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Abstract. Modern climate change in Alaska has resulted in widespread thawing of per-
mafrost, increased fire activity, and extensive changes in vegetation characteristics that have
significant consequences for socioecological systems. Despite observations of the heightened
sensitivity of these systems to change, there has not been a comprehensive assessment of fac-
tors that drive ecosystem changes throughout Alaska. Here we present research that
improves our understanding of the main drivers of the spatiotemporal patterns of carbon
dynamics using in situ observations, remote sensing data, and an array of modeling tech-
niques. In the last 60 yr, Alaska has seen a large increase in mean annual air temperature
(1.7°C), with the greatest warming occurring over winter and spring. Warming trends are
projected to continue throughout the 21st century and will likely result in landscape-level
changes to ecosystem structure and function. Wetlands, mainly bogs and fens, which are cur-
rently estimated to cover 12.5% of the landscape, strongly influence exchange of methane
between Alaska’s ecosystems and the atmosphere and are expected to be affected by thawing
permafrost and shifts in hydrology. Simulations suggest the current proportion of near-sur-
face (within 1 m) and deep (within 5 m) permafrost extent will be reduced by 9–74% and 33–
55% by the end of the 21st century, respectively. Since 2000, an average of 678595 ha/yr was
burned, more than twice the annual average during 1950–1999. The largest increase in fire
activity is projected for the boreal forest, which could result in a reduction in late-succes-
sional spruce forest (8–44%) and an increase in early-successional deciduous forest (25–
113%) that would mediate future fire activity and weaken permafrost stability in the region.
Climate warming will also affect vegetation communities across arctic regions, where the cov-
erage of deciduous forest could increase (223–620%), shrub tundra may increase (4–21%),
and graminoid tundra might decrease (10–24%). This study sheds light on the sensitivity of
Alaska’s ecosystems to change that has the potential to significantly affect local and regional
carbon balance, but more research is needed to improve estimates of land-surface and sub-
surface properties, and to better account for ecosystem dynamics affected by a myriad of bio-
physical factors and interactions.
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water; tundra; wetlands; wildland fire.

INTRODUCTION

At the simplest level, ecosystem carbon storage is a
function of the inputs and outputs of carbon per unit
time. However, the patterns and processes affecting
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ecosystem carbon balance are complex and largely gov-
erned by interactive controls (e.g., disturbances) and
regional climate, topography, biota, soil properties, and
time (Chapin et al. 1996). These factors define the
bounds of characteristics of ecosystems, in which ecosys-
tem processes respond to and affect interactive controls,
and changes in these driving factors can alter ecosystems
and the sustainability of current properties (Dokuchaev
1879, Jenny 1941, Chapin et al. 2011). For instance,
northern high-latitude ecosystems are experiencing
major changes in structure and function as a result of
climate change (Hinzman et al. 2005, Chapin et al.
2006, Wolken et al. 2011). Ongoing warming is projected
to continue in northern high-latitude regions throughout
the 21st century (Collins et al. 2013), which could fur-
ther influence ecosystem disturbances and has the poten-
tial to remobilize vast quantities of carbon stored in
these regions (Kasischke et al. 1995, McGuire et al.
2009, Schuur et al. 2015). Despite early warning signs
and observed changes to ecosystems in Alaska, there has
not been a comprehensive assessment of historical and
future ecosystem carbon stocks and fluxes as driven by
climate, topography, vegetation, wildfire, and permafrost
dynamics in the state. Because of limited availability of
inventory data in the region, such an assessment needs
to rely on the use of ecosystem models. Therefore, it is
critical for these models to represent the impacts of and
interactions among environmental drivers to reproduce
spatially heterogeneous dynamics of terrestrial and
aquatic carbon stocks and fluxes.
Climate is the environmental factor that most strongly

determines ecosystem processes and structure on broad
geographic scales (Chapin et al. 2011). In Alaska, regional
variations in climate explain broad-distribution patterns of
disturbance, vegetation, and soil properties that influence
carbon dynamics and stocks (Fig. 1). For instance,
increased warming and widespread occurrence of drought
have resulted in significant shifts in vegetation composition
(mostly from shrub and tree expansion, Fig. 1(1)) and pro-
ductivity in Alaska (Fig. 1(2); Goetz et al. 2005, Verbyla
2008, Beck et al. 2011). Analyses of in situ tree-ring data
and satellite estimates of vegetation productivity show
divergent responses in growth rates as a function of longi-
tude and temperature, where increased growth rates were
found at warming coastal sites in western Alaska and
decreased growth rates were found in interior Alaska
where ecological tipping points may have already been
crossed (Beck et al. 2011, Juday et al. 2015). Warming
over arctic tundra and forest–tundra ecotones has been
linked to observations of increased plant productivity (Pot-
ter et al. 2013), and treeline and shrub expansion (Harsch
et al. 2009, Myers-Smith et al. 2011) that is constrained by
topography (Rupp et al. 2001). Further warming will likely
change arctic and boreal vegetation and productivity that
directly impacts carbon storage and turnovers, energy
fluxes, ecosystem services, and, more broadly, climate feed-
backs and disturbance regimes (Chapin et al. 2006,
Euskirchen et al. 2009, Pearson et al. 2013).

Drainage conditions impact hydrology and soil mois-
ture, which in turn results in different biogeochemical
pathways of carbon release (Fig. 1(3); Schuur et al.
2009), vegetation composition and productivity (Chris-
tensen et al. 2004), and disturbance regimes in upland
and lowland systems (Turetsky et al. 2011, Genet et al.
2013). Upland ecosystems, in the absence of impeding
layers of permafrost or other substrate, typically have
high rates of decomposition and mineralization, and thin
surface organic layers due to dry aerobic conditions
(Pastick et al. 2014). In contrast, flat, low-lying ecosys-
tems are typically underlain by near-surface permafrost
(Pastick et al. 2015a) leading to perched water tables and
anaerobic conditions that slow rates of microbial decom-
position, which results in the accumulation of large
amounts of soil organic carbon in wetlands (Johnson
et al. 2011, Jorgenson et al. 2013). However, the increased
carbon accumulation could be offset by increases in
methane production under saturated and anaerobic con-
ditions (Zhuang et al. 2007, Johnston et al. 2014).
Permafrost warming and degradation in Alaska have

