountains/California

High North Coast Range, Willamette Valley,
Puget Lowlands, Cascades, North Cascades

55.26 Eastern Cascades Slopes and Foothills,
Northern Basin and Range, Columbia Plateau,
Snake River Plain, Northwest Great Plains,
Northwest Glaciated Plains

109.8 Wasatch and Uinta Mountains, Wyoming
Basin, Blue Mountains, Idaho Batholith, Middle
Rockies, Northern Rockies, Canadian Rockies
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second phase, is run iteratively using detrended historical climate
from 1895 to 1924 to allow for readjustments of vegetation type
and carbon pool sizes in response to interannual variability and
8 T. Sheehan et al. / Ecologic

Gonzalez et al., 2010) for a variety of climate change scenarios.
he model is run at a monthly time step on a spatial grid in which
ach cell is simulated independently, with no cell-to-cell commu-
ication. The model can be used to simulate landuse (Bachelet et al.,
015), but for this project, we simulated the potential vegetation
hat would occur without direct human intervention. However, fire
uppression and the influence of increasing atmospheric CO2 con-
entrations due to anthropogenic emissions were explored in this
tudy. The model includes three modules that simulate biogeogra-
hy, biogeochemistry, and wildfire interactions.

The biogeography module simulates shifts in vegetation types
ased on climate and biomass thresholds. The model does not sim-
late individual species. Woody functional types (trees and shrubs)
re distinguished by leaf phenology (evergreen vs deciduous) and
orphology (needleleaf vs broadleaf). The module uses environ-
ental gradients of minimum monthly temperature and growing

eason precipitation to simulate the relative dominance of woody
ifeforms. The relative dominance of C3 vs C4 grasses (including
orbs, sedges, and other herbaceous vegetation) is simulated by
alculating the potential production of pure C3 and pure C4 stands
sing soil temperature. Thresholds of carbon pool values are used
o distinguish between forest, savanna, shrubland, and grassland
lasses. There are 36 vegetation types possible, 14 of these within
he temperate zone.

The model always simulates competition for light, water, and
utrients between herbaceous and woody vegetation. The biogeo-
hemistry module is a modified version of the CENTURY model
Metherell et al., 1993) that simulates carbon and nitrogen cycles,
ncluding net primary production (plant growth) and net biolog-
cal production (ecosystem carbon balance), decomposition, and
oil respiration. The model simulates the allocation of carbon and
itrogen among plant parts, multiple classes of litter, and three soil
rganic matter pools. Woody life form and herbaceous production
s limited by temperature, soil water availability, soil nitrogen, and
tmospheric CO2 (Bachelet et al., 2015). Decomposition is affected
y substrate quality, soil texture and moisture, and temperature.
he model also simulates actual and potential evapotranspiration
AET and PET), and soil water content in multiple soil layers. Grass
nd woody vegetation leaf moisture contents are calculated as
unctions of the ratio of available soil water to PET, and are inter-
reted as live fuel moisture contents affecting fire behavior.

The fire module (Lenihan et al., 1998; Conklin et al., 2015)
imulates fire occurrence, area burned, and fire impacts includ-
ng mortality, consumption of aboveground biomass, and nitrogen
olatilization. Mortality and consumption of overstory biomass are
imulated as a function of fire behavior and the canopy vertical
tructure. Fire occurrence is simulated as a discrete event. The mod-
le runs on a daily time step by using a randomly distributed set
f daily precipitation values derived from monthly precipitation
alues. To estimate fuel characteristics, the module calculates the
eetch–Byram drought index (Keetch and Byram, 1968) using car-
on pool values, daily precipitation, temperature, wind, potential
vapotranspiration, relative humidity, and snowfall. Daily esti-
ates for fine fuel moisture content (FFMC, Van Wagner, 1987),

uildup index (BUI, Canadian Forestry Service, 1984), and energy
elease component (ERC, Cohen and Deeming, 1985) are also calcu-
ated. An ignition source is always assumed and a fire is simulated
he first time the daily FFMC and BUI values exceed respective
hresholds for current vegetation type and the fuel load is suffi-
iently dense to carry a fire. The model does not support more than
ne fire per year in a grid cell.

To reflect a realistic geographic extent of a fire under assumed

gnitions, the fire module limits the area burned with an algorithm
ased on fire return interval (FRI) and years since last fire. In the
re module each vegetation type is assigned both a maximum and
inimum FRI (Leenhouts, 1998). At each time step each grid cell’s
delling 317 (2015) 16–29

FRI is calculated starting with the maximum value for its vegetation
type and adjusted as a function of BUI if the cell contains less than
70% fine fuels, or of FFMC if it contains 70% or more fine fuels. A
higher BUI or FFMC reduces the FRI until it reaches the minimum
FRI for that vegetation type. The maximum fraction of area burned
is calculated as follows:

f = y

F
(1)

where f is the maximum fraction of area burned, y is the number of
years since the last fire, and F is the fire return interval associated
with the vegetation type and the severity of fuel conditions. For
example, if a cell with a FRI of one hundred years had a fire five
years previous, the maximum fraction of the area that could burn
would be 0.05 or 5%.

The fire module includes a fire suppression option (Rogers et al.,
2011) that limits the area burned to 0.06% of the cell unless the fire
exceeds either an ERC of 60 or a 3.1 MW m−1 fireline intensity and
a spread rate of 0.51 m s−1. In that case, the full fire algorithm is
used.

