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The role of driving factors in historical and projected carbon
dynamics of upland ecosystems in Alaska
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Abstract. Tt is important to understand how upland ecosystems of Alaska, which are esti-
mated to occupy 84% of the state (i.e., 1,237,774 km?), are influencing and will influence state-
wide carbon (C) dynamics in the face of ongoing climate change. We coupled fire disturbance
and biogeochemical models to assess the relative effects of changing atmospheric carbon diox-
ide (CO,), climate, logging and fire regimes on the historical and future C balance of upland
ecosystems for the four main Landscape Conservation Cooperatives (LCCs) of Alaska. At the
end of the historical period (1950-2009) of our analysis, we estimate that upland ecosystems of
Alaska store ~50 Pg C (with ~90% of the C in soils), and gained 3.26 Tg C/yr. Three of the
LCCs had gains in total ecosystem C storage, while the Northwest Boreal LCC lost C
(—6.01 Tg Clyr) because of increases in fire activity. Carbon exports from logging affected only
the North Pacific LCC and represented less than 1% of the state’s net primary production
(NPP). The analysis for the future time period (2010-2099) consisted of six simulations driven
by climate outputs from two climate models for three emission scenarios. Across the climate
scenarios, total ecosystem C storage increased between 19.5 and 66.3 Tg C/yr, which represents
3.4% to 11.7% increase in Alaska upland’s storage. We conducted additional simulations to
attribute these responses to environmental changes. This analysis showed that atmospheric
CO, fertilization was the main driver of ecosystem C balance. By comparing future simulations
with constant and with increasing atmospheric CO,, we estimated that the sensitivity of NPP
was 4.8% per 100 ppmv, but NPP becomes less sensitive to CO; increase throughout the 21st
century. Overall, our analyses suggest that the decreasing CO, sensitivity of NPP and the
increasing sensitivity of heterotrophic respiration to air temperature, in addition to the increase
in C loss from wildfires weakens the C sink from upland ecosystems of Alaska and will
ultimately lead to a source of CO, to the atmosphere beyond 2100. Therefore, we conclude
that the increasing regional C sink we estimate for the 21st century will most likely be
transitional.
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INTRODUCTION

The design of efficient policies to mitigate climate
change relies on robust predictions of how the carbon
(C) balance of terrestrial ecosystems will respond to dif-
ferent pathways of climate change. Because of the large
amount of C stored in northern high latitude ecosystems
(Schuur et al. 2015), pathways of climate change could
be altered by responses of C balance in this region
(McGuire et al. 2012). Recent estimate of C stored in
permafrost soils (0-3 m) of Arctic and sub-Arctic
regions are 1,035 Pg C (£150 Pg C 95% confidence
interval; Michaelson et al. 2013, Hugelius et al. 2013,
2014). Because of polar amplification, the rate of warm-
ing in the Arctic has been 1.6 times higher than the rate
in lower latitudes between 1875 and 2008 (Bekryaev
et al. 2010). Climate warming is altering a range of bio-
logical and physical processes, including those related to
permafrost dynamics and hydrology (Romanovsky et al.
2010, Liljedahl et al. 2016), vegetation composition and
productivity (Stow et al. 2004, Beck and Goetz 2011,
Myers-Smith et al. 2011) and disturbance regimes such
as wildfire (Kasischke and Turetsky 2006, De Groot
et al. 2013) and thermokarst (Jorgenson et al. 2001,
Lara et al. 2016, Nitze and Grosse 2016). These changes
may trigger profound transitions in ecosystem trajecto-
ries (Hinzman et al. 2013) that will affect C sequestra-
tion and C dynamics at local and regional scales.

Increases in vegetation productivity from rising atmo-
spheric carbon dioxide (CO;) and air temperature are
well documented (Ainsworth and Long 2005, Chapin
et al. 2006, Zeng et al. 2011, Bieniek et al. 2015) and
can enhance C sequestration in the soil by increasing C
input from litterfall (Harden et al. 1992, Yuan et al.
2012). This enhanced C uptake may be partially or
wholly offset by C releases to the atmosphere from
increases in decomposition and fire emissions in arctic
and boreal ecosystems (Hayes et al. 2011). Permafrost
thaw driven by climate warming exposes deep soil C to
warmer temperatures that can increase decomposition,
and ultimately release soil organic C (SOC) to the atmo-
sphere in the form of CO, or methane (CH,), depending
on the local drainage conditions (Harden et al. 2006,
2012a,b, Schuur et al. 2008, Hugelius et al. 2013). Addi-
tionally, increases in air temperature may lead to an
increase in fire frequency and severity (Kasischke et al.
2002, Balshi et al. 2009) that could cause further warm-
ing through (1) large pyrogenic C releases to the atmo-
sphere (Turetsky et al. 2011, Genet et al. 2013), (2)
decreasing photosynthetic activity from fire-killed vege-
tation (Goetz et al. 2007), and (3) further thawing of the
permafrost through combustion of the insulating
organic layer (Jafarov et al. 2013, Johnson et al. 2013,
Jones et al. 2015). A recent synthesis has estimated that
between 130 and 160 Pg C could be released from soils
of the northern permafrost region to the atmosphere
during the 21st century under the current warming tra-
jectory given no changes in productivity (Schuur et al.
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2015). In addition, it has been estimated that C emis-
sions from wildfire could increase fourfold compared to
historical emissions (Abbott et al. 2016). Finally, com-
mercial timber harvest in boreal and coastal forests may
impact regional C balance by exporting significant C
stocks out of terrestrial ecosystems, and affecting stand
age distribution (Cole et al. 2010).

The state of Alaska contains ~7% of the global tundra
biome extent (CAVM Team 2003), ~4% of the boreal for-
est biome extent (Whittaker 1975), and ~5% of the extent
of permafrost regions (Brown et al. 1998). Alaska also
experiences substantial fire activity (Kasischke et al.
2010), and a large proportion of its landscape is under-
lain by permafrost vulnerable to significant thaw over the
21st century (Pastick et al. 2017), which would expose
previously protected C stocks to decomposition under
projected climate change (Turetsky et al. 2011, Hayes
et al. 2014). However, spatial and temporal dynamics of
fire and thawing permafrost are shaped by landform and
drainage conditions. In Alaska, uplands are estimated to
occupy 84% of the landscape (Pastick et al. 2017). Com-
pared to lowlands (i.e., wetlands and peatlands), uplands
are characterized by better drainage conditions with aer-
obic soils that promote relatively high rates of decompo-
sition that primarily produce CO, (Schuur et al. 2008).
Methanogenesis is limited in well-drained soils and CHy4
production can be offset by methanotrophy (Whalen and
Reeburgh 1990). Low moisture content and more flam-
mable fuel load are associated with higher frequency of
wildfire in well drained uplands compared to poorly
drained lowlands (Turetsky et al. 2011, Genet et al.
2013). Additionally, shallow and dry organic layer and
frequent wildfire contribute to a lower resilience of per-
mafrost to climate change compared to poorly drained
lowlands with lower fire frequency (Jafarov et al. 2013,
Johnson et al. 2013). Finally, commercial timber harvest
in Alaska occurs mainly in upland maritime forests of
southeastern coastal Alaska (i.e., western hemlock [ 75uga
heterophylla (Raf.) Sarg.] and Sitka spruce [Picea sitchen-
sis (Bong.) Carriere] forests). On the other hand, more
rapid nutrient cycling and deep rooting occur in well-
drained upland ecosystems, which are expected to lead to
higher vegetation productivity than lowland ecosystems
(Bhatti et al. 2010). Because processes affecting C bal-
ance have different sensitivities to climate change, it is
important to explicitly separate uplands from lowlands
in regional assessments of C dynamics to climate change.
This study is focused on C dynamics in uplands of
Alaska. Lowland C dynamics of Alaska are the focus of
a separate paper in this invited feature (Lyu et al. 2016).