increased in response to warming temperatures (Fig. 1(4);
Grosse et al. 2011, Romanovsky et al. 2011), with large
effects on regional hydrology (Walvoord et al. 2012),
water balances (Riordan et al. 2006), vegetation composi-
tion and soil processes (Jorgenson et al. 2013), and local
biogeochemistry (Fig. 1(5); Chapin et al. 2010). Declines
in lowland lake extents have been associated with
increased drainage due to permafrost thaw (Jones et al.
2011) and evaporative loss and paludification (Yoshikawa
and Hinzman 2003, Roach et al. 2011). Ice-rich per-
mafrost underlying lowland ecosystems is also vulnerable
to degradation, which can result in soil subsidence and
water impoundment that can result in conversions of for-
ests to wetlands (Baltzer et al. 2014) and has the potential
to increase methane emissions and carbon storage (Turet-
sky et al. 2007, Myers-Smith et al. 2008). In upland
ecosystems, permafrost thaw can result in thermal erosion
(Osterkamp et al. 2000) and improved drainage condi-
tions that promote aerobic decomposition of soil carbon
(Jorgenson et al. 2013). Further warming may lead to
vast reductions in permafrost extents (Jafarov et al.
2012), exposing large amounts of previously frozen soil
carbon and other nutrients to the atmosphere and hydro-
sphere (Abbott et al. 2015, Drake et al. 2015, Schuur
et al. 2015), which may exacerbate climate warming
(MacDougall et al. 2012). However, the spatiotemporal
patterns of carbon dioxide (CO2) and methane (CH4)
exchange between terrestrial ecosystems and the atmo-
sphere are poorly understood because of the lack of infor-
mation on the distribution and dynamics of land-surface
and subsurface properties in Alaska.
Disturbance regimes directly and indirectly influence

terrestrial ecosystem carbon stocks and dynamics (Chapin
et al. 2010). Increasing wildfire extent has been linked to
climate warming in Alaska (Fig. 1(6); Duffy et al. 2005,
Hu et al. 2010, Young et al. 2016). In the last decade,
annual burned area in boreal forests has doubled relative
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to any of the previous four decades (Kasischke et al. 2010)
and present fire frequency is unprecedented over the past
1200 yr (Kelly et al. 2013). In Alaska, wildland fires are
one of the main causes of long-term fluctuations in the
structure and function of ecosystems. Disturbances inter-
act with biotic and landform effects to create distinct
patches and mosaics of vegetation (Duffy et al. 2007),
where patch size and fire severity affect seedling recruit-
ment and capacity of regenerating vegetation to use pulse
nutrients that accompany disturbance (Fig. 1(7); Rupp
et al. 2000). Changes in vegetation communities and soil
conditions also alter ecosystem carbon dynamics
(Fig. 1(8); Johnstone et al. 2010) and disturbance regimes
through effects on flammability and fuel loads (Fig. 1(7);
H�ely et al. 2000, Krawchuk et al. 2006). Increasing fire
severity and frequency may not only lead to a shift in bor-
eal forest composition and distribution (Barrett et al.
2011, Johnstone et al. 2011), but can result in large carbon
loss to the atmosphere through combustion of above- and
belowground carbon (Fig. 1(9); Balshi et al. 2007, Turet-
sky et al. 2011). Further warming will likely lead to an
increase in tundra fires (Joly et al. 2012) that can

contribute a substantial amount of greenhouse gases to
the atmosphere (Mack et al. 2011) and induce land sur-
face subsidence/collapse (Jones et al. 2015). Severe wild-
land fires can remove large amounts of insulating organic
layers that are important for permafrost stability and dis-
tribution (Fig. 1(10); Yoshikawa et al. 2002, Johnson
et al. 2013). Once these protective layers are removed, per-
mafrost can become vulnerable to thaw (Jafarov et al.
2013, Nossov et al. 2013) and may never recover if organic
matter does not reaccumulate and further warming occurs
(Brown et al. 2015). How the complex interactions among
climate, vegetation distribution, and soil conditions will
determine the spatial and temporal patterns of fire regimes
in response to projected climate change across boreal and
arctic Alaska remains uncertain.
It is clear from recent research that complex interac-

tions among environmental factors must be taken into
account to accurately quantify ecosystem carbon stocks
and fluxes and their response to projected climate
change. Consequently, the goal of this paper is to pro-
vide an analysis of the main drivers influencing ecosys-
tem carbon dynamics in Alaska, and to develop a more

FIG. 1. Framework diagram showing relations between landscape factors that directly or indirectly impact ecosystem carbon
stocks and fluxes in Alaska, USA, input data used for model calibration and initialization, and methods and models used in this
assessment. Historical and projected climate, wetlands, upland, and surface water, permafrost, vegetation, and wildland fire data
served as input into empirical and process-based models estimating carbon dynamics of aquatic and terrestrial ecosystems in
Alaska. [Color figure can be viewed at wileyonlinelibrary.com]
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holistic understanding of the historical and projected
environmental changes that will affect the fate of carbon
sequestration in Alaska. We explore the following ques-
tions: (1) How has Alaska’s temperature varied histori-
cally in space and time (1950–2013), and what is the
range of projections in the 21st century? (2) What is the
current distribution of uplands, wetlands, and surface
waters in Alaska? (3) What is the current distribution of
permafrost and associated active-layer thickness in
Alaska, and how might permafrost distribution change
in 21st century? (4) How has the fire regime in Alaska
changed in recent decades (1950–2015), and how might
vegetation distribution and fire regimes change in the
21st century? In addition to these questions, we further
examine how well processes related to the historical dis-
tribution of permafrost properties are represented by a
biogeochemical process-based model. We refer the
reader to a recent U.S. Geological Survey (USGS) report
(Zhu and McGuire 2016) and other manuscripts in this
invited feature for quantification of historical and future
carbon dynamics, as this paper focuses on landscape fac-
tors driving these dynamics.

METHODS

Overview

A wide range of statistical, empirical, and process-
based approaches, which make use of in situ observations,
remote sensing data, and other geospatial data sets, were
used to answer the overarching questions of this study.
These techniques were used to analyze and/or develop
Alaska-wide estimates of (1) historical and projected cli-
matic variables (i.e., temperature, length of growing sea-
son, precipitation, solar radiation, and humidity/vapor
pressure); (2) regional wetland, upland, and surface water
extents; (3) historical and future permafrost distribution
and active-layer thickness; and (4) projected changes in
vegetation distribution as driven by fire and climate. The
resultant data sets represent major drivers of carbon
dynamics (Fig. 1) and served as validation or as inputs
for a process-based model, the dynamic organic soil ver-
sion of the Terrestrial Ecosystem Model (DOS-TEM;
McGuire et al. 1992), that was used to simulate historical
(1950–2009) and future (2010–2099) cycling of carbon
and nitrogen through the soil and vegetation of Alaska’s
terrestrial upland and wetland ecosystems (Genet et al.
2016, He et al. 2016). Regional estimates of aquatic car-
bon fluxes (Stackpoole et al. 2016), which were not mod-
eled by DOS-TEM, also relied on the historical climate,
wetland, surface water, and permafrost data described in
the following subsections.