2.3. Model calibration

In vegetation modeling, it is common practice to adjust model
parameters to obtain the best match possible between results using
historical input data and reference datasets (benchmarks). For
this study, we calibrated MC2  for the conterminous United States
(CONUS) (Bachelet et al., 2015) using Kuchler’s (1975) potential
vegetation map, Leenhouts’ (1998) potential fire return intervals
matched to Kuchler’s vegetation types, and the National Biomass
and Carbon Dataset (NBCD) (Kellndorfer et al., 2012). Based on
expert opinion, we  assigned a weighted difference from 0 (full
match) through 3 (full mismatch) between all possible pairs of
MC2/Kuchler vegetation types. Using visual comparisons of poten-
tial vegetation departure, above ground carbon differences, and
fire occurrence differences, we  iteratively adjusted biogeographic
parameters for vegetation type classification and BUI and FFMC
thresholds for ignitions. The final parameterization produced a 47%
full match (weighted difference of 0) and a 33% minimal mismatch
(weighted difference of 1) between the MC2  results and Kuchler’s
(1975) potential vegetation, a normalized root mean square error
of 0.35 for MC2  mean fire interval (MFI) vs Leenhout’s (1998) FRI,
and a normalized root mean square error of 0.11 vs the NBCD 2000
aboveground carbon dataset.

2.4. Run protocol

MC2  is run in three phases. In the first phase, initialization,
the static biogeography model, MAPSS (Neilson, 1995) generates
a map  of potential vegetation distribution for the average climate
between 1895 and 1924. This map  is used by the biogeochemistry
module to calculate initial values for carbon and nitrogen pools
associated with each vegetation type with their prescribed fire
return intervals. The initialization phase ends when the resistant
soil carbon pool size changes by less than 1% from one year to the
next. Its duration varies across the map  from a few decades for
grasslands up to 3000 years for temperate rainforests. Spinup, the
simulated wildfires. The spinup phase ends when the net biologi-
cal production (net ecosystem production minus carbon consumed
by wildfire) reaches a value near zero. In the third, transient phase,
the model is run with time series of historical and future climate.
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.5. Model runs

For the historical period (1895–2010) and each of the 40 climate
utures (2011–2100), we ran the model once with fire suppres-
ion (FS) and once with no fire suppression (NFS). For the historical
re suppression run, fire suppression is not started until 1950 to
eflect the realistic historical start of effective forest fire suppres-
ion in the United States (Pyne, 1982; Dombeck, 2001; Veblen et al.,
003). All runs used a 1/24◦ (∼4 km)  grid. The soils input dataset
as originally provided by Jeff Kern for the VEMAP project (Kern,

994, 1995, 2000), and was rescaled to match the climate grid.
t includes bulk density and depth to bedrock, as well as sand,
lay, and rock fragment content at three depths. Climate inputs
or the historical data were upscaled to the 1/24◦ grid by taking
he mean of 1/120◦ (∼800 m)  PRISM (Daly et al., 2008) grid cells.
rojected minimum and maximum temperature, precipitation, and
ean dewpoint temperature were downscaled from 40 climate

utures from 20 climate models (Table 2) run for representative
oncentration pathways (RCPs) 4.5 and 8.5. Future climate was
ownscaled using the MACA algorithm (Abatzoglou and Brown,
012), which includes steps for bias correction, epoch adjustment,

nd constructed analogs. All told, we executed 2 historical (FS and
FS) and 80 future runs (RCP 4.5/RCP 8.5 × FS/NFS × F 20 climate
odels).

able 2
limate models whose results were used as inputs to MC2  for this study.

GCM (general circulation model) or
ESM (Earth System Model)

Origin 

1 BCC-CSM1-1 Beijing Climate Center, China Mete

2  BCC-CSM1-1-M Beijing Climate Center, China Mete

3  BNU-ESM College of global change and earth 

University, China
4  CanESM2 Canadian Center for Climate Model

5  CCSM4 NCAR (USA) 

6  CNRM-CM5 Meteo France and CNRS (France) 

7  CSIRO-MK3-6.0 Commonwealth Scientific and Indu
Queensland Climate Change Center

8  GFDL-ESM2G NOAA/GFDL (USA) 

9  GFDL-ESM2 M NOAA/GFDL (USA) 

10  HadGEM2-CC Meteorological Office Hadley Cente

11  HadGEM2-ES Meteorological Office Hadley Cente

12  INM-CM4 Institute for Numerical Mathemati

13  IPSL-CM5A-LR Institut Pierre Simon Laplace (Fran

14  IPSL-CM5A-MR Institut Pierre Simon Laplace (Fran

15  IPSL-CM5B-LR Institut Pierre Simon Laplace (Fran

16  MIROC5 Atmosphere and Ocean Research In
Institute for Environmental Studies
Science and Technology (Japan)

17  MIROC-ESM Atmosphere and Ocean Research In
Institute for Environmental Studies
Science and Technology (Japan)

18  MIROC-ESM-CHEM Atmosphere and Ocean Research In
Institute for Environmental Studies
Science and Technology (Japan)

19  MRI-CGCM3 Meteorological Research Institute (

20  NorESM1-M Norwegian Climate Center 
delling 317 (2015) 16–29 19

2.6. Analyses

We summarized climate data and vegetation results over three
thirty year periods, late 20th century (1971–2000), mid  21st
century (2036–2065), and late 21st century (2071–2100). Fire
results were summarized over the entire 20th and 21st centuries
(1901–2000 and 2001–2100, respectively). For future projections,
results were summarized by RCP/fire suppression scenario (4 sep-
arate summaries: RCP 4.5/RCP 8.5 × FS/NFS). Unless otherwise
noted, for continuous output variables, summary results for future
runs were produced by taking the mean over time, followed by
the mean over the study area for each of the climate futures, and
finally by taking the ensemble mean (mean over all climate futures)
for each RCP/fire suppression scenario pair. For categorical data, we
used the mode instead of the mean. Several of the climate futures
used as inputs to the MC2  model runs provided data only through
2099. Ensemble results for the year 2100 were calculated consid-
ering only models for which there were data.