The main goal of this study is to provide an assess-
ment of the historical and future trajectory of C dynam-
ics in upland ecosystems of Alaska and to diagnose the
mechanisms responsible for these dynamics. To achieve
this goal, we applied a modeling framework that has
been designed and calibrated to represent major vegeta-
tion communities of upland ecosystems in arctic, boreal
and maritime regions of Alaska. We made use of recent
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geospatial data to characterize landscape heterogeneity
(Pastick et al., this feature). Specifically, this study
assesses the C balance of upland ecosystems in Alaska
from 1950 through 2099 in the four main Landscape
Conservation Cooperative (LCC) regions of Alaska: (1)
Arctic LCC, (2) Western Alaska LCC, (3) Northwest
Boreal LCC, and (4) North Pacific LCC (Fig. 1). The
Landscape Conservation Cooperatives were established
by the Department of Interior to support cooperative
conservation and sustainable resource management
efforts (Landscape Conservation Cooperatives 2012).
These regions were chosen as spatial units to stratify this
assessment so that the results could inform regional con-
sortia of natural resource agencies, which have been
organized into these LCCs. The boundaries of the LCC
regions in Alaska closely match the boundaries of the
main ecoregions of the state (Nowacki et al. 2001). The
Aleutian and Bering Sea Islands LCC was not included
in this assessment as it represents about 1.5% of the state
area and its contribution to the state carbon balance is
expected to be negligible. It is also composed of vegeta-
tion communities that are poorly documented and there-
fore challenging to parameterize. Furthermore, this
study includes a comprehensive analysis to evaluate the
mechanisms responsible for the projected C dynamics of
these four LCCs with respect to the effects of increases
in atmospheric CO,, changes in climate, and changes in
fire regime.

MATERIAL AND METHODS

Model framework

Changes in soil and vegetation C pools and fluxes in
response to climate change and disturbances were ana-
lyzed using a modeling framework that combines a
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tives (LCC) in Alaska, USA. 1 mile = 1.6 km.

The four main Landscape Conservation Coopera-
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model of wildfire disturbance, the Alaska Frame-Based
Ecosystem Code (ALFRESCO; Rupp et al. 2001, 2002,
2007, Johnstone et al. 2011, Mann et al. 2012, Gustine
et al. 2014), and two process-based ecosystem models
that simulate (1) C and nitrogen (N) pools and CO,
fluxes with the Dynamic Organic Soil version of the
Terrestrial Ecosystem Model (DOS-TEM; Yi et al.
2009a, 2010) and (2) CHy fluxes using the Methane
Dynamics Module of the Terrestrial Ecosystem Model
(MDM-TEM; Zhuang et al. 2004). The three models
were coupled asynchronously, in which the time series of
fire occurrence simulated by ALFRESCO were used to
force DOS-TEM. Monthly NPP and leaf area index
(LAI) simulated by DOS-TEM were used to force
MDM-TEM. ALFRESCO is a spatially explicit,
stochastic landscape succession model designed and
parameterized for Arctic and sub-Arctic regions (detailed
description of the model in Pastick et al. [2017]). DOS-
TEM is a process-based biogeochemical model that esti-
mates soil and vegetation thermal and hydrological
regimes, permafrost dynamics and carbon and nitrogen
fluxes between soil, vegetation, and the atmosphere, and
carbon and nitrogen pools in the soil and the vegetation
(Yi et al. 2009a,b, 2010). MDM-TEM is a process-based
biogeochemical model that estimates the net flux of CHy
between soils and the atmosphere based on the rate of
CH,4 production and oxidation within the soil profile,
and the transport of CH, from the soil to the atmosphere
(detailed description of the model in Lyu et al. 2016).

DOS-TEM description: A process-based ecosystem model

DOS-TEM is composed of four modules: an environ-
mental module, an ecological module, a disturbance
module, and a dynamic organic soil module. The envi-
ronmental module computes dynamics of biophysical
processes in the soil and the atmosphere, driven by cli-
mate and soil texture input data, leaf area index from the
ecological module, and soil structure from the dynamic
organic soil module. Soil temperature and moisture con-
ditions are calculated for multiple layers within various
soil horizons, including moss, fibric, and humic organic
horizons, and mineral horizons (Yi et al. 2009b). A stable
snow/soil thermal model integrated into the environmen-
tal module uses the Two-Directional Stefan Algorithm
(Woo et al. 2004) to simulate the positions of the freeze—
thaw front and active-layer thickness (Yi et al. 2006,
2009b). The active layer thickness is the seasonal maxi-
mum of thaw depth. The temperature of soil layers above
first freezing/thawing front and below the last freezing/
thawing front is updated separately by solving finite dif-
ference equations. The environmental module provides
information regarding the atmospheric and soil environ-
ment to the ecological module and the disturbance mod-
ule. The ecological module simulates C and N dynamics
among the atmosphere, the vegetation, and the soil. C
and N dynamics are driven by climate input data, infor-
mation on soil and atmospheric environments from the
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environmental module, information on soil structure pro-
vided by the dynamic organic soil module, and informa-
tion on timing and severity of wildfire or forest harvest
provided by the disturbance module. DOS-TEM simu-
lates the dynamics of three different soil C horizons (the
fibrous, amorphous, and mineral soil horizons), and C
and N dynamics in the aboveground and belowground
compartments of the vegetation. The C from litterfall is
divided into aboveground and belowground litterfall.
Aboveground litterfall is assigned only to the first layer
of the fibrous horizon, while belowground litterfall is
assigned to different layers of the three soil horizons
based on the fractional distribution of fine roots with
depth. The dynamic organic soil module calculates the
thickness of the fibric and sapric/humic organic horizons
after soil C pools are altered by ecological processes
(litterfall, decomposition, and burial) and fire distur-
bance. The estimation of organic horizon thickness is
computed from soil C content using relationships that
link soil organic C content and soil organic thickness
(i.e., pedotransfer functions; Yi et al. 2009a). These rela-
tionships have been developed for fibric, sapric/humic,
and mineral horizons for every vegetation type, based on
data from the soil C network database for Alaska (John-
son et al. 2011). Finally, the disturbance module simu-
lates how forest harvest and wildfire affects stand age
distribution C and N pools of the vegetation and the soil.
For wildfire, the module computes combustion emissions
to the atmosphere, the fate of uncombusted C and N
pools, and the flux of N from the atmosphere to the soil
via biological N fixation in the years following fire. The
rates of combustion of the organic layer and the mortal-
ity rate in the vegetation depend on fire severity. In bor-
eal forest, fire severity is determined using input data on
topography, drainage, and vegetation, as well as soil
(moisture and temperature) and atmospheric (evapotran-
spiration) environmental data from the environmental
module (Genet et al. 2013). In tundra, the rates of com-
bustion and vegetation mortality are based on those esti-
mated from the 2007 Anaktuvuk River Fire (Mack et al.
2011). Methane emissions from fire were estimated a pos-
teriori by applying an emission factor as estimated by
French et al. (2002) to the fire emissions simulated by
DOS-TEM. The effects of forest harvest disturbance on
C and N balances are also included in the disturbance
module. Commercial timber harvest by clear-cutting has
been widespread in southeastern Alaska since the early
1950s (Alaback 1982, Cole et al. 2010). We developed a
harvesting function with the assumption that 95% of the
aboveground vegetation biomass within a logged stand is
harvested (Deal and Tappeiner 2002). Among the resid-
ual biomass, 4% was considered dead and 1% alive to
allow post-harvest recruitment. As a consequence, 99%
of the root vegetation biomass was considered dead and
transferred to the soil organic matter pool.