Downscaled climate variables

Historical (Climate Research Unit, CRU TS 3.1; Har-
ris et al. 2014) and projected (CMIP3) monthly surface
temperature and precipitation were downscaled via the

delta method (Hay et al. 2000, Hayhoe 2010) using
PRISM (Parameter–elevation Relationships on Indepen-
dent Slopes Model) 1961–1990 2-km resolution climate
normals (monthly temperature and precipitation) as
baseline climate (Daly et al. 2008; data available
online).13 These coarse-resolution anomalies were then
interpolated to PRISM spatial resolution via a spline
technique, and then added to (temperature) or multi-
plied by (precipitation) the PRISM climate normals. The
downscaled climate data were then interpolated to a 1-
km resolution. Our analysis used projections from the
two best-performing global circulation models (GCMs)
for Alaska (Walsh et al. 2008), under three emission sce-
narios (i.e., low [B1], moderate [A1B], high [A2]) from
the Intergovernmental Panel on Climate Change’s
(IPCC’s) Special Report on Emission Scenarios (SRES;
Naki�cenovi�c and Swart 2000), which bound the climate
scenarios from most warming (ECHAM) to least warm-
ing (CCCMA) trends. The delta method was imple-
mented by calculating climate anomalies applied as
differences in temperature between seasonal future Cou-
pled Model Intercomparison Project (CMIP3; Meehl
et al. 2007) data and calculated CRU climate normals
for 1961–1990 for four seasons, including winter
(December–February), spring (March–May), summer
(June–August), and fall (September–November) (data
available online).14 Growing season length was computed
as the number of days between the day of thaw and day
of freeze. The days of thaw and freeze are assigned as the
day when the monthly temperature crosses zero degrees
Celsius (assuming a linear trend between monthly mid-
point temperatures). Similarly, solar radiation and
humidity/vapor pressure were derived as input fields for
DOS-TEM (Rupp et al. 2016). Additional methodologi-
cal details for all the downscaled climate variables can
be found in the individual metadata files at the Scenarios
Network for Alaska and Arctic Planning (SNAP) data
download website (see footnote 14). Data associated
with this paper are available through multiple sources.
Readers are referred to Appendix S1: Table S1 for a
breakdown of the data sets and the sources of data sets
used in this manuscript.

Distribution of uplands, wetlands, and surface waters

Wetland and upland ecosystems in Alaska were char-
acterized by upscaling a random subset of National
Wetlands Inventory (NWI; data available online).15 inter-
pretations using a boosted decision tree model and
remote sensing data (He et al. 2016). Model training and
test data consisted of wetland and non-wetland designa-
tions from the NWI data set, which are based on the
classification system of Cowardin et al. (1979) and inter-
preted from aerial photography. Here, we focused on

13 http://www.prism.oregonstate.edu
14 http://www.snap.uaf.edu
15 http://www.fws.gov/wetlands/Data/State-Downloads.html
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developing a thematic map of specific wetland types (i.e.,
bogs and fens) with distinct water regimes and vegetation
cover. Bogs were defined as areas that were generally satu-
rated with shrub and scrub cover, which correspond to
areas with NWI codes SS4B, SS1E, and SS7B. Fens are
generally flooded throughout the growing season and typ-
ically have persistent emergent wetland vegetation. There-
fore, NWI codes EM1F and EM1E were used to define
areas with fens. All other land cover types where grouped
into one class and correspond to areas with neither bogs
nor fens in the NWI data set. Together, the distributions
of bogs and fens define the extent of wetlands in Alaska,
which was needed by the DOS-TEM and the methane
dynamics module of the TEM (MDM; Zhuang et al.
2004, He et al. 2016) to simulate CO2 and CH4 exchange,
respectively, of Alaska wetlands with the atmosphere.
After model calibration, which consisted of developing

a parsimonious model with little difference between train-
ing and 20-fold cross validation accuracies, the model was
applied to geospatial inputs to create a thematic map of
bog, fen, and non-wetland land cover classes. Topo-
graphic metrics (i.e., elevation and slope) derived from a
digital elevation model (DEM; Gesch et al. 2002) served
as the primary input for upland and wetland mapping
delineations. Accuracy assessments of the resulting 30-m
spatial resolution, Alaska Land Carbon Wetland Distri-
bution Map (ALCWDM) were made using independent
wetland interpretations (n = 1,030). After accuracy
assessments were conducted, the thematic ALCWDM
map was resampled to 1-km resolution for modeling pur-
poses, where the number of bog and fen 30-m pixels were
used to calculate the percentage frequencies of the two
wetland types within each 1-km pixel.
Contemporary estimates of surface water distribution

were made separately, developed from the National
Hydrography Database (NHD; available online),16 and
used within studies of aquatic carbon fluxes from inland
waters (Stackpoole et al. 2016). NHD data were com-
piled to meet the National Map Accuracy standards and
qualitatively evaluated by experts. The surface water
polygons (i.e., reservoirs, lakes, ponds) were then raster-
ized to represent surface water extents in the State.

Permafrost distribution and active-layer thickness

Historical permafrost distribution and active-layer thick-
ness.—New and existing maps of near-surface (within
1 m) permafrost (NSP) and active-layer thickness (ALT)
were developed and compiled for this assessment
(Table 1). New characterization efforts upscaled field
observations using remotely sensed or derived data sets.
Permafrost observations used in the creation of new
maps were unevenly spaced because of cost and logistical
issues associated with sampling in remote areas, and
thus, do not reflect a systematic or random sample of
Alaska’s ecotypes. Each of the new maps made used

similar input spatial data sets and field observations with
variations among products. For instance, the STATSGO
product made use of Natural Resources Conservation
Service (NRCS) pedons and the General Soil Map of
Alaska (Soil Survey Staff 2012, Wylie et al. 2016), while
the USGS’s Biological Sequestration Assessment
(LandCarbon) product made use of additional field
observations, topographical data, land cover informa-
tion, and other remotely sensed and derived data sets
(Pastick et al. 2015a). In addition to varying field obser-
vation and spatial inputs, new data products made use
of different scaling methodologies. For example, the
LandCarbon products made use of an ensemble of deci-
sion tree models and geospatial data to upscale field
observations, while the STATSGO products applied
observation means to thematic land surface data. Subse-
quently, these spatial data sets are independent of one
another, with much of the (unquantifiable) map varia-
tion occurring from different scaling approaches.
Permafrost maps from the empirical and numerical

models were used to independently assess historical
(2000–2009) outputs (1-km resolution) from DOS-TEM,
which is informative for assessing how well processes
related to the spatial distribution of permafrost properties
were represented in this biogeochemical, process-based
model. Comparisons were made at scales ranging from
the entire study domain to finer ecotype units (i.e., upland
and lowland land cover types stratified by Landscape
Conservation Cooperatives and Level II Ecoregions
[Nowacki et al. 2003]). This geographic framework of
four Landscape Conservation Cooperative (LCC)
Regions (i.e., Arctic, Western Alaska, Northern Interior
Forest, and Southern Interior Forest) allows scientific
findings to be relevant to land-use managers and stake-
holders, and readers are referred to McGuire et al. (2016)
for a broad overview of ecological characteristics in each
of the LCC Regions. DOS-TEM estimates were com-
pared to map products using a mean product estimate
(i.e., product mean excluding DOS-TEM) and the range
of product mean estimates. Non-vegetated areas were
excluded from comparisons because of the lack of long-

TABLE 1. Summary of spatial and process model near-surface
(within 1 m) permafrost (NSP) and active-layer thickness
(ALT) data products evaluated.