Climate data are summarized by subregion, and monthly pre-
cipitation is displayed by subregion. We  calculated the average
number of years between fires for each grid cell and called it mean

fire interval (MFI) to distinguish between MC2’s fire intervals and
Leenhouts’ FRI values used as boundaries in the fire model. At the
subregional level, we  calculated the maximum annual area burned

Atmosphere resolution Gridcell size
(degree lat × lon) L: vertical levels

orological Administration 2.8 × 2.8
L26

orological Administration 1.12 × 1.12
L26

system science, Beijing Normal 2.8 × 1.4
L26

ling and Analysis (Canada) 2.8 × 2.8
L35
1.25x.94
L26
1.4 × 1.4
L31

strial Research Organization,
 of Excellence (Australia)

1.8 × 1.8
L18
2.5 × 2.0
L48
2.5 × 2.0
L48

r, UK 1.88 × 1.25
L60

r, UK 1.88 × 1.25
L38

cs (Russia) 2.0 × 1.5
L21

ce) 3.75 × 1.8
L39

ce) 2.5 × 1.25
L39

ce) 3.75 × 1.8
L39

stitute (U. Tokyo), National
, Japan Agency for Marine-Earth

1.4 × 1.4
L40

stitute (U. Tokyo), National
, Japan Agency for Marine-Earth

2.8 × 2.8
L80

stitute (U. Tokyo), National
, Japan Agency for Marine-Earth

2.8 × 2.8
L80

Japan) 1.1 × 1.1
L48
2.5 × 1.9
L26
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Table 3
MC2  vegetation types comprising this study’s vegetation classes.

Vegetation class MC2  vegetation types

Tundra Tundra
Conifer Forest Subalpine, Maritime Evergreen Needleleaf Forest,

Temperate Evergreen Needleleaf Forest, Cool
Needleleaf Forest

Cool Mixed Forest Temperate Cool Mixed Forest
Decidous Forest Temperate Deciduous Broadleaf Forest
Warm Mixed Forest Temperate Warm Mixed Forest, Subtropical Mixed

Forest
Woodland/Savanna Temperate Deciduous Broadleaf Woodland,

Temperate Cool Mixed Woodland, Temperate
Warm Mixed Woodland, Subtropical Evergreen
Broadleaf Woodland, Subtropical Mixed Woodland

Shrubland/Woodland Temperate Evergreen Needleleaf Woodland,

a
p
b

3

3

i
T
(
f
t
(
0
E
8
t
s

c

F
l

Temperate Shrubland, Subtropical Shrubland
Grassland Temperate Grassland, Subtropical Grassland

nd the mean annual area burned, both in terms of actual area and
ercent of total area. MC2  vegetation types were aggregated into
road vegetation classes to simplify the results (Table 3).

. Results

.1. Projected climate change

For all three regions, all climate projections show ris-
ng minimum and maximum monthly temperatures (Tmin and
max, respectively) compared to the historical baseline period
1971–2000) with ensemble mean changes ranging from 2.18 ◦C
or mid-century average Tmin under the RCP 4.5 scenario for WNW
o 5.87 ◦C for late century average Tmin under RCP 8.5 for ENWM
Table 4). Standard deviations for temperature change range from
.54 ◦C (Tmin, WNW,  RCP 4.5 early century) to 1.19 ◦C (Tmin and Tmax,
NWM,  RCP 8.5, late century). Temperatures rise more under RCP
.5 than under RCP 4.5. Rising temperatures are consistent across

he 21st century under RCP 8.5 while under RCP 4.5 the rate of rising
lows over the later part of the century.

The change in mean annual precipitation from the late 20th
entury baseline is generally positive, but varies across projections

ig. 2. Monthly precipitation by subregion, period, and representative concentration pat
ines  are individual climate futures (WNW,  Western Northwest; NWPP, Northwest Plains
delling 317 (2015) 16–29

(Table 4). Standard deviations range from 3.1% (Full Study Area, RCP
4.5, early century) to 7.5% (NWPP, RCP 8.5, late century). Ensemble
means indicate increases for all subregion/RCP/time period combi-
nations ranging from 0.12% (Full Study Area, RCP 4.5, early century)
to 13.18% (NWPP, RCP 8.5, late century). Increases are generally
largest for RCP 8.5 late century.

The change in mean summer precipitation from late 20th
century is generally small but varies greatly across projections
(Table 4). Standard deviations range from 8.7% (Full Study Area, RCP
8.5, early century) to 21.0% (NWPP, RCP 8.5, late century). Ensem-
ble means indicate decreases for all subregion/RCP/time period
combinations ranging from 33.14% (WNW,  RCP 8.5, late century)
to 13.82% (ENWM,  RCP 4.5, early century). Increases are gener-
ally greatest for RCP 8.5 late century. Among all climate futures
and subregions, changes ranged from −55.5% (WNW,  RCP 8.5, early
century) to 45.0% (NWPP, RCP 8.5, late century).

Compared to the late 20th century, summer precipitation is
lower under the RCP 4.5 and 8.5 scenarios for the mid- and late 21st
century, but for all climate futures the duration of the dry period
is not longer (Fig. 2). During the rest of the year, especially fall
(October, November, and December) and spring months (March,
April, and May) precipitation generally increases (Fig. 2).

3.2. Subregional results

3.2.1. WNW
In the 21st century, the WNW  subregion has a lower ensemble

MFI  (Table 5), a higher ensemble annual percent area burned (PAB)
(Table 6), and a higher ensemble maximum annual PAB than in the
20th century across all emissions and fire suppression scenarios.
Compared to results under RCP 4.5, results under RCP 8.5 show a
lower MFI, larger mean annual PAB, and slightly larger maximum
annual PAB. Fire suppression shows a higher MFI, lower mean PAB,
and slightly lower maximum annual PAB compared to no fire sup-
pression. During the 20th century, maximum PAB exceeds 5% one

time and reaches a maximum of 10% (Fig. 3b), while during the 21st
century, the ensemble mean for maximum annual PAB ranges from
13.45% (RCP 4.5 FS) to 16.96% (RCP 8.5 NFS). Results from individ-
ual future simulations range as high as 30% and encompass the 20th

hway (RCP). Heavy black line is ensemble mean over all climate futures, light gray
 and Plateau; ENWM, Eastern Northwest Mountains).
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Table 4
Changes in annual means of climate variables between historical (1971–2000) and future periods by subregion and representative concentration pathway (RCP). Ensemble means, minimums, maximums, and standard deviations
were  taken across results of runs produced using all climate futures.