Regional applications of versions of TEM that lead to
DOS-TEM in northern high latitudes have investigated
how biogeochemical dynamics of terrestrial ecosystems
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are affected at seasonal to century scales by processes
like permafrost thaw and soil thermal dynamics (Zhuang
et al. 2002, 2003, Euskirchen et al. 2006), snow cover
(Euskirchen et al. 2006, 2007), and warming and fire dis-
turbance (Balshi et al. 2007, Sitch et al. 2007).

DOS-TEM parameterization and validation

Rate-limiting parameters of the model were calibrated
for eight main upland land-cover types in Alaska: three
types of tundra (graminoid, shrub, heath), three types of
boreal upland forest (black spruce [Picea mariana (Mill.)
Britton, Sterns & Poggenb.], white spruce [Picea glauca
(Moench) Voss], and deciduous forest), and two types of
upland maritime communities (upland Maritime forest
and alder shrubland). A detailed description of these
land-cover types is available in Pastick et al. (2017).

For each upland land cover type, the rate-limiting
parameters of DOS-TEM were calibrated to target val-
ues of C and N pools and fluxes representative of mature
ecosystems (Clein et al. 2002, see list in target variables
in Appendix S1). The calibration of these parameters is
an effective means of dealing with temporal scaling issues
in ecosystem models (Rastetter et al. 1992). For boreal
forest communities, an existing set of target values for
vegetation and soil C and N pools and fluxes was assem-
bled using data collected in the Bonanza Creek Long
Term Ecological Research program (LTER; Yuan et al.
2012), updated with data from the most recent version of
the Bonanza Creek LTER database. For the tundra com-
munities, we used data collected near the Toolik Field
Station as part of the Arctic LTER program (Shaver and
Chapin 1991, Van Wijk et al. 2003, Sullivan et al. 2007,
Euskirchen et al. 2012, Gough et al. 2012, Sistla et al.
2013). Finally, for the maritime upland forest, we used
data collected from a long-term C flux study in the North
American Carbon Program (D’Amore et al. 2012). The
target values for maritime alder shrubland were assem-
bled from Binkley (1982). The target values used for all
of these calibrations are listed in Appendix S1.

The DOS-TEM parameterizations were validated using
soil and vegetation biomass data derived from field obser-
vations independent of the data used for model calibra-
tion. The validation analysis for DOS-TEM is presented
in Genet et al. (2016). The National Soil Carbon Net-
work database for Alaska (Johnson et al. 2011) was used
to validate DOS-TEM estimates of soil C pools. To com-
pare similar estimates from the model and observations,
only deep profiles were selected from the database, i.e.,
profiles with a description of the entire organic horizons
and 90 to 110 cm thick mineral horizon below the
organic horizons. Estimates of vegetation C pools for tun-
dra land-cover types were compared with observations
recorded in the data catalog of the Arctic LTER at Toolik
Field Station. For boreal forest land-cover types, vegeta-
tion C pools simulated by DOS-TEM were compared
with estimates from forest inventories conducted by the
Cooperative Alaska Forest Inventory Program (Malone
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et al. 2009). The forest inventory only provided estimates
of aboveground biomass. Aboveground biomass was con-
verted to total biomass by using a ratio of aboveground
vs. total biomass of 0.8 in forest (Ruess et al. 1996) and
0.6 in tundra land-cover types (Gough et al. 2012). The
content of C in biomass was estimated at 50%. Finally,
for the land-cover types of southeastern coastal Alaska
(that is, the North Pacific LCC maritime upland forest
and alder shrubland), model validation was not possible
as no additional independent data were available in this
region (the plot coordinates of the Forest Inventory of
Alaska not being available, site specific comparisons were
not possible). For these land-cover types, we compared
the model simulations with observed data on the same
sites that were used for model parameterization. No sig-
nificant differences were observed between modeled and
observed contemporary vegetation and soil C stocks
(P values of 0.340 and 0.085, respectively). Additionally,
DOS-TEM simulations successfully reproduced differ-
ences between land-cover types.

Model application

The distribution of uplands in Alaska was assessed
from a new, 1-km resolution, wetland map for Alaska
identifying upland, fen, bogs, and open waters. The wet-
land map was developed using the Alaska National Wet-
lands Inventory as a reference data set (available
online)."® This map is described in detail by Pastick et al.
(2017). Uplands in Alaska are estimated to cover
1,237,775 km?, which represents about 84% of the area
of the state. The upland vegetation communities were
identified using a baseline land cover map derived from
the 2005 map from the North America Land Cover
Monitoring System (Natural Resources Canada/Cana-
dian Center for Remote Sensing [NRCan/CCRS] et al.
2005).

Simulations were conducted across Alaska at a 1-km
resolution from 1950 through 2099. DOS-TEM is driven
by annual atmospheric CO, concentration, monthly
mean air temperature, total precipitation, net incoming
shortwave radiation, and vapor pressure. The atmo-
spheric CO, and climate projections were aligned with
the Intergovernmental Panel on Climate Change’s Spe-
cial Report on Emission Scenarios (IPCC-SRES; Naki-
cenovic et al. 2000). The assessment was driven by three
CO, concentration trajectories associated with low-,
mid- and high-range CO, emission scenarios (Alb, A2,
and B1, respectively; Fig. 2a).

Before conducting the transient simulations, a typical
spin-up procedure was conducted for each spatial loca-
tion in which the model was driven by averaged modern
forcings for that location, repeated continuously until
dynamic equilibrium was achieved (i.e., constant pools
and fluxes at that location). The resulting modelled
ecosystem state for each spatial location then served as

I http://www.fws.gov/wetlands/Data/State-Downloads.html
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the starting point for the transient simulation during the
historical and future periods presented in this study.

To evaluate the effects of historical and projected cli-
mate warming, simulations were driven by output from
two climate models for each of the three emission scenar-
ios (Fig. 2b, ¢). Each of the six climate scenarios utilized
the same downscaled historical climate data from 1901
through 2009 from the Climatic Research Unit (CRU TS
3.1; Harris et al. 2014). The climate projections were
developed for 2010 through 2099 from the outputs of (1)
version 3.1-T47 of the Coupled Global Climate Model
(CGCM3.1; McFarlane et al. 1992) developed by the
Canadian Centre for Climate Modelling and Analysis
and (2) version 5 of the European Centre Hamburg
Model (ECHAMS; Roeckner et al. 2004) developed by
the Max Planck Institute (models available online.'®'’
Additional methodological details for the downscaled cli-
mate variables can be found in Pastick et al. (2017).