Source Resolution Method References

LandCarbon 30 m data mining Pastick
et al.
(2015b)

STATSGO 1 km means
extrapolated
to polygons

Wylie et al.
(2016)

GIPL1.3 2 km numerical
model

Marchenko
et al.
(2008)

DOS-TEM 1 km process-based
model

Wylie et al.
(2016)

Note: The LandCarbon, STATSGO, and DOS-TEM products
are new map products developed for this assessment.

16 http://nhd.usgs.gov/
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term monitoring sites needed to simulate permafrost
extent and ALT by DOS-TEM. Permafrost comparisons
were not made for ecotypes outside of permafrost zones
(i.e., North Pacific LCC), and areas estimated to have
ALT >1 m were given a value of 101 cm for a direct com-
parison between maps with different depth of investiga-
tions. Due to the variable original mapping scale (e.g.,
30 m, 1:1000000) and mapping approaches (e.g., raster
mapping and photo interpreted polygons) of the various
products, grid cell product comparisons were avoided.
Multi-product comparisons reduce consequences of
errors (i.e., commission and omission) that are more likely
to occur when only one reference product is used.

Projections of permafrost distribution and active-layer
thickness.—We used DOS-TEM to estimate changes in
ALT, NSP, and deep (within 5 m of the ground surface)
permafrost extent from 2010 to 2100 in response to pro-
jections of climate and wildland fire. In this process-based
model, permafrost extent and ALT are assessed based on
soil temperature and soil moisture simulations over an
approximately 56 m deep soil column (Yi et al. 2010).
Soil temperature and soil moisture in DOS-TEM are dri-
ven by climate, soil texture, and drainage conditions. Soil
moisture is impacted by water uptake from vegetation
and runoff. The insulating properties of snow, moss, and
organic layers are also accounted for in the model (Genet
et al. 2013). A two-directional Stefan algorithm is used to
predict the positions of freezing/thawing fronts in the soil.
An evaluation of the performance of the soil temperature
and moisture simulations by DOS-TEM has been con-
ducted in burned and unburned forest and Arctic tundra
sites in Alaska (Yi et al. 2009). Climate forcing data are
described in Downscaled climate variables. Soil texture
and drainage information was prescribed using the Glo-
bal Gridded Surfaces of Selected Soil Characteristics
(Global Soil Data Task Group 2000) and a DEM (Gesch
et al. 2002). For a more detailed description of the model
and the forcing data used for the simulations, readers are
referred to Genet et al. (2016). Permafrost extent and
ALT projections were estimated by averaging annual esti-
mates for two time periods (i.e., 2050–2059 and 2090–
2099). DOS-TEM estimates of future NSP extent were
also compared to statewide projections made by the Geo-
physical Institute Permafrost Laboratory (GIPL) model
(version 1.3; Marchenko et al. 2008) and those made for
the LandCarbon assessment (Pastick et al. 2015a), both
of which assumed static biophysical conditions and were
solely forced by future climate projections. Comparisons
of deep permafrost extent are not given because of differ-
ences in the depth of investigation.

Fire disturbance and vegetation dynamics

We used a state and transition simulation model, the
Alaska Frame-based Ecosystem Code (ALFRESCO;
Rupp et al. 2000), to simulate future changes in vegeta-
tion dynamics and fire regime in response to different

climate model/emission scenarios. ALFRESCO is a spa-
tially explicit, stochastic landscape succession model for
Arctic, sub-Arctic, and boreal vegetation types that
operates at 1-km resolution and an annual time step.
The model represents seven general vegetation types
(shrub tundra, graminoid tundra, wetland tundra, white
spruce forest, black spruce forest, early-successional
deciduous forest, and coastal temperate forest). The
baseline land cover types for the assessment domain and
models, generated on the North American Land Change
Monitoring System (NALCMS) land cover map from
2005, consisted of early succession deciduous vegetation
(30%), followed by white spruce forest (9%), black
spruce forest (6%), and temperate rainforest (6%). Tun-
dra cover was dominated by shrub tundra (17%), fol-
lowed by graminoid tundra (10%), and wetland tundra
(1%). Currently, the coastal temperate forest type and
the wetland tundra type are represented as static vegeta-
tion states in ALFRESCO, since there is no strong evi-
dence for transitions occurring from these vegetation
states to a different state (e.g., wetland tundra does not
transition to shrub tundra).
The fire module of ALFRESCO uses a cellular auto-

mata approach with separate subroutines for cell ignition
and spread to simulate annual fire season activity. Both
ignition and fire spread (i.e., flammability) are a function
of growing season climate (Duffy et al. 2005), vegetation
type, and time since last fire. The ignition of any given cell
is stochastic in nature and determined by comparing a
randomly generated number against the flammability
coefficient of that cell. The flammability coefficient allows
for changes in flammability that occur through succession
(i.e., fuel build up). Following a wildfire in ALFRESCO,
general successional trajectories for forested systems were
as follows: burned spruce forest (white or black) transi-
tioned into early-successional deciduous forest, and
burned deciduous forest self replaces.
Vegetation transition times differed probabilistically

between climax black and white spruce trajectories
(Rupp et al. 2002). Transitional times were modeled
probabilistically to represent early-successional (i.e.,
recolonization) deciduous vegetation following wildfires
in spruce and deciduous forest and to determine the
amount of time, in the absence of fire, until the climax
spruce stage dominates the site again. Self-replacement
of deciduous forest can occur when repeated burning
and/or climate conditions preclude transition to climax
spruce. ALFRESCO incorporates the effects of fire
severity on transition times using measurements of the
area of the wildfire (i.e., fire size), complex topography,
and vegetation type on flat landscapes (Duffy et al.
2007, Johnstone et al. 2011).
Transitions in tundra are driven by succession or colo-

nization and infilling. These processes are influenced by
climate and fire history, which affect seedling establish-
ment and growth conditions and proximity to seed
source. For the transition from tundra to forest at tree-
line, seed dispersal occurs within a 1-km neighborhood.
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White spruce colonization/infilling is possible in both
graminoid and shrub tundra with transition rates to
spruce forest mediated by effects of warming climate
conditions and corresponding basal area growth accrual.
Vegetation succession from graminoid to shrub tundra
is modeled probabilistically, with a greater likelihood of
transition to shrub tundra post-fire. In the case of wild-
fire activity, shrub tundra transitions to graminoid tun-
dra and graminoid tundra self replaces.
We calibrated the relationship between climate and fire

by comparing model output (e.g., fire regime, stand age
structure) to the corresponding historical data (Mann
et al. 2012). Analysis and synthesis of historical fire activ-
ity (1950–2015) were based on estimates from fire man-
agement records maintained by the Alaska Interagency
Coordination Center (data available online).17 This data-
base includes digitized fire perimeters, which were used to
generate summary statistics across the simulation
domain. Simulated vegetation and fire dynamics were
analyzed and synthesized across the full ensemble of sim-
ulations (n = 200) and for all three emission scenarios of
the two GCMs used in this analysis.