RCP 4.5 RCP 8.5

2036–2065 2071–2100 2036–2065 2071–2100

Min  Max  Ens. mean SD Min  Max Ens. mean SD Min  Max  Ens. mean SD Min  Max  Ens. mean SD

Full NW
Tmin (◦C) 1.38 3.62 2.59 0.61 1.78 4.66 3.32 0.82 1.79 4.31 3.23 0.71 3.55 7.21 5.51 1.15
Tmax (◦C) 1.29 3.49 2.55 0.61 1.80 4.64 3.34 0.83 1.73 4.10 3.17 0.72 3.51 7.23 5.55 1.13
Annual  ppt (% change) −2.13 8.25 1.76 3.11 −4.61 8.98 3.39 3.84 −5.74 7.84 2.22 3.76 0.54 18.22 8.46 4.66
Summer  ppt (% change) −38.97 −1.10 −17.63 8.91 −42.66 −4.83 −18.47 9.62 −36.02 −4.73 −20.36 8.70 −48.30 15.35 −21.81 13.93

WNW
Tmin (◦C) 1.01 2.91 2.18 0.54 1.39 3.84 2.86 0.72 1.55 3.70 2.74 0.66 2.89 6.14 4.76 1.07
Tmax (◦C) 1.05 2.94 2.21 0.54 1.66 4.10 2.93 0.70 1.56 3.68 2.77 0.64 3.09 6.24 4.84 1.01
Annual  ppt (% change) −8.14 6.60 0.12 3.69 −4.55 7.01 1.17 3.38 −9.44 8.14 0.34 4.09 −3.00 11.53 4.77 3.80
Summer  ppt (% change) −38.34 −0.75 −25.14 10.08 −43.84 −4.90 −24.66 10.44 −55.45 −14.67 −27.90 11.50 −50.76 −14.97 −33.14 10.57

NWPP
Tmin (◦C) 1.33 3.64 2.59 0.63 1.74 4.74 3.33 0.84 1.72 4.23 3.24 0.73 3.53 7.34 5.57 1.18
Tmax (◦C) 1.34 3.69 2.61 0.65 1.92 4.92 3.43 0.88 1.73 4.28 3.25 0.75 3.61 7.65 5.71 1.17
Annual  ppt (% change) −2.61 11.30 3.67 3.63 −3.35 13.78 5.88 5.54 −5.23 12.85 4.61 4.27 1.83 27.91 13.18 7.52
Summer  ppt (% change) −40.81 9.81 −14.54 11.09 −47.50 6.30 −15.32 12.60 −30.23 0.53 −17.46 8.82 −49.85 45.02 −14.50 20.99

ENWM
Tmin (◦C) 1.58 3.98 2.81 0.66 2.03 5.05 3.57 0.87 2.00 4.71 3.50 0.75 3.75 7.67 5.87 1.19
Tmax (◦C) 1.36 3.61 2.68 0.64 1.78 4.87 3.48 0.88 1.81 4.27 3.32 0.76 3.61 7.51 5.78 1.19
Annual  ppt (% change) −2.08 10.84 3.29 4.07 −5.42 12.24 5.44 4.89 −4.49 11.80 3.86 4.34 2.63 24.88 11.43 6.33
Summer  ppt (% change) −39.87 10.41 −13.82 10.46 −42.70 8.58 −15.61 11.52 −28.96 6.09 −16.45 10.52 −45.83 37.44 −17.34 18.08

RCP, representative concentration pathway; NW,  Northwest; WNW,  Western Northwest; NWPP, Northwest Plains and Plateau; ENWM,  Eastern Northwest Mountains; Tmin, minimum monthly temperature; Tmax, maximum
monthly  temperature; annual ppt, full year precipitation; summer ppt, precipitation total for July–September; min, minimum from the climate futures; max: maximum from the climate futures; Ens mean: mean over climate
futures; SD, standard deviation over climate futures.
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Table 5
Simulated mean fire interval (MFI) by subregion for 20th century and 21st century by representative concentration pathway (RCP). Ensemble means and standard deviations
were  taken across results of runs produced using all climate futures.

Region and fire suppression 20th century RCP 4.5 21st century RCP 8.5 21st century

Ensemble mean Standard deviation Ensemble mean Standard deviation

Full NW FS 42.36 25.87 6.72 20.81 6.69
Full  NW NFS 36.66 14.60 5.65 9.35 4.99
WNW  FS 81.34 47.27 11.17 37.40 10.93
WNW  NFS 79.93 40.92 11.37 27.15 9.75
NWPP  FS 18.56 21.10 3.77 20.01 4.70
NWPP  NFS 11.39 2.84 0.98 2.05 0.69
ENWM  FS 44.88 19.49 9.48 13.16 8.37
ENWM  NFS 38.39 12.28 8.66 7.17 7.00

RCP, representative concentration pathway; NW,  Northwest; WNW,  Western Northwest; NWPP, Northwest Plains and Plateau; ENWM, Eastern Northwest Mountains; FS,
fire  suppression; NFS, no fire suppression.

Table 6
Simulated annual percent area burned (PAB) by subregion for 20th century and 21st century by representative concentration pathway (RCP). Ensemble means and standard
deviations were taken across results of runs produced using all climate futures.