The fire occurrence data set combined (1) historical
records from 1950 through 2009 obtained from the Alaska
Interagency Coordination Center large fire scar database
(Kasischke et al. 2002; database available online)'® and (2)
projected scenarios from ALFRESCO (Pastick et al.
2017). These scenarios represent the anticipated changes
in fire frequency in response to climate change, and result-
ing changes in vegetation composition over time due to
fire disturbance and secondary succession (Fig. 2d).
ALFRESCO produces an ensemble of simulations
(n = 200) for each climate scenario to represent the uncer-
tainty of the response of fire regime to climate. Replicating
DOS-TEM simulations across the region for each scenario
would have been impractical as these simulations are com-
putationally intensive. Subsequently, for each climate sce-
nario, the fire time series selected to run DOS-TEM
simulations were the simulation that best reproduced his-
torical fire records in terms of annual area burned and
mean fire size. Topographic information from the
National Elevation Dataset of the U.S. Geological Survey
at 60-m resolution (NED) was used to calculate fire sever-
ity with the algorithm of Genet et al. (2013); NED avail-
able online .!” The topographic descriptors included slope,
aspect, and log-transformed flow accumulation.

Historical records of forest harvest area from 1950
through 2009 in southeast and south-central Alaska
were compiled from geographic information system data
from four different sources: (1) the USDA Forest Ser-
vice, Tongass National Forest; (2) the Nature Conser-
vancy’s past harvest repository; (3) the State of Alaska
Department of Natural Resources; and (4) screen digi-
tizing from high-resolution orthophotos of some har-
vests not included in the previously listed sources. In

18 https://www.canada.ca/en/environment-climate-change/services/
climate-change/centre-modelling-analysis/models/third-generation-
coupled-global.html

17 https://www.mpimet.mpg.de/en/science/models/mpi-esm/

8 http://fire.ak.blm.gov/

19 http://ned.usgs.gov/
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addition, the first three sources were edited using high-
resolution orthophotos to improve some of the bound-
ary delineations. Second-growth stands from past forest
harvest account for about 3.8% of southeast Alaska. We
were unable to obtain reliable forest harvest data for
areas west of approximately 142.55° W longitude. We
used the harvest data to determine where and when for-
est harvest has taken place. Forest harvest was consid-
ered only for the historical period and was not included
in the future period, as spatially and temporally explicit
projections of forest harvest were not available for the
region at the time this assessment was conducted.

Attribution analysis

The relative effect of increasing atmospheric CO,, cli-
mate change and increasing fire regime on ecosystem C
balance was analyzed for the projection period (2009—
2099), based on model simulations that included various
combinations of time series for constant atmospheric
CO,, detrended climate variables, and normalized fire
regime. As mentioned in the previous section, the effect
of harvest was not included in the attribution analysis as
spatially and temporally explicit projections of forest
harvest were not available for the region at the time this
assessment was conducted. For the constant CO, simu-
lation, the atmospheric CO, of the baseline simulation
was set at the 2009 concentration. The climate time
series data were detrended for every 1-km pixel in each
variable. A linear regression was fitted to the time series

of mean air temperature, precipitation, short-wave
incoming radiation, and vapor pressure. The detrended
climate variables were then computed (Eq. 1), as a func-
tion of the mean value (X,,) of the variable for the last
decade of the historical period 2000-2009, and the
difference between the current (X..,) and predicted
variable (Xpreq)

X =Xm + (Xcurr — Xpred). nH

The normalized fire regime data set was generated by
using a constant fire return interval (FRI) that was
developed from the 1960-1989 fire records (Yuan et al.
2012). This scenario represents a constant fire frequency
over time that reflects conditions prior to the significant
increase of annual area burned observed in Alaska
beginning in the 1990s. For each year, the group of pixels
that were burned was randomly selected based on the
last time they burned (in other words, the stand age) and
the value of the FRI.

To determine the relative effects of rising atmospheric
CO,, changing climate, and fire regime, a set of 10 state-
wide simulations was conducted from 2009 to 2099, in
addition to the six state-wide projections described
above (i.e., CO, + climate + fire simulations, see Model
application). The baseline simulation combined constant
atmospheric CO,, detrended climate, and normalized
fire regime. Three simulations combined the three sce-
narios of CO, emissions (Bl, Alb, and A2) with
detrended climate and normalized fire regime (CO,
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simulations). Finally, six simulations were conducted
with rising atmospheric CO,, and the six climate model-
scenarios and normalized fire regime (CO, + climate
simulations). The effect of CO, fertilization was esti-
mated by comparing baseline simulations with the CO,
simulations. The effect of climate change was estimated
by comparing decadal averages from the CO, simula-
tions with the decadal averages from the CO, + climate
simulations. Finally, the effect of a changing fire regime
was estimated by comparing the CO, + climate simula-
tions with the CO, + climate + fire simulations.

Assessing ecosystem C balance

Vegetation C stock estimates were derived from the
sum of aboveground and belowground living biomass.
Soil C pools were composed of C stored in the dead
woody debris fallen to the ground, moss and litter,
organic layers and mineral layers. Historical changes in
soil and vegetation C pools were evaluated by quantify-
ing cumulative changes from the estimate of the respec-
tive C pool at the end of 1949. Projected changes in soil
and vegetation C pools were evaluated by quantifying
cumulative changes from the estimate of the respective C
pool at the end of 2009.

The net ecosystem carbon balance (NECB) is the dif-
ference between total C inputs and total C outputs to the
ecosystem (Chapin et al. 2006). NECB is the sum of all
C fluxes coming in and out of the ecosystems, through
gaseous and nongaseous, dissolved and non-dissolved
exchanges with the atmosphere and the hydrologic
network. In the present study, the C exchange between
terrestrial and aquatic ecosystems are not considered. In
terrestrial ecosystems, NECB (Eq. 2) is the sum of net
primary productivity (NPP) and net biogenic methane
flux (BioCH,4) minus heterotrophic respiration (HR), fire
emissions (Fire), and forest harvest exports (Harvest, for
the historical simulation only)

NECB = NPP + BioCH4 — HR — Fire — Harvest. (2)

NPP results from C assimilation from vegetation pho-
tosynthesis minus the respiration of the primary produc-
ers (autotrophic respiration). The activity of soil
methanotrophs dominates the methane cycle in uplands.
For this reason, BioCHy is a positive net flux from the
atmosphere into upland ecosystems. HR results from the
decomposition of unfrozen SOC. Fire emissions include
C from CO,, CHy, and carbon monoxide (CO) emis-
sions. Forest harvest quantifies the amount of vegetation
C that is exported out of the terrestrial ecosystem to the
wood products sector. Positive NECB indicates a gain of
C to the ecosystem from the atmosphere (C sink), and
negative NECB indicates a loss of C from the ecosystem
to the atmosphere and harvested wood product pool (C
source). Uncertainty of NECB associated with the cli-
mate scenarios was quantified by the standard deviation
among the six tested scenarios of mean NECB for the
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last decade of the 21st century (i.e., CO, + climate + fire
simulations).

Statistical analysis of the environmental drivers of
ecosystem C balance

The annual environmental and biogeochemical vari-
ables at the native 1-km resolution were spatially and
temporally autocorrelated. To minimize autocorrelation,
which would result in underestimation of the true vari-
ance in ordinary least square regression techniques, the
experimental unit for the environmental and biogeo-
chemical variables consisted of decadal averages for each
of the LCC regions. The effect of CO, fertilization on
NPP was evaluated by examining the relationship
between the relative change in NPP and the change in
atmospheric CO,. The effect of climate change on NPP
and HR was evaluated by examining the relationship
between the relative change in the respective C flux and
the changes in annual mean air temperature, annual sum
of precipitation, annual mean net incoming radiation
and annual mean vapor pressure. The effect of fire
regime was evaluated by examining the relationships
between the relative change in area burned and the rela-
tive changes in NPP, HR, and NECB as well as between
the relative change in area burned and the absolute
change in fire emissions. Finally, the environmental dri-
vers of HR were evaluated by comparing decadal aver-
ages of HR with decadal averages of vegetation litterfall,
soil temperature and organic horizon thickness.