RESULTS

Climate trends

Temperature and growing season length.—Mean annual
air temperatures have increased 1.7°C from 1950 to 2013
in Alaska. Mean winter temperatures have increased the
most (3.1°C) followed by spring (1.6°C), summer
(1.1°C), and fall (0.9°C). Growing season lengths have
also increased across Alaska, and these increases are pri-
marily due to an increase of average maximum tempera-
tures during May–June, which generally corresponds to
the start of the growing season throughout much of
Alaska. Projected future climate scenarios suggest that
general warming trends will continue through this cen-
tury. Appendix S1: Fig. S1 shows maps and boxplots of
the projected temperature change for the A1B ECHAM
and CCCMA model output for the period 2090–2099
minus the average of the historical period 1950–2013.
Increases in temperature that were mediated by either
season or timing within the period 1950–2013 were aver-
aged for the sake of this comparison to the 2090–2099
decade. The box plots indicate that the temperature del-
tas for the ECHAM model are substantially larger than
those for the CCCMA model. For each of the seasons,
the 25th percentile of the ECHAM model temperature
departures is above the 75th percentile of the CCCMA
model temperature departures. Warming is projected to
occur across both models and emission scenarios with
the minimum median seasonal increase of approximately
1.5°C occurring in the spring for the CCCMA model
and the maximum median increase of approximately
5.6°C occurring in the fall for the ECHAM model.

Seasonal differences in the magnitude of warming are
projected to persist with the greatest increase occurring
in winter and fall and in northern and western Alaska
(Appendix S1: Fig. S1). Projected changes in climate can
be translated into projected estimates of growing season
length. For both the CCCMA and the ECHAM models,
the length of the growing season is projected to get
longer, with the largest increases occurring in northern
and western Alaska (Appendix S1: Fig. S2).

Distribution of upland, wetland, and surface water.—
Mapping results indicate that wetlands and uplands
respectively cover 177069 and 1237775 km2 or 12.5%
and 87.5% of the total land surface area (including inland
water) of Alaska (Fig. 2). Surface area of inland waters
was ~60000 km2, using the modified NHD data set,
which represents nearly 3.5% of the total area of
mainland Alaska. Overall accuracy of the thematic
ALCWDM map and model ranged from 67% to 75%
using independent interpretations and 20-fold cross vali-
dations. Average producer accuracies for bogs, fens, and
other land cover types were approximately 44%, 56%, and
85%, respectively. Average user accuracies for bogs, fens,
and other land cover types were 54%, 79%, and 72%,
respectively. No accuracy results are presented for the
modified NHD data set because of the lack of indepen-
dent observations of surface water extent for the State.

Permafrost distribution and active-layer thickness

Historical permafrost distribution and active-layer thick-
ness.—Near-surface (within 1 m) permafrost was esti-
mated to underlie 36–61% of mainland Alaska, and
NSP extent simulated by DOS-TEM was outside this
range at 22%. DOS-TEM estimates were generally lower
than mean NSP abundance/extent estimates (excluding
DOS-TEM estimates, Fig. 3), falling outside the range
of estimates for 70% of major ecotypes. Likewise, DOS-
TEM ALT estimates were generally higher than the
mean ALT for each ecotype, falling outside the range of
estimates for 73% of major ecotypes. DOS-TEM esti-
mated frequency and ALT were generally in good agree-
ment with empirical and numerical estimates in arctic
tundra. However, DOS-TEM estimates of NSP fre-
quency and ALT were lower and higher, respectively,
than the product means and ranges in both Northern
Interior Forest and Western Alaska.

Projections of permafrost distribution and active-layer
thickness.—DOS-TEM permafrost simulations suggest
that near-surface permafrost will underlie 10–20% of the
terrestrial landscape by the end of the 21st century under
both GCMs and all three SRES (Table 2). This 9–55%
estimated loss of NSP extent, compared to the historical
period (2000–2009), takes future change in climate and
fire regime into account and is generally smaller than
the range of estimates (i.e., 53–74%) made by models17 https://fire.ak.blm.gov/
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that solely account for changes in climate. However, the
DOS-TEM baseline estimate of NSP extent is smaller
than other model estimates, and thus there is less NSP
to be lost in the future. Model results indicate that NSP
loss will be most pronounced for Interior and Western
Alaska, and the majority of models indicate that NSP is
likely to persist on much of the North Slope by the end
of the 21st century (Appendix S1: Fig. S3).
In contrast to projections of NSP (within 1 m) loss,

DOS-TEM simulations suggest that deep (within 5 m of
the ground surface) permafrost will remain on 19–34%
of Alaska by the end of the 21st century (Fig. 4). For
areas where permafrost is present within 5 m of the
ground surface, DOS-TEM estimated ALT to be 1.3 m,
1.4–2.1 m, and 0.7–1.8 m for 2000–2009, 2050–2059,
and 2090–2099, respectively. While the notion of overall
shallowing of the active layer is not intuitive, this occurs
because the areas where the top of the permafrost is dee-
per than 5 m (ALT >5 m) do not contribute to these
estimates. In the mid- and late-century estimates, the
permafrost with deeper ALTwithin the last decade tends
to be lost and the residual area of permafrost had

shallower ALT. Increases in deep permafrost thaw and
active-layer depth are greater under CCCMA scenarios
than that of the ECHAM scenarios at the midpoint of
the 21st century. After 2050–2059, results indicate per-
mafrost loss and active-layer thickening will generally be
greater under ECHAM climate projections. As was the
case with NSP, deep permafrost is most likely to be lost
in Interior and Western Alaska.

Fire disturbance and vegetation dynamics

Historical fire disturbance.—Wildfire activity has incr-
eased in terms of both frequency and extent of large fire
years throughout the period 1950–2015 (Fig. 5). Since
2000, an annual average of 678595 ha was burned, more
than twice the annual average of 333216 ha for the per-
iod 1950–1999. Historical model simulations and the
observed fire perimeter data compare well with annual
area burned averaging 378900 and 379100 ha, respec-
tively. Historical observations of the inter-annual vari-
ability of area burned was high, with slightly smaller
inter-annual variability simulated by ALFRESCO, and
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FIG. 2. Historical estimates (1 9 1 km spatial resolution) of the percentage cover of wetlands (i.e., bog, fen) and (inset) surface
water bodies in Alaska.
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FIG. 3. Extent of near-surface (within 1 m) permafrost (NSP) and averaged active-layer thickness (ALT) of major ecotypes in
each Landscape Conservation Cooperative (LCC) Region. Areas estimated to have ALTs >1 m were given a value of 101 cm for
direct comparison and to account for differences in investigation depths.

TABLE 2. Estimates of near-surface (within 1 m) permafrost extent in Alaska during the 21st century, as made by the Geophysical
Institute Permafrost Laboratory (GIPL) model (version 1.3; Marchenko et al. 2008), the LandCarbon assessment (Pastick et al.
2015b), and the dynamic organic soil version of the Terrestrial Ecosystem Model (DOS-TEM).