Region and fire suppression 20th century RCP 4.5 21st century RCP 8.5 21st century

Ensemble mean Standard deviation Ensemble mean Standard deviation

Full NW FS 1.99 2.31 0.20 2.36 0.22
Full  NW NFS 3.06 3.85 0.23 3.91 0.22
WNW  FS 0.53 1.12 0.19 1.27 0.17
WNW  NFS 0.58 1.32 0.23 1.52 0.19
NWPP FS 2.90 2.75 0.21 2.74 0.29
NWPP NFS 4.89 5.52 0.12 5.48 0.12
ENWM FS 1.88 2.50 0.28 2.55 0.26
ENWM NFS 2.61 3.58 0.38 3.66 0.35
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CP, representative concentration pathway; NW,  Northwest; WNW,  Western Nort
re  suppression; NFS, no fire suppression.

entury results for maximum annual PAB (Fig. 3b). All 21st century
esults for mean annual PAB (Fig. 3b) lie above those for the 20th
entury and those for MFI  (Fig. 4b) lie below. During the 20th cen-
ury, most of the WNW  experiences no fire regardless of whether
re suppression is applied or not (Fig. 5c). Only southern portions
f the northern Cascades and southern Klamath region experience
ears with large areas burned by wildfire. In sharp contrast, during
he 21st century, most of the area experiences extensive wildfires
ith PAB approaching 100% in burned grid cells, the exceptions

eing the Klamath area, along the Pacific coastline, and at high
levations (Fig. 5c).

Vegetation shifts from predominantly conifer to mixed forests
s temperatures warm during the 21st century (Fig. 6 and Table 8).
he shift starts in the south, expands along the coast, and spreads
orthward and upslope over the Coast Range and into the middle
eaches of the Cascades. This shift is earlier and more extensive
nder the warmer RCP 8.5 scenario than under the cooler RCP 4.5
cenario. In the late 21st century under RCP 8.5, remnant conifer
orests occur only in the northern Oregon Coast Range, the higher
levations of the Olympic Peninsula, and the higher elevations of
he Cascades. Following the shift from conifer to mixed vegeta-
ion, warm mixed forests replace cool mixed forests, starting in the
outhwest, spreading north along the coast, and then inland and
orth into the foothills of the Cascades. This trend is most extensive
nder the RCP 8.5 scenario in the late 21st century.

.2.2. NWPP
In the NWPP subregion, RCP scenarios have little effect on fire

esults (Figs. 3 and 4, and Tables 5–7), while fire suppression has
 marked effect. Even though its effect during the 20th century is

imited because suppression is not applied until 1950, fire suppres-
ion produces a longer MFI  (18.56 years vs 11.39 years), a lower
nnual mean PAB (2.90% vs 4.89%), and a lower maximum annual
AB (11.95% vs 14.18%) than no fire suppression. During the 21st
; NWPP, Northwest Plains and Plateau; ENWM, Eastern Northwest Mountains; FS,

century fire suppression results in a MFI  up to ten times as long
(∼20 years vs ∼2–3 years), a mean PAB half as large (∼2.75% vs
∼5.5%), and a maximum annual PAB of just over half as large (6.79%
vs 11.50% for RCP 4.5, 5.59% vs 10.80% for RCP 8.5) as those without
fire suppression.

Without fire suppression, during both historical and future peri-
ods, frequent fires reduce the dominance of woody vegetation
(forests and shrubs) by 9.5–12.4% (Fig. 6 and Table 8) compared to
results with fire suppression. This trend is most apparent at lower
elevations in the western and southern portions of the subregion
where, without fire suppression, grasslands are more extensive and
shrublands less. Both with and without fire suppression, the dom-
inance of woody vegetation increases between 4.7 and 9.1% in the
future period.

3.2.3. ENWM
Over the entire ENWM subregion, MFI  (7.2–19.5 years 21st cen-

tury vs 38.4–44.9 years 20th century) decreases, mean annual PAB
(2.7–3.7% 21st century vs 1.9–2.6% 20th century) increases, and
maximum annual PAB (13.5–19.4% 21st century vs 14.3–20.7% 20th
century) is nearly unchanged during the 21st century as compared
to the 20th century (Tables 5–7, and Figs. 3 and 4). MFI  is lower,
mean annual PAB higher, and maximum annual PAB higher without
fire suppression. Results differ little between RCP 4.5 and 8.5 sce-
narios. Lower elevation valleys and slopes within the ENWM (Fig. 5)
show similar responses to emission scenarios and fire suppression
to comparable areas in the NWPP.

Fire in the Blue Mountains (area of generally lower elevation
stretching westward from the southern portion of the subregion)
differs from that in the eastern portion of the subregion, with

generally more frequent, smaller fires (Fig. 5a and b) resulting in a
mean annual PAB similar to that of the rest of the subregion. Fire
suppression effects are consistent with those across the ENWM
subregion, reducing both mean annual and maximum annual PAB,
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ig. 3. Spread across model runs for mean annual area burned over time period 

wo  representative concentration pathways (RCPs): (a) Full Study Area, (b) WNW  (
orthwest Mountains). Whiskers extend to a maximum of 1.5× interquartile range

nd increasing MFI. In the 21st century fires are somewhat more
requent and have a somewhat higher mean annual and maximum
nnual PAB than those in the rest of the ENWM.

The eastern portion of the ENWM subregion exhibits different

re responses based on elevation (Fig. 5). Higher elevations have a
igher MFI, lower mean annual PAB, and lower maximum annual
AB during the 20th century than lower elevations. During the 21st
entury, MFI  decreases across this part of the subregion. Lower

able 7
imulated maximum single year percent area burned (PAB) by subregion for 20th century
nd  standard deviations were taken across results of runs produced using all climate futu

Region and fire suppression 20th century RCP 4.5 21st century 

Ensemble mean 

Full NW FS 10.85 9.47 

Full  NW NFS 15.97 13.25 

WNW  FS 9.55 13.45 

WNW  NFS 9.97 14.20 

NWPP FS 11.95 6.79 

NWPP NFS 14.18 11.50 

ENWM FS 14.29 14.82 

ENWM NFS 20.69 19.43 

CP, representative concentration pathway; NW,  Northwest; WNW,  Western Northwest
re  suppression; NFS, no fire suppression.
 and maximum annual area burned (1YM) for 20th century and 21st century for
rn Northwest), (c) NWPP (Northwest Plains and Plateau), and (d) ENWM (Eastern

Q1) (FS, fire suppression; NFS, no fire suppression).

elevations have a higher MFI  and a higher maximum annual PAB
than higher elevations, but mean annual PAB similar to that of the
rest of the subregion.