To conduct the comparison among LCC regions with
different ranges of NPP and to facilitate the comparison
of our attribution analysis with existing literature,
changes in NPP and HR (Eq. 3) were estimated as rela-
tive changes

AXi,j = [Xi,j (scenario) — Xi,j (baseline)]/Xi,j (baseline)
3)

where AXi,j is the relative change of the C flux X for the
decade i and the LCC region j, Xi,j (scenario) and Xi.j
(baseline) are the value of that C flux X for the scenario
run and the baseline run, respectively, for the decade i
and the LCC region j. The changes in fire emissions were
not computed relatively as baseline fire emission could
equal zero in LCC regions with low fire activity.

In contrast, the range of changes in environmental dri-
vers was in general similar among LCC regions, so the
change in atmospheric CO, and climate variables
(Eq. 4) were computed as the simple difference between
the scenario and the baseline run

AXi,j = Xi,j (scenario) — Xi,j (baseline). (@)

The relationship between changes in C fluxes and
changes in environmental drivers were evaluated using
ordinary least square regression. The differences between
LCC regions were evaluated using Analysis of Variance.
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All analyses were performed using the SAS statistical
package (SAS 9.4; SAS Institute, Cary, North Carolina,
USA). The assumptions of normality and homoscedas-
ticity were verified by examining residual plots. Effects
were considered significant at the 0.05 level. Averages of
C stocks and fluxes are accompanied with the estimated
standard deviation from annual variations (SD).

REsuLTs

Historical C dynamics of upland ecosystems in Alaska
from 1950 through 2009

Our simulations indicate that C storage of upland
ecosystems in Alaska increased by 0.20 Pg C from 51.21
Pg C at the end of 1949 to 51.41 Pg C at the end of 2009
(Table 1). The statewide gain of 3.26 Tg C/yr occurred
because C gains from NPP and incidentally biogenic
CH, uptake were greater than losses from HR, logging,
and fire (Table 2). Soils were estimated to have increased
by 0.23 Pg C across the time period to 47.13 Pg C at the
end of 2009, while vegetation was estimated to have lost
0.03 Pg C across the time period to 4.28 Pg C at the end
of 2009 (Table 1).

There was variability in the estimated changes in C
storage among the LCC regions during the historical per-
iod, with gains in the Arctic (0.19 Pg C), North Pacific
(0.16 Pg C), and Western Alaska LCCs (0.21 Pg C), and
losses in the Northwest Boreal LCC (—0.36 Pg C). The

TaBLE 1.

Ecological Applications
Vol. 0, No. 0

gains in the former three LCCs were dominated by gains
in soil C (Table 1), while the losses in the Northwest Bor-
eal LCC were one-third from vegetation C (—0.12 Pg C)
and two-thirds from soil C (—0.24 Pg C). Gains in the
Arctic and North Pacific LCCs occurred largely because
increases in NPP (annual gains are 0.132 and 0.054 Tg C/
yr respectively; P < 0.001 for both LCCs) were greater
than increases in HR (annual gains are 0.092 and 0.033
Tg Clyr respectively; P = 0.003 and 0.370, respectively).
In the Northwest Boreal LCC, NPP also significantly
increased over time (annual gains = 0.066 Tg Clyr;
P =0.024), while HR did not change significantly
(P = 0.251). But this increase in NPP was not enough to
compensate for increases in fire emissions during this
time period (annual gains = 0.244 Tg Cl/yr; P = 0.048).
In the Western Alaska LCC, the increase in NPP (annual
gains = 0.083 Tg Clyr; P = 0.042) was greater, but non-
significant (P = 0.339), than the combined increase in
HR and fire emissions. Statewide, the C loss during an
individual large fire year like 1957, 1969, 2004, 2005, and
2009 was approximately equivalent to the C accumulated
during a decade (Fig. 3).

Projected C dynamics of upland ecosystems in Alaska
from 2010 through 2099

From 2010 through 2099, total C storage in upland
ecosystems of Alaska is estimated to increase by 1.77
(ECHAMS B1) to 6.03 (CCCMA Alb) Pg C across the

Mean annual change in vegetation, soil, and total C stocks for the historical period (from end of 1949 through end of

2009) and vegetation, soil, and total C stocks at the end of 2009 and in each Landscape Conservation Cooperative region and

statewide in Alaska, USA.

Vegetation C Soil C Total C
Upland area  Annual change Poolin 2009 Annual change Poolin 2009 Annual change Pool in 2009

LCC (km?) (Tg Clyr) (Tg©) (Tg Clyr) (Tg©) (Tg Clyr) (Tg©)

Arctic 261,481 0.82 352.85 2.34 1,0873.11 3.16 1,1225.96
Northwest Boreal 498,879 —2.05 1,738.24 -3.96 1,3631.39 —6.01 1,5369.64
North Pacific 150,087 0.03 11,22.65 2.64 4,811.54 2.67 5,934.19
Western Alaska 327,327 0.65 1,061.59 2.80 17,817.35 3.44 18,878.93
Statewide 1,237,774 —0.56 4,275.32 3.82 47,133.40 3.26 51,408.72

TaBLE 2. Mean C fluxes into and out of Alaska upland ecosystems for the historical period (1950-2009) in each Landscape

Conservation Cooperative region and statewide.

Biogenic Pyrogenic
methane methane Fire CO + CO,
NPP HR Logging uptake emissions emissions NECB

LCC (Tg Clyr) (Tg Clyr) (Tg Clyr) (Gg Clyr) (Tg Clyr) (Tg Clyr) (Tg Clyr)
Arctic 28.68 (2.89)  —24.80(0.20) NA 0.76 (1.47) <—0.01 —0.71 (1.81) 3.16(2.19)
Northwest Boreal ~ 93.14 (3.95)  —86.57(2.42) NA 3.24(7.49) —0.04(0.33)  —12.53(21.91) —6.01(25.07)
North Pacific 24.23(1.68)  —19.96(0.00) —1.60(2.59) 1.59(4.10) <—0.01 <—0.01 2.67 (4.78)
Western Alaska 58.73(3.68)  —48.90 (1.18) NA 1.12 (3.34) —0.02 (0.39) —6.37(10.69)  3.44(11.16)
Statewide 204.78 (9.82) —180.23 (20.35) —1.60(2.59) 6.71(5.73) —0.06 (0.09)  —19.62(27.31)  3.26(30.21)

Notes: Numbers in parenthesis indicate inter-annual standard deviation. Positive numbers indicate uptake of C into upland
ecosystems and negative numbers indicates losses of C. NA indicates not applicable. NPP, net primary production; HR, hetero-

trophic respiration; NECB, net ecosystem carbon balance.
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30 climate scenarios we analyzed (Table 3), which repre-
sents 3.4-11.7% increase in total C storage. Most of the
increase in C storage was in soils (+1.02 to +5.27 Pg C
for ECHAMS B1 and CCCMA Alb, respectively). Vege-
tation C is estimated to increase by 0.50 (CCCMA B1)
and 1.02 (ECHAMS5 A2) Pg C across the climate scenar-
ios we analyzed. Compared to the historical period
(Table 2), statewide NPP and fire emissions increased
for all scenarios (Table 4). In contrast, HR decreased for
VAT / all scenarios except for ECHAMS B1 (Table 4).