Model

Near-surface (within 1 m) permafrost extent

Emission scenario2000–2009 2050–2059 2090–2099

GIPL1.3 61% 39% 21% A1B
LandCarbon 38% 20–27% 10–18% B1, A1B, A2
DOS-TEM 22% 14–21% 10–20% B1, A1B, A2

Note: A range of estimates is given for models that made use of multiple emission scenarios (i.e., B1, A1B, and A2), and results
from A1B emission scenario are mapped in Appendix S1: Fig. S3.
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FIG. 4. DOS-TEM projections of active-layer thickness (ALT) for each climate model (a) CCCMA, (b) ECHAM, and all three
emission scenarios (B1, A1B, A2) for two time periods (i.e., 2050–2059 and 2090–2099). Areas in white correspond to estimates of no
permafrost within 5 m of the ground surface. Mean ALT and percentage area of deep (within 5 m of the ground surface) permafrost
are given for each Land Conservation Cooperative (LCC) region we analyzed (i.e., Arctic, Northern Interior, Southern Interior, and
Western Alaska) and all of Alaska (excluding the North Pacific LCC).
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approximately 85% of fires occurred in the interior bor-
eal region of Alaska. Overall, ALFRESCO reliably
replicated the probability distribution of historical fire
sizes, historical annual burned area and inter-annual
variability, and fire extent across the landscape.

Projections of fire disturbance and vegetation dynamics.—
ALFRESCO projections presented here made use of the
A1B scenario and indicate increases in statistical mea-
sures of wildfire activity across both climate models over
the next century (Fig. 6). The median projected annual
area burned for the CCCMA and ECHAM models was
207300 and 273000 ha, respectively. These are large
increases relative to the median from the historical per-
iod of 159600 ha. With respect to the mean, projected
annual area burned was 379300 and 549100 ha, respec-
tively. Hence, there is no meaningful change in the mean
for the CCCMA model relative to the historical period
mean of 379100 ha and a substantial increase in the
mean for the ECHAM model. Inter-annual variability is
projected to be higher in the ECHAM scenarios relative
to the CCCMA. As a corollary, ECHAM projections
also include a greater number of extreme annual area
burned events. The timing and magnitude of increased
fire activity differs between GCMs. The CCCMA model
shows the greatest increase in fire activity in the middle

and second half of the next century, while the ECHAM
model shows a relatively consistent and more pro-
nounced increase in fire activity.
ALFRESCO simulations project that spruce forest

will decrease by 8% under the CCCMA model and 38%
under the ECHAM model across the full assessment
domain by 2100 (Fig. 7). In addition the projections
suggest, deciduous forest will increase by 15% under the
CCCMA model and 52% under the ECHAM model
(Fig. 7). In Northern Interior Alaska, spruce forests are
projected to decrease by 8% under the CCCMA model
and 44% under the ECHAM model, and deciduous for-
est are projected to increase by 25% under the CCCMA
model and 113% under the ECHAM model. The trans-
formation of late-successional spruce forest to early-suc-
cessional deciduous trees is mainly due to increased
wildfire activity in interior Alaska. Under the ECHAM
model, shrub tundra is projected to increase by 8% and
graminoid to decrease by 26% by 2100 (Fig. 7). These
projections contrast estimates under the CCCMA
model, where shrub and graminoid tundra are projected
to decrease as much as 3% and 15%, respectively
(Fig. 7). When examining changes to land cover in the
Arctic LCC, which are largely driven by climate rather
than fire activity, graminoid tundra is projected to
decrease by 10% under the CCCMA model and 24%
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FIG. 5. Historical annual area (ha) burned in Alaska (1950–2015). Sources: Gabriel and Tande (1983), Todd and Jewkes (2006),
Alaska Department of Natural Resources, and the Alaska Fire Service, Bureau of Land Management. Violin plots show the distri-
bution of simulated annual area burned output across 200 replicates from the Alaska Frame-based Ecosystem Code (ALFRESCO).
[Color figure can be viewed at wileyonlinelibrary.com]
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under the ECHAM model, and shrub tundra is pro-
jected to increase by 4% under the CCCMA model and
21% under the ECHAM model. The largest relative
increase in deciduous forest cover are expected in the
Arctic LCC, with projected increases of 233% and 620%
under the CCCMA and ECHAM models, respectively.

DISCUSSION

The goal of this study was to analyze the historical
and projected distribution of environmental factors that
drive ecosystem carbon dynamics in Alaska by using an
array of modeling and statistical techniques to estimate
historical and future climatic variables, wetland, upland,
and surface water distribution, permafrost extent and
active-layer thickness, and fire and vegetation dynamics
in Alaska (Fig. 1). In the following sections, we discuss
(1) our results in relation to ecosystem carbon dynamics
and previous research, (2) limitations of our approach,
and (3) possible avenues for improvements.

Climate trends

Alaska’s average annual statewide temperatures have
increased by 1.6°C over the past six decades (Stewart
et al. 2013), which is generally consistent with the histor-
ical downscaled temperature data used in this study. This
warming is not uniform across the state and is not con-
sistent across seasons. The greatest observed tempera-
ture increases have occurred during winter and spring
(Hinzman et al. 2005), two to three times the level of
warming found in summer and fall. Regionally, the inte-
rior continental portions of the state have experienced

the most warming with some areas rising more than
4°C, whereas coastal and maritime areas have experi-
enced change on the order of 0.5–1.0°C (Shulski and
Wendler 2007). These recent climate trends have a major
effect on carbon dynamics in Alaska both directly via
changes in biogeochemical processes (Fig. 1(2)) as well
as indirectly through the impacts of substantial changes
in vegetation characteristics (Fig. 1(8)) and increases in
disturbance (e.g., wildfire, permafrost degradation)
extent, frequency, and severity (Fig. 1(5 and 9)).
Mean annual air temperatures in Alaska are estimated

to further increase by 1.8° to 4.8°C by the end of the
21st century. The largest departures in mean annual tem-
perature occurred for winter and fall seasons in northern
and western Alaska, which coincides with historical
observations of greater warming in the winter season
(Serreze et al. 2000). Large increases in winter tempera-
tures may increase active-layer depth in Arctic regions
(Fig. 1(4)), which would stimulate cold-season methane
emissions from vast stores of labile organic matter and
would serve as a positive feedback to climate warming
(Zona et al. 2016). Under expected future warming, the
rate of carbon uptake of Alaska’s ecosystems could
increase, however, because of the sensitivity of vegetation
productivity to temperature (Fig. 1(2)). Note that, while
precipitation is generally forecasted to increase, there is
both lower magnitude and more uncertainty among sea-
sons and GCMs, as compared to temperature projec-
tions, and a thorough analysis of GCM forecasts of
precipitations was beyond the scope of this work.
The sparse network of weather stations in Alaska con-

tribute to uncertainties in estimating historical climate
variables. While the current configuration of weather

FIG. 6. Projected annual area (ha) burned across Alaska from 2010 to 2100 for CCCMA (red bars) and ECHAM (blue bars)
for the A1B emission scenario. Error bars represent 95% confidence intervals constructed from individual simulations (n = 200).
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stations can lead to fair estimates of regional tempera-
tures, the accurate quantification of more heterogeneous
climatic variables (i.e., precipitation) remains problem-
atic (Walsh et al. 2008) and topographical data used for
downscaling are relatively poor. Improved estimates of
historical climates could thus be made through the
strategic placement of additional weather stations and
by improving dynamic-downscaling techniques.
Another important source of uncertainty associated

with our results is the depiction of future climate change
by GCM-based scenarios. Part of this uncertainty is dri-
ven by the structure of the GCMs and separate portion
is driven by the emission scenarios. Uncertainty associ-
ated with the emission scenarios is based on a number of
assumptions about the behavior of future society, as well
as the potential feedbacks within the carbon cycle sys-
tem (e.g., permafrost carbon feedback, vegetation feed-
back), which are poorly constrained (Koven et al. 2015).
We provide bounds for uncertainty associated with
GCM-based projections by using coupled, global GCM-
SRES scenarios that best span the range of variability
for the region (Walsh et al. 2008). Future efforts should
consider using Coupled Model Intercomparison Project
Phase 5 (CMIP5) model outputs from the IPCC’s Fifth
Assessment Report (AR5) that may provide more accu-
rate climate forecasts.