Conifer forests dominate the subregion for all historical and

future simulations (Table 8 and Fig. 6). Conifer dominance is
greater with fire suppression than without and under RCP 8.5
vs RCP 4.5. It increases through time for all future simulations.
During the late 20th century, with and without fire suppression,

 and 21st century by representative concentration pathway (RCP). Ensemble means
res.

RCP 8.5 21st century

Standard deviation Ensemble mean Standard deviation

1.70 8.98 2.06
2.24 12.66 2.43
6.33 15.93 6.38
6.60 16.96 6.79
1.39 5.59 0.76
1.40 10.80 0.97
3.79 13.52 3.64
4.65 17.88 4.58

; NWPP, Northwest Plains and Plateau; ENWM,  Eastern Northwest Mountains; FS,
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ig. 4. Spread across model runs for simulated mean fire interval (MFI) for 20th cen
a)  Full Study Area, (b) WNW  (Western Northwest), (c) NWPP (Northwest Plains and
f  1.5× interquartile range (Q3–Q1) (FS, fire suppression; NFS, no fire suppression).
ubalpine vegetation (not shown here, part of the conifer forest
egetation type) is present at high elevation and comprises 30% of
he subregion area. By the late 21st century it is nearly absent, com-
rising 2% and 0.3% of the subregion area for RCP 4.5 and RCP 8.5,

able 8
ominant simulated vegetation types and percent coverage for historical and future tim
cross results of runs produced using all climate futures.

Region and fire suppression Historical RCP 4.5 

1971–2000 2036–2065 

Full NW FS CON 47.70 CON 49.06 

Full  NW NFS CON 46.10 CON 44.05 

WNW  FS CON 85.90 CON 71.07 

WNW  NFS CON 85.42 CON 70.93 

NWPP FS FSH 89.51 FSH 97.08 

NWPP NFS FSH 80.00 FSH 84.94 

ENWM FS CON 60.50 CON 66.89 

ENWM NFS CON 58.23 CON 58.45 

CP, representative concentration pathway; NW,  Northwest; WNW,  Western Northwest
re  suppression; NFS, no fire suppression; CON, conifer forest; MIX, warm mixed forest +
istorical) and 21st century for two representative concentration pathways (RCPs):
u), and (d) ENWM (Eastern Northwest Mountains). Whiskers extend to a maximum
respectively. Other vegetation type changes are limited to shifts
between more or less woody types at lower elevations with conifer
forest supplanting shrubland/woodland, and shrubland/woodland
supplanting grassland when fire suppression is implemented.

e periods by representative concentration pathway (RCP). Results are from modes

RCP 8.5

2070–2100 2036–2065 2070–2100

CON 47.52 CON 47.55 CON 49.18
CON 42.96 CON 42.27 CON 44.34
MIX  49.61 MIX  60.69 MIX  64.60
MIX  49.17 MIX  60.35 MIX  64.48
FSH 98.57 FSH 97.16 FSH 98.53
FSH 87.10 FSH 84.74 FSH 88.08
CON 70.96 CON 67.60 CON 77.18
CON 62.75 CON 58.72 CON 68.56

; NWPP, Northwest Plains and Plateau; ENWM, Eastern Northwest Mountains; FS,
 cool mixed forest; FSH, forest + shrubs.



T. Sheehan et al. / Ecological Modelling 317 (2015) 16–29 25

Fig. 5. Simulated fire results for 20th century and 21st century for two  representative concentration pathways (RCPs) for: (a) mean fire interval (MFI), (b) mean annual
percent  area burned (PAB), and (c) maximum annual percent of area burned (PAB). Means and maximums taken across results of runs produced using all climate futures
(Pct,  percent; FS, fire suppression; NFS, no fire suppression).

Fig. 6. Simulated modal vegetation classes for historical time period and across 20 climate futures for two  representative concentration pathways (RCPs). Modes taken across
results of runs produced using all climate futures (FS, fire suppression; NFS, no fire suppression).
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. Discussion

In the WNW  subregion, the prevalence of large fires and the
hange of the dominant vegetation from conifer to mixed forest
re both associated with projected increases in temperature and
ake place under warmer, drier summer conditions. Large fires in
he WNW  subregion are currently limited by fuel moisture rather
han fuel amount, requiring climate conditions such as drought or
xtreme fire weather that have rarely occurred historically (Meyn
t al., 2007). These fire-conducive conditions – warmer tempera-
ures and drier summers – become common in the future and cause
arge fires. Along the trajectory from historical to future climate
onditions, vegetation shifts from conifer to mixed forests are facil-
tated by increased wildfire occurrence in much of the subregion.
owever, climate, rather than fire is the driving force behind the
egetation shift. Historically droughts have led to large fires in this
ubregion (Agee, 1991), and the model simulated such large fires in
everal areas over the 20th century. In the case of either actual or
imulated historical fires, conifer forests returned. Increased future
emperatures and longer, dryer summers cause the vegetation to
hift from the current conifer to less dense, more drought-tolerant
ixed forest. This vegetation shift takes place even along the

oast where moister conditions prevent fires in the future period
Fig. 6).