'2?95; } 19&3"1 1970 1980 1990 2000 201g Among the LCCs, the highest gains in total C storage
Date were for CCCMA Alb (the same as statewide) except

o3, Statewid i | Net E . for the Northwest Boreal LCC, where the highest gains
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that resulted in the smallest gains in total C storage

burned (dotted line), from 1950 to 2009, for upland ecosystems ; "
in Alaska. varied among the LCCs, with only the Western Alaska
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TaBLE 3. Mean annual change in vegetation, soil, and total carbon stocks during the projection period (end of 2009 through end
of 2099) and the final vegetation, soil, and total carbon stocks at the end of 2099 in each Landscape Conservation Cooperative
region and statewide, for each climate scenario tested.

Vegetation C Soil C Total C
Annual change Pool in 2099 Annual change Pool in 2099 Annual change Pool in 2099
LCC and scenario (Tg Clyr) (Tg ©) (Tg Clyr) (Tg O) (Tg Clyr) (Tg ©)
Arctic
CCCMA Alb 0.88 433.20 6.77 11,489.61 7.66 11,922.81
CCCMA A2 0.72 418.63 422 11,257.48 4.95 11,676.11
CCCMA BI1 0.68 414.73 1.14 10,976.95 1.82 11,391.67
ECHAMS Alb 1.26 467.40 2.99 11,145.60 4.25 11,612.99
ECHAMS A2 1.48 487.17 3.96 11,233.65 5.44 11,720.82
ECHAMS Bl 0.83 428.29 3.55 11,196.54 4.38 11,624.83
Northwest Boreal
CCCMA Alb 3.01 2,011.83 14.38 14,940.38 17.39 16,952.21
CCCMA A2 2.72 1,985.37 9.29 14,476.75 12.01 16,462.13
CCCMA BI 1.98 1,918.22 4.51 14,041.39 6.48 15,959.61
ECHAMS Alb 4.00 2,102.53 14.54 14,954.39 18.54 17,056.91
ECHAMS A2 4.19 2,119.93 5.84 14,163.11 10.04 16,283.04
ECHAMS Bl 3.32 2,040.55 5.65 14,145.22 8.97 16,185.77
North Pacific
CCCMA Alb 2.49 1,349.53 5.00 5,266.18 7.49 6,615.71
CCCMA A2 2.81 1,378.41 2.02 4,995.77 4.84 6,374.18
CCCMA BI 1.92 1,297.04 3.57 5,136.64 5.49 6,433.67
ECHAMS Alb 3.05 1,400.43 1.07 4,909.12 4.12 6,309.55
ECHAMS A2 2.68 1,366.81 0.61 4,867.47 3.30 6,234.27
ECHAMS Bl 2.19 1,322.05 1.43 4,941.34 3.62 6,263.38
Western Alaska
CCCMA Alb 1.97 1,241.16 31.74 20,705.66 33.71 21,946.82
CCCMA A2 1.80 1,224.98 4.08 18,188.71 5.88 19,413.69
CCCMA Bl 0.91 1,144.44 16.07 19,279.43 16.98 20,423.87
ECHAMS Alb 2.67 1,304.65 17.18 19,381.13 19.86 20,685.78
ECHAMS A2 2.90 1,325.16 491 18,264.30 7.81 19,589.46
ECHAMS B1 1.91 1,235.74 0.58 17,870.58 2.50 19,106.32
Statewide
CCCMA Alb 8.36 5,035.71 57.89 52,401.83 66.25 57,437.54
CCCMA A2 8.04 5,007.39 19.62 48,918.71 27.66 53,926.10
CCCMA Bl 5.48 4,774.42 25.29 49,434.40 30.77 54,208.82
ECHAMS Alb 10.99 5,275.01 35.79 50,390.23 46.77 55,665.24
ECHAMS A2 11.25 5,299.06 15.33 48,528.54 26.58 53,827.60

ECHAMS Bl 8.26 5,026.63 11.21 48,153.67 19.47 53,180.30
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TaBLE 4. Mean C fluxes into and out of Alaska upland ecosystems for the projection period (2010 through 2099) in each

Landscape Conservation Cooperative region and statewide.

Biogenic methane  Pyrogenic methane  Fire CO + CO,
NPP HR uptake emissions emissions NECB
LCC and scenario (Tg Clyr) (Tg Clyr) (Gg Clyr) (Tg Clyr) (Tg Clyr) (Tg Clyr)
Arctic
CCCMA Alb 35.80 (3.60) —26.92 (0.19) 0.83 (1.56) —0.00 (0.13) —1.22(1.69) 7.66 (5.15)
CCCMA A2 37.05 (5.66) —23.62(1.23) 0.84 (1.65) —0.03(0.19) —8.45(11.12)  4.95(6.58)
CCCMA B1 36.71 (4.06) —33.18 (0.21) 0.83 (1.62) —0.01(0.12) —1.70 (1.92) 1.82 (4.18)
ECHAMS Alb 43.83(6.73) —29.32(1.41) 0.86 (1.67) —0.03 (0.25) —10.22(12.79)  4.25(9.47)
ECHAMS A2 41.19 (7.08) —24.79 (1.80) 0.86 (1.67) —0.04 (0.20) —10.93 (16.31) 5.44(11.69)
ECHAMS Bl 38.63 (4.56) —27.41 (1.09) 0.85(1.67) —0.02 (0.18) —6.81(9.87) 4.38 (11.87)
Northwest Boreal
CCCMA Alb 97.47(7.52) —63.47 (1.63) 3.62 (8.71) —0.05(0.67) —16.55(14.76)  17.39 (20.36)
CCCMA A2 96.30(5.99) —60.64 (2.15) 3.68 (11.77) —0.08 (0.48) —23.58(19.47)  12.01 (12.00)
CCCMA B1 95.12 (4.14) —66.45 (1.96) 2.94 (7.05) —0.07 (0.43) —22.11(17.73) 6.48 (13.62)
ECHAMS Alb  106.33(8.22) —66.18 (2.00) 3.73 (11.72) —0.07 (0.63) —21.54 (18.15)  18.54(18.79)
ECHAMS A2 104.15 (8.51) —73.23(2.54) 3.76 (9.95) —0.07 (0.41) —20.82(23.00)  10.04 (23.61)
ECHAMS Bl 100.95 (7.12) —76.48 (2.01) 2.97 (6.94) —0.05 (0.46) —15.45(18.24) 8.97 (16.18)
North Pacific
CCCMA Alb 28.83(3.36) —21.21(0.03) 1.72 (4.69) —0.00 (0.11) —0.13(0.27) 7.49 (3.62)
CCCMA A2 29.24 (5.22) —22.39(0.32) 1.74 (5.76) —0.01 (0.12) —2.00 (2.89) 4.84 (6.20)
CCCMA B1 28.02(2.14) —22.46 (0.02) 1.71 (4.26) —0.00 (0.07) —0.07 (0.15) 5.49 (2.69)
ECHAMS Alb 33.47 (5.58) —25.83(0.56) 1.71 (5.78) —0.01 (0.13) —3.50 (5.04) 4.12 (4.92)
ECHAMS A2 28.68 (3.55) —23.57(0.38) 1.72 (5.19) —0.01(0.17) —1.81(3.41) 3.30(5.65)
ECHAMS BI 29.74 (3.30) —23.61 (0.38) 1.68 (4.24) —0.01(0.13) —2.51(3.46) 3.62 (4.13)
Western Alaska
CCCMA Alb 66.77 (6.86) —28.93(0.69) 1.33 (3.80) —0.01 (0.66) —4.12(6.27) 33.71(21.69)
CCCMA A2 67.64 (7.28) —46.34 (2.13) 1.34 (3.87) —0.05(0.44) —15.37(19.32) 5.88 (16.11)
CCCMA Bl 65.68 (4.26) —40.51 (1.04) 1.23 (4.10) —0.03 (0.68) —8.17 (9.46) 16.98 (23.74)
ECHAMS Alb 85.22(9.94) —47.79 (2.54) 1.38 (3.95) —0.06 (0.66) —17.52(23.02)  19.86 (28.06)
ECHAMS A2 74.07 (8.72) —51.81(2.00) 1.37 (3.95) —0.05(0.63) —14.4(18.14) 7.81(26.82)
ECHAMS Bl 70.83 (6.87) —56.77 (2.28) 1.28 (4.11) —0.04 (0.55) —11.52(20.67) 2.50(28.29)
Statewide
CCCMA Alb 228.87(19.72)  —140.53 (34.87) 7.50 (6.51) —0.07 (0.06) —22.01 (19.51)  66.25 (33.64)
CCCMA A2 230.22(21.70)  —152.99 (22.65) 7.59 (9.03) —0.16 (0.15) —49.41 (44.76)  27.66 (34.03)
CCCMA B1 225.52(12.26)  —162.6 (28.69) 6.71 (5.73) —0.11 (0.08) —32.05(25.1) 30.77 (29.51)
ECHAMS Alb  268.84 (24.88) —169.11 (36.13) 7.68 (8.95) —0.17 (0.16) —52.78 (47.97)  46.77 (49.46)
ECHAMS A2 248.08 (25.25) —173.39 (26.52) 7.70 (7.41) —0.16 (0.18) —47.95 (54.4) 26.58 (57.60)
ECHAMS Bl 240.14 (18.39) —184.27 (27.76) 6.79 (5.75) —0.12 (0.16) —36.28 (47.1) 19.47 (50.97)