Distribution of uplands, wetlands, and surface waters

Wetlands play a fundamental role in the carbon cycle
and in regulating climate because of their ability to
sequester large amounts of carbon and to act as a poten-
tial source of greenhouse gases. Despite the sensitivity of

wetlands and their carbon stocks to climatic change, little
has been done to quantify their historical distribution
across large areas and in great detail, which is a funda-
mental step in understanding future change and regional
carbon stocks and fluxes (Fig. 1(3)). Our mapping results
represent a novel approach to quantify specific wetland
types (i.e., bogs and fens) throughout Alaska, and the
ALCWDM product is useful for partitioning environ-
mental variability according to drainage conditions and
dominate biogeochemical pathways of carbon release.
Our estimate of wetland extent is smaller than those

made by Whitcomb et al. (2009) and Clewley et al.
(2015) who combined NWI interpretations, synthetic
aperture radar imagery, topographic metrics, and other
spatial data into a decision-tree modeling framework to
quantify the distribution of all wetland types and upland
land covers in Alaska. Estimates of the proportion of
non-wetland extent ranged from 59–76% in those studies
(when clipped to our study area), which are less than the
87.5% estimated in this study. Discrepancies between
estimates of areal extent of wetland distribution are pri-
marily caused by variations in the specific wetland types
mapped, where previous assessments tended to delineate
a larger number of lowland-permafrost plateaus as wet-
lands. Likewise, differences in modeling approaches
(e.g., random forest vs. boosted decision tree models)
and remote sensing inputs likely account for a portion of
the discrepancies between studies.
Accurate quantification of the distribution of bogs and

fens remains difficult because land surface features (e.g.,
vegetation, topography), as represented by remote-sen-
sing imagery or derived products, are not always good
indicators of wetland types primarily differentiated by
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hydrological connectivity and inputs. Moreover, bogs and
fens naturally occur in close proximity to one another,
where fens and bogs can transition between one another
due to succession, paludification or infilling, and chang-
ing hydrologic regimes, therefore distinguishing between
them using moderate resolution imagery is challenging.
However, accuracy assessments indicate that the
ALCWDM map is fairly consistent with NWI interpreta-
tions of vegetation characteristics and water regimes, and
thus suitable for use within regional studies of carbon
stocks and fluxes. Because the robustness of carbon bal-
ance estimates largely depends on the accuracy of the wet-
land distribution maps, additional field data, more recent
and accurate manual interpretations of wetland types,
and improved methods are needed to better quantify wet-
land types and distribution throughout Alaska.
In comparison to wetlands, surface water extents are

easier to quantify because of strong relations between
the spectral signature of open water and data captured
by remote-sensing sensors. However, the NHD data used
in this study were developed from a coarse (1:63360)
topographic map and therefore small water bodies and
streams were not adequately resolved. Furthermore,
variations in surface water and wetland extent were not
quantified in this assessment, so these fluctuations were
not accounted for in models estimating carbon fluxes in
this invited feature. As more precise and accurate topo-
graphical, wetland, and surface water data become avail-
able, they should be incorporated into regional analyses
of terrestrial and aquatic carbon fluxes.

Permafrost distribution and active-layer thickness

Permafrost temperatures in Alaska have risen in corre-
lation with mean annual air temperatures (Romanovsky
et al. 2010), but thickening of the active layer is less fre-
quently documented because of soil subsidence over
time (Streletskiy et al. 2013, 2016). While these observa-
tions serve as a signal for local changes in permafrost
properties, there is a need to move beyond the sparse,
point measurements to understand change at regional
scales. One approach to better understand permafrost
systems is by means of empirical, numerical, and pro-
cess-based modeling, as shown in this study. Further-
more, by comparing multiple model outputs, we reveal
uncertainties related to our current understanding of the
distribution of permafrost and ALT, as well as provide
strong evidence that permafrost in Alaska is prone to
further perturbation.
Intra-permafrost product comparisons made in this

study indicate large uncertainties related to the under-
standing of the current distribution of NSP and ALT in
Alaska. Uncertainties associated with how permafrost
characteristics are measured in the field, temporal vari-
ability among permafrost observations, and inherent dif-
ficulties in assessing thaw depths in dry-rocky soils can
influence empirical mapping results and thus our com-
parative analyses. For example, the analysis of NSP by

the LandCarbon assessment, which is limited to 1-m
depth because few field data extend beyond this depth,
estimates substantially less NSP than the GIPL model
due in part to large differences in how the models deal
with high-elevation rocky soils. Indeed the largest differ-
ences between empirical and numerical model simula-
tions of NSP extent were consistently within upland
ecotypes more likely to be underlain with rocky soils.
Another source of uncertainty is the lack of high quality
and spatially detailed surficial deposit and soil texture
information for the entire State which is needed to accu-
rately calibrate numerical and process-based models
(Jafarov et al. 2012).
The effect of fire disturbances on soil thermal and

hydrological regimes may also be responsible for differ-
ences in model estimates for Interior and Western
Alaska. For example, the largest difference in estimates
for the boreal region were between DOS-TEM and the
GIPL model, where DOS-TEM accounts for the effect
of fire on the organic layer and the consequences on the
soil thermal and hydrological regimes and the GIPL
model does not. The inclusion of remote sensing infor-
mation into process models has remained limited, but
has potential for improving historical simulations of per-
mafrost distribution and response to disturbance
(National Research Council 2014, Zhang et al. 2014).
Likewise, empirical models that incorporate remote
sensing information have been shown to estimate post-
fire permafrost conditions with high fidelity (Minsley
et al. 2016). However, the explicit quantification of deep
permafrost properties by empirical models remains
problematic because of difficulties in observing deep per-
mafrost conditions and potential disconnects between
surface and subsurface properties. While the effects of
fire-induced change on permafrost have been well docu-
mented and modeled (Genet et al. 2013, Jafarov et al.
2013, Brown et al. 2015), additional data are needed to
better parametrize and validate models estimating per-
mafrost response to abrupt change across a gradient of
environmental conditions and disturbance regimes.
While there is disagreement among models as to the