In MC2, the longer the period between fires, the higher the frac-
ion of grid cell available to burn when a fire occurs. When a group
f grid cells experiences a long period without burning followed
y a year in which fire thresholds are exceeded, as occurs in some
reas of the WNW  under most climate futures, the entire area expe-
iences a uniquely high PAB. The model is likely overestimating the
nnual maximum area burned in the WNW  subregion. Results are
est interpreted as an indication that conditions will be conducive
o large fires and that if such conditions become frequent, as they
re projected to under a climate with hotter, drier summers in the
NW,  then large fires are likely.
In the NWPP, the use of a fixed range of FRI for each vege-

ation type to limit the area burned has a very strong effect on
re behavior, in turn strongly influencing the vegetation. With-
ut fire suppression, the assumption of unlimited ignition coupled
ith fixed FRI leads to very frequent, small fires in grass/shrub
ominated areas. This maintains grasslands by denying woody veg-
tation the fire-free years needed to establish. Fire suppression
n the model prevents large fire occurrence even when condi-
ions exceed fire suppression thresholds thus limiting mortality
nd consumption of woody vegetation and amplifying woody
ncroachment. The model likely overestimates fire suppression
ffectiveness and underestimates the frequency of shifts between
rassland and shrubland with and without fire suppression. Limit-
ng as opposed to assuming ignitions would likely lead to greater
patial variability in fire frequency, extent, and intensity. This in
urn would likely result in greater spatial and temporal variation in
oody vs grass vegetation dominance (Ratajczak et al., 2014).

The more frequent fire and greater mean area burned in
he ENWM subregion are primarily due to rising temperatures.
lthough summer precipitation is reduced, the summer dry period

s not longer than during the historical period (Fig. 2). Conse-
uently the effect of the decrease in precipitation on the length
f the fire season is minimal. Warmer temperatures and increased
recipitation during fall, winter, and spring are not great enough
o shift vegetation from conifer to mixed forest. However, along
ith a moderate increase in water use efficiency due to increased
O2, these conditions result in greater conifer growth. Increased

rowth exceeds losses through increased fire, resulting in an over-
ll increase in forested area. As with the WNW,  assumed ignitions
ave led to large annual PAB in the ENWM and should be viewed

n a similar manner.
delling 317 (2015) 16–29

Rogers et al. (2011) ran MC1  using climate data from 3 climate
model projections under SRES A2 scenarios and presented results
of fire suppression over the western 2/3 of the states of Oregon
and Washington. For their western forest domain, which corre-
sponds closely to our WNW  subregion, the ensemble mean of their
mean annual PAB (0.14%) over the historical period (1971–2000)
was lower than ours over the entire 20th century (Table 6; 0.58% for
NFS and 0.53% for FS). The mean of their future period (2070–2099)
mean annual PAB (0.71%) was lower than ours for the 100 years
of the 21st century (range of 1.12% for RCP 4.5 FS to 1.52% for
RCP 8.5 NFS). From the Cascades west, their results show a similar
trend with mixed forests in the Willamette Valley under the MIROC
future, however they simulate a smaller extent of mixed forest in
the historical and future periods than we  did. Elsewhere in their
study area, they generally simulated woodier vegetation than we
did with more forest and less grassland and shrubland/woodland.
They simulated woody vegetation increases over time, as we did
with fire suppression.

More recently, using three downscaled CMIP5 climate futures
representing low, moderate, and high levels of climate change,
Turner et al. (2015) simulated vegetation and landuse changes in
the Willamette watershed of Oregon. They found shifts in poten-
tial vegetation similar to ours for this portion of the study region,
with warmer mixed forests dominating lower elevations, cooler
mixed forests at intermediate elevations, and conifers remaining
at high elevations. They found, as we did, that shifts to mixed and
warmer mixed forest types were more extensive with the warmer
drier climate scenarios. Their annual PAB for recent decades was
0.2% and they observed a 3–9-fold increase in annual area burned
for their moderate to severe climate scenarios. We  found that for
the 20th century PAB in the WNW  subregion was  between 0.5%
and 0.6% with a 2–3-fold increase in mean 21st century PAB. These
differences are likely due to different parameterizations, since they
adjusted MC2  fire thresholds for each of their runs to match local
historical records, while ours was  adjusted once to match CONUS
reference datasets using PRISM historical data.

Differences between our results and those of Rogers et al. (2011)
may  be due to differences in climate futures, parameterizations, or
both. Given the similarity between our results and Turner et al.’s
(2015), despite independent parameterizations, it is likely that the
differences are attributable to differences in the future climates
used to drive the model.

West of the Cascades, Rehfeldt et al. (2006) simulated the range
of Oregon coastal conifer forests shrinking to the north and west
of its original range. Most of the Douglas fir forests they mapped in
late 21st century were exposed to novel climate conditions. Simi-
larly, we simulated the near complete conversion of conifer forests
to mixed forests over the same region. They also mapped a larger
extent of grasslands in the NWPP than we did.

Using Rehfeldt et al.’s (2006) results for Douglas fir as well as a
similar, statistics-driven analysis for three pine species, Littell et al.
(2010) projected Douglas-fir vulnerability and species richness
gains and losses within Washington state and northern Oregon.
They included vulnerability to pine beetle outbreaks (which we
did not simulate) and fire in their analysis. There is general concur-
rence between their projections of Douglas-fir being at risk (present
in <50% of models) or not at risk (present in ≥50% of models) by the
2060s and MC2  projections of conifer forests converting to mixed
or remaining as conifer. However they projected unforested areas
on some Cascade peaks as well as at lower elevations on the east
side of Puget Sound and in lower elevation areas in the northern
Willamette Valley and southern Puget Trough, while MC2  simu-

lated forests in these areas. Overall they projected a doubling or
tripling of annual area burned by the 2080s. This is lower than
what MC2  simulated for the entire region, but is consistent with
MC2  projections for the WNW.
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Shafer et al. (2001) projected species range shifts using 3 CMIP3
utures. In the WNW,  they simulated decreases in the range of
ouglas-fir (Pseudotsuga menziesii), Pacific silver fir (Abies ama-
ilis), Oregon white oak (Quercus garryana), and red alder (Alnus
ubra) with increases in the ranges of valley oak (Quercus lobata)
nd ponderosa pine (Pinus ponderosa). This is consistent with our
imulated shifts from conifer forest under cooler historical condi-
ions to warmer mixed forests in the 21st century. They simulated
he expansion of ponderosa pine within the ENWM which agrees
ith our simulated shifts from subalpine to warmer types at high

levations.
On a state-by-state basis for western states, McKenzie et al.