Notes: Numbers in parenthesis indicate inter-annual standard deviation. Positive numbers indicate uptake of C into upland

ecosystems and negative numbers indicates losses of C.

LCC consistent with statewide results (ECHAMS B1).
The highest gains in soil C were for the CCCMA Alb
scenario among all of the LCCs (consistent with those
observed statewide). Similar to the pattern for total C
storage, the climate scenario that resulted in the smallest
gains in soil C storage varied among the LCCs, with
only the Western Alaska LCC consistent with statewide
results (ECHAMS B1). The highest gains in vegetation
C storage were for the ECHAMS A2 scenario (consis-
tent with those observed statewide) for all the LCCs
except the North Pacific LCC, which had the highest
gains for ECHAMS Alb. For all the LCCs, the lowest
gains in vegetation C were for CCCMA B1 (consistent
with those observed statewide).

For all the LCCs, NPP increased under all scenarios
(Table 4), as did fire emissions, except for Western Alaska

LCC in one scenario (CCCMA Alb). The change in HR
varied substantially among the LCCs. HR was estimated
to increase for the North Pacific LCC in all scenarios and
to increase in the Arctic LCC except for two scenarios
(CCCMA A2 and ECHAMS A2). In contrast, HR
decreased in all scenarios for the Northwest Boreal LCC
and in all but two scenarios for the Western Alaska LCC
(ECHAMS A2 and B1). Mean NECB was positive, and
increased for all LCCs and all scenarios (Table 4).

Partitioning the response of upland C balance to climate
change among drivers

The response of upland C stocks and permafrost to changes
in environmental drivers—Statewide, the projected increase
in atmospheric CO, and climate change promoted an
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Fic. 4. Anomaly from the baseline simulation (constant atmospheric CO,, climate, and fire regime) quantifying the cumulative
effects of increasing atmospheric CO, (blue line), change in climate (green line), and change in fire regime (orange line) on (a) total
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and (d) active layer thickness across Alaska from 2010 through 2099. The black line represents the cumulative effect of increases in
atmospheric CO,, changes in climate, and changes in the fire regime. The thick solid lines represent the mean among scenarios and

the dotted lines represent the mean + SD.

increase in both vegetation and soil C stocks (Fig. 4a, b).
Compared to the baseline simulation, vegetation C stocks
tended to be more responsive to increasing atmospheric
CO, (Fig. 4a, blue line) than climate change (Fig. 4a,
green line), while soil C stocks were more responsive to cli-
mate warming than increasing atmospheric CO, (Fig. 4b).
Increases in area burned decreased both vegetation and
soil C stocks (Fig. 4a, b, yellow lines). Climate warming
was primarily responsible for losses of permafrost
(Fig. 4c) and deepening of the active layer (Fig. 4d).

The effect of CO, fertilization on NPP and HR.—The
effects of increasing atmospheric CO, on ecosystem C
fluxes were evaluated by comparing decadal averages
from 2010 to 2099 of the baseline simulation (constant
atmospheric CO,, climate and fire regime) with those
from simulations using increasing atmospheric CO,,
detrended climate and constant fire regime (CO, simula-
tions). Increasing atmospheric CO, caused a significant
increase in NPP compared to baseline (F) ;36 = 2291.55,
P < 0.0001) that was different among the LCC regions
(Fa.136 = 34.82, P < 0.0001). The sensitivity of NPP var-
ied between 3.8% and 7.7% per 100 part per million by
volume (ppmv) increase in atmospheric CO, among the
LCCs (Fig. 5a). The uncertainty of these sensitivities (i.e.,
the standard error of the slope between change in NPP
and change in atmospheric CO,) varied between 0.06% to
0.14% per 100 ppmv among the LCCs (standard errors

are 0.10%, 0.14%, 0. 06%, and 0.10% per 100 ppmv for
the Arctic, the North Pacific, the Northwest Boreal, and
the Western Alaska LCCs, respectively). The relative
increase in NPP was greatest in the tundra-dominated
regions of the Arctic and Western Alaska LCCs, interme-
diate for the Northwest Boreal LCC and the lowest for
the North Pacific LCC. For all regions however, the rela-
tive increase in NPP diminished with increasing atmo-
spheric CO,, following a quadratic relationship (Fig. 5a).
Increasing atmospheric CO, also induced a linear
increase in heterotrophic respiration compared to the
baseline (F 136 = 11.21, P = 0.0008). Differences among
LCC regions in the slope of the relationship were not sig-
nificant (F4 136 = 0.53, P = 0.6646). A 100 ppmv increase
in atmospheric CO, induced a 2.7% =+ 0.86% per 100
ppmv (mean + SE) increase in HR (Fig. 5b).

The effects of climate change on decadal averages of NPP
and HR.—The effects of changing climate on ecosystem
C fluxes were evaluated by comparing decadal averages
from 2010 to 2099 of the simulations with increasing
atmospheric CO, and constant climate and fire regime
(CO, simulations) with those from simulations with
increasing atmospheric CO,, changing climate and con-
stant fire regime (CO, + climate simulations). Increases in
air temperature resulted in a significant increase in NPP
(Table S5); this increase was not significantly different
among LCC regions, although there was a significant
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interaction between changes in air temperature and LCC
regions. The sensitivity of NPP ranged between 2.17%
and 4.42% per °C increase in air temperature among the
LCCs. The uncertainty of these sensitivities (i.e., the stan-
dard error of the slope between change in NPP and
change in temperature) varied between 0.33% to 0.42%
per °C among the LCCs. The response of NPP to climate
warming tended to be greater in the Arctic and North
Pacific LCCs than in the Western Alaska and Northwest
Boreal LCCs (Fig. 6a). Increases in air temperature
caused significant increases in HR (Table 5). While the
magnitude of the change in HR, independent of the
change in temperature, was significantly different among

TABLE 5.
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LCCs (ranging from —10.06% to —1.13%), the response
to warming (i.e., the slope between change in HR and
change in air temperature) was not (Table 5). The overall
response of HR to changes in air temperature follows an
upward sloping quadratic relationship (Fig. 6b). The
standard error associated with this relationship was
0.091% per °C. Projected changes in precipitation, net
incoming radiation, and vapor pressure had no signifi-
cant effect on NPP or HR (results not shown), except for
a positive effect of increasing annual precipitation on
change in NPP for the North Pacific LCC where the pro-
jected increase in precipitation during the 21st century
was the largest (sensitivity is 0.023% per mm with stan-
dard error of 0.002% per mm; P < 0.001; Fig. 6c¢).

The increase in HR in response to climate warming
was associated with two co-occurring processes: (1) the
increase of organic C input from litter fall to the organic
layer (Fig. 7a) and (2) the increase in soil temperature
(Fig. 7b) and associated deepening of the active layer
(Fig. 7c). The relationship between HR and litterfall was
linear (Fy 55 = 3112.34, P < 0.001), while the relation-
ship between HR and soil temperature followed a cubic
relationship (Fj 515 = 464.72, P < 0.001). The relation-
ship between HR and the active layer thickness was also
linear (F) 15 = 652.76, P < 0.001), but the variability of
this relationship increases with active layer thickness.
Below about 4.8 m, the active layer thickness has no sig-
nificant influence on HR (mostly in the North Pacific
LCC, where permafrost is very isolated).

No significant effect of warming on the Net Ecosys-
tem Productivity (NPP — HR) was detected.

The effects of climate change on the seasonal dynamics of
snow cover and NPP—The effects of projected climate
change on the seasonal dynamics of snow cover and
NPP were evaluated by comparing the baseline scenario
with the scenarios for increases in atmospheric CO, and
changing climate (CO, + climate scenarios) during the
final decade of the projection period (2090-2099). Com-
pared to the baseline, the increase in atmospheric CO,
and climate change caused an increase in the seasonal
maximum of NPP in all LCC regions. Changes in the
magnitude of seasonal maximum NPP compare to the
baseline were substantial in the Arctic LCC (Fig. 8a;
17.92 + 8.54 ¢ C-m 2-yr~! [mean =+ SD]) and the North
Pacific LCC (Fig. 8d, 5.02 + 5.71 g C-m >-yr"). In the
Northwest Boreal LCC, the seasonal maximum NPP

Eftects of LCC region, changes in air temperature (Atair), changes in precipitation (Aprec) and the interaction between

LCC region and changes in air temperature or precipitation on relative changes in net primary productivity (ANPP) and

heterotrophic respiration (AHR).

ANPP (%) AHR (%)
Source n MS df F P n MS df F P
LCC 3 75.8 4,208 1.56 0.201 3 911.5 4,208 4.6 0.004
Atair (°C) 1 3540.9 1,208 72.76 <0.001 1 3750.5 1,208 18.93 <0.001
LCC x Atair (°C) 3 319.9 3,208 6.57 <0.001 3 408.9 3,208 1.76 0.157

Note: Statistics in bold indicate significant effect.
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occurred in May instead of June (Fig. 8b). Climate
change also resulted in an earlier start of the growing
season in all the LCCs that coincided with earlier snow-
melt (Fig. 8). Similarly, climate change resulted in a later
end of growing season that coincided with later snow
return in the fall (Fig. 8).

The effects of fire on NPP, HR, and NECB.—The effects
of a changing fire regime on ecosystem C fluxes were
evaluated by comparing changes in decadal NPP, HR,
and NECB between simulations with increasing atmo-
spheric CO,, changing climate and constant fire regime
(CO, + climate scenarios), and with simulations with
increasing atmospheric CO,, changing climate and
changing fire regime (CO, + climate + fire scenarios).
Relative changes in fire emissions were not computed as
baseline fire emission could equal zero in LCC regions
with low fire activity.

Increases in area burned caused significant decreases
in NPP (Fj,5=48.48, P <0.001; Fig. 9a) and HR
(Fi215 = 285.87, P <0.001; Fig. 9b), and significant
increases in fire emissions (£ ;5 = 394.87, P < 0.001;

Fig. 9¢). The effect of increasing area burned on these C
fluxes was significantly different among LCC regions.
The largest responses to increasing area burned were
observed in the Northwest Boreal and Western Alaska
LCCs. Statewide, a 1% increase in area burned resulted
in a 0.39% and 2.87% decrease in NPP and HR, respec-
tively, and an increase of 9.55 ¢ C-m~>-yr~! in fire emis-
sions. The net effect of fire in the projection period on
NECB was to decrease C storage (F)5 = 62.18,
P <0.001; Fig. 9d), and at the statewide level, fire
decreased NECB by 0.010 Tg C/yr to 0.018 Tg Clyr
among the climate scenarios we evaluated (see also
Fig. 4a, b).

DiscussioN

Upland ecosystems occupy 84% of the terrestrial land
surface in Alaska (ie, 1,237,774 kmz), and thus have
played an important role in the past and are expected to
continue to play an important role in the future in the
overall C balance of the state. In this study, we used a
modeling framework to estimate the historical and future
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C dynamics of upland ecosystems in Alaska. Below we dis-
cuss our key findings about the magnitude and changes in
C storage separately for the historical and future periods
of our analyses. We then discuss the relative role of factors
driving these dynamics in upland ecosystems of Alaska
and the limitations and uncertainties of this assessment.

Historical C dynamics in Alaska uplands

We estimate that upland ecosystems of Alaska currently
store more than 50 Pg C, over 90% of which is in soils.
The modeled density of soil organic C storage (~38,000 g
C/m?) is higher than recent estimates of soil C density for
the 0—1 m soil column (i.e., mean 26,517 g C/m?, 95% CI
25,002-28,032 g C/m°) for the circumpolar region (Huge-
lius et al. 2013, 2014, Michaelson et al. 2013). This differ-
ence can be largely explained by the fact that the soil
column considered for this assessment included C stored
in the organic layer plus 1 m of mineral soil, resulting in a
soil column thicker than the 0—1 m soil column commonly
used for circumpolar assessments. The mean organic layer

thickness by the end of the historical period was estimated
to be 29.7 £+ 25.3 cm (mean + SD; among LCC regions),
bringing the total thickness of the soil column to 1.3 m.
To compensate for this difference, we added 29.7% of the
1-2 m deep soil C estimates to the 0—1 m estimates from
Hugelius et al. 2014 (considering that soil C density is
homogeneous between 1 and 2 m), bringing the global soil
C density to 32,669 g C/m?, which lowers the over-estima-
tion of soil C density in this assessment to 16%. In the
Northwest Boreal LCC region, our estimates for vegeta-
tion C (3,484 g C/m?) and soil C (27,324 g C/m?) stocks
are close to estimates of C stocks in the Alaska boreal for-
est by Bradshaw and Warkentin (2015; 5,770 and 22,120 g
C/m?, respectively).

Our analysis indicates that, statewide, Alaska gained C
at a rate of 3.26 Tg C/yr between 1950 and 2009, but
some regions of the state gained C while others lost C.
Gains occurred in tundra and coastal forest regions of
Alaska primarily driven by increases in NPP. Other stud-
ies have reported increases in NPP in arctic regions in
response to warming (Epstein et al. 2008, Myers-Smith
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et al. 2