current distribution of permafrost and ALT in Alaska,
all models agree that the permafrost system will undergo
substantial loss in the 21st century. This top-down thaw-
ing of permafrost may result in drier or wetter landscape
conditions, depending on local factors such as ground-
ice content, which ultimately determines how the carbon
cycle will change under warming conditions (Fig. 1(5);
Jorgenson et al. 2013, Schuur et al. 2015). For instance,
permafrost thaw can result in drier soil conditions in
uplands that enhance the susceptibility of these areas to
wildland fire and can accelerate carbon loss (Harden
et al. 2012). Among the models used for this compar-
ison, DOS-TEM is the only one that accounts for future
disturbances related to fire and the potential conse-
quences on permafrost stability (Fig. 1(10)). Attribution
analysis of future environmental changes on permafrost
stability have shown that wildfire can be responsible for
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substantial decreases in permafrost stability (Genet et al.
2016). Although disturbances related to thermokarst
and water dynamics can also have a large effect on the
vulnerability and resilience of permafrost landscapes to
change (Jorgenson et al. 2010), current models do not
account for these important factors. Limitations with
the models, in terms of incorporating these processes,
and uncertainties related to the knowledge of the present
distribution of permafrost, currently constrain our abil-
ity to make precise and more meaningful projections.

Fire disturbance and vegetation dynamics

Recent changes in the fire regime in Alaska have been
attributed to climate warming (Duffy et al. 2005, Calef
et al. 2015), which have resulted in changes to the com-
position and productivity of boreal and tundra vegeta-
tion (Beck et al. 2011). These changes have strong
implications for the ecosystem carbon balance (Fig. 1(8
and 9)) and feedbacks to climate, as well as the sustain-
ability of ecosystem properties (Fig. 1(7 and 10)). Our
historical simulations of fire extent and frequency align
with historical observations, with the largest absolute
differences between modeled and observed annual area
burned occurring during extreme fires years in Alaska.
Large fire events are particularly important because they
strongly influence ecosystem carbon dynamics and pro-
cesses at regional scales. For instance, in the last decade,
there has been a twofold increase in the annual area
burned as compared to the previous four decades (Kasis-
chke et al. 2010), which resulted in estimated emissions
totaling 177 Tg C (Veraverbeke et al. 2015) and 38–39%
of the boreal landscape becoming susceptible to long-
term deciduous-dominated or co-dominated succession
(Barrett et al. 2011, Pastick et al. 2014).
Future simulations suggest that warming will cause a

large change in fire regimes for both GCMs considered,
with interior Alaska exhibiting the greatest change in fire
frequency relative to historic observations. This finding
supports previous studies that have shown that climate
warming will further increase forest fire activity across
boreal regions of Alaska and western Canada (Flannigan
et al. 2000, Balshi et al. 2009, Young et al. 2016). Relative
to the historical period, simulation results suggest that the
median annual area burned will increase on the order of
1.3–1.7 times during the 21st century in Alaska. This pro-
jected increase in annual area burned is substantially less
than estimates made by Balshi et al. (2009). Discrepancies
between projections of annual area burned are likely the
result of differences in the climate forcing data used and
previous assessments did not account for vegetation
dynamics that can impact future fire regimes (Fig. 1(7)).
Landscape-level transitions of late to early-successional

forests are expected to occur, which would serve as a neg-
ative feedback to regional climate warming and increas-
ing fire activity because of changes in albedo and reduced
flammability (Chapin et al. 2000, Rupp et al. 2000), the
latter is consistent with modeled decreases in decadal

burned area in Interior Alaska during the end of the 21st
century. A concurrent shift from long-term deciduous for-
est cover may also weaken permafrost stability because
deciduous forests typically have high rates of decomposi-
tion and mineralization that result in the maintenance of
thin surface organic layers (Johnstone et al. 2010, Pastick
et al. 2014, 2015b). Thus, interrelations between wildland
fires and vegetation dynamics are important because of
their strong controls on ecosystem processes and condi-
tions, carbon dynamics, and regional climates.
Divergent estimates in statewide changes in shrub and

graminoid tundra underscore the importance of the cli-
mate forcing data used when projecting changes in tun-
dra land cover types. Simulations of increased shrub
tundra in arctic regions are in general agreement with
historical increases in vegetation productivity and shrub
expansion inferred from remote-sensing data (Walker
et al. 2009, Beck and Goetz 2011). However, numerous
complexities and interactions among biophysical drivers
of shrub expansion exist (Myers-Smith et al. 2011, Jor-
genson et al. 2015), and thus accurately modeling local
shifts in plant assemblages is difficult. Furthermore,
ALFRESCO simulations are currently carried out at 1-
km resolution, which is too coarse to depict local
changes of vegetation structure and composition related
to fire and climate-induced change. Subsequently, addi-
tional research using high-resolution imagery, land cover
maps, and dynamic vegetation models are needed to
improve and constrain estimates of historical and pro-
jected changes in vegetation.

CONCLUSION

Over the last 60 yr, increased mean annual tempera-
tures, longer growing seasons, and increased fire activity
have pushed Alaska’s ecosystems toward new states and
meaningful changes in both structure and function.
Warming trends are projected to continue throughout
the 21st century, which will result in landscape-level
changes to permafrost distribution, vegetation composi-
tion, and fire regimes. These changes would alter critical
biophysical and biogeochemical processes, including sur-
face energy fluxes, evapotranspiration, and carbon flux
and storage, which will provide feedbacks that impact
trends in regional climate.
The results presented in this manuscript point to obser-

vational needs required to accurately calibrate and validate
models that are essential for understanding ecological
changes likely to occur in the face of climate warming. A
sparse network of long-term monitoring and field-observa-
tion sites across representative ecotypes in Alaska gives rise
to a wide range of model predictions and uncertainties in
estimates of historical conditions. To improve understand-
ing of the drivers of spatiotemporal patterns of carbon
dynamics across arctic and boreal landscapes, standard-
ized data reporting, collection practices, and additional
observational networks are needed. Correspondingly,
while the models used in this assessment incorporate state
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of the science methods needed to advance our understand-
ing of ecosystem processes in Alaska, a number of bio-
physical factors, feedbacks, and uncertainties are coarsely
characterized or poorly constrained.
In addition to improved model inputs, validation data

sets, and handling of error propagation, refinements to
model mechanics are needed. For example, while models
of vegetation dynamics driven by climate warming and
fire disturbance are able to capture logical transitions and
productivity changes that are consistent with historical
observations, iterative refinements to models are needed,
particularly to capture additional disturbance (e.g., ther-
mokarst, insect) effects that influence these dynamics.
Ongoing efforts such as the Department of Energy’s
Next-Generation Ecosystem Experiment (NGEE) Arctic,
the National Aeronautics and Space Administration’s
Arctic-Boreal Vulnerability Experiment (ABoVE), and
the U.S. Geological Survey’s Biological Sequestration
Assessment (LandCarbon) will help build upon the data
sets and advances discussed in this invited feature.
Although multiple uncertainties exist, this study of drivers
serves as a foundation for the attribution of responses of
carbon dynamics to environmental variation and change,
and particularly to changes in climate and fire regime.
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