2004) used multiple regression analysis to determine the area
urned as a function of summer temperature and precipitation and
rojected how climate change may  affect area burned. Projections
ith the mild PCM-B2 climate projection showed increases in area

urned by a factor of approximately 1.3 (Idaho) to approximately
 (Washington) compared to the current mean. Their results are
enerally 20–30% greater than ours, likely as a result of their use of
tatic vegetation while MC2  simulated shifts to more fuel-limited
ixed forests over much of the study area.
Due to different modeling techniques, climate futures, and

odel calibrations, our results differ in specifics from those of other
tudies. However, they closely agree in trends toward increased
re occurrence and intensity as well as vegetation shifts. Given the
ncertainties inherent in climate inputs, biogeography rules, and
re modeling, our results should be considered in the broader con-
ext of other impacts modeling work just as each general circulation

odel provides another projection of future climate.

. Limitations

Climate projections generally agree on warmer future condi-
ions, however, precipitation projections are more variable (e.g.

eehl et al., 2007). Seasonality, quantity, and interannual vari-
bility of precipitation have large effects on factors influencing fire
ccurrence and behavior. Years with greater precipitation can lead
o increases in both dead and live fuels, in turn producing greater
re in fuel-limited areas. Dry years – or longer intraannual dry
eriods – can result in more fire in moisture-limited areas. Reli-
ble soils data are key to projecting accurate soil water availability
nd drought stress (Peterman et al., 2014). Accurate vapor pressure
eficit data are also important for producing meaningful vegetation
odeling results.
MC2  simulates potential vegetation most adapted to the climate

rivers. However, in reality vegetation is long lived and endures
nder suboptimal conditions, preventing better-suited vegetation
rom gaining a foothold. Vegetation can remain in a metastable
tate until disturbance or natural mortality removes this legacy
egetation.

Modeling fire also presents challenges as fire occurrence, spread,
nd intensity depend on inherently unpredictable factors including
easonal weather extremes, immediate weather conditions, igni-
ion occurrence, and other factors that may  affect fuel load and
ondition. A fire model will always be a simplification of dynamic
rocesses and must strike a balance between realism, ease of imple-
entation, and computational performance.
The effects of CO2 concentration on water use efficiency and

lant productivity are still not completely understood and may
epend on factors such as ontogeny and site conditions (Camarero

t al., 2015). While the CO2 fertilization effect in MC2  is moderate,
t does lead to greater woody plant production and fuel accumu-
ation. Improved understanding of the CO2 fertilization effects will
ndoubtedly lead to improvements in vegetation modeling.
delling 317 (2015) 16–29 27

The addition of insect attacks, disease, and invasive species to
the model would allow the model to better reflect the effects of
these influences on vegetation dynamics. However, these additions
were beyond the scope of this project.

6. Conclusions

Vegetation dynamics and wildfire are inextricably linked, yet
MC2  is one of the few DGVMs to include a dynamic fire model. Using
MC2, we  modeled future vegetation and fire for the PNW using 40
different climate futures, each with and without fire suppression.
Results illustrate the range of likely future fire frequency and extent
as well as the pattern of possible vegetation changes throughout the
21st century. Fire and vegetation trends were distinctly different
geographically and to facilitate interpretation we  summarized the
results using three subregions as follows.

In the WNW,  the predominant conifer forest is replaced by
mixed forest under future climate scenarios. While fire is absent
in most of the subregion during the 20th century, large fires are
simulated during the 21st century. The metastable state of the vege-
tation and the potential for widespread fire indicate that this region
could undergo a rapid ecological change in the coming decades.
Managers will have to consider how to maintain continuity of
ecosystem services and provide refugia for threatened species and
communities.

Fire suppression has a significant effect in the NWPP, leading to
an expansion of woody vegetation, primarily shrubs. However, the
potential for periodic large fires under fire suppression is probably
more likely than indicated by our results, and would likely dampen
the woody expansion and possibly lead to spatial and temporal
variation in grass/shrub composition. Since we  do not model inva-
sive species, their importance in changing fire regimes across the
intermountain West is missing from our analysis. Managing this
diverse region where invasive species and locally accumulated fuels
could pose threats to existing communities presents managers with
a difficult challenge.

In the ENWM,  the predominant vegetation type remains conifer
forest under all future climate scenarios. However, subalpine
forests are supplanted by warmer forest types. The occurrence of
large fires in the 21st century, especially in subalpine areas, points
to the potential for sudden vegetation shifts. The possibility of rapid
ecological change facilitated by sudden large fires and other distur-
bances is real and might affect the effectiveness of management
strategies designed to maintain ecosystem resilience and future
ecosystem health.

The Pacific Northwest is an ecologically diverse region that
provides many ecosystem services including timber, carbon
sequestration, grazing, wildlife habitat, and recreation. In addition
it is home to a number of ecosystems under pressure from landuse,
invasive species, and changing climate. There is little doubt that
the last of these pressures will have an increasing influence as cli-
mate change effects increase into the future. Because of this, it is
important that land managers – from national leaders to regional
planners – utilize the best available projections for future climate,
vegetation, and landuse. This study provides one example of action-
able projections and provides a platform for further enhancements
to best address ecological issues into the future.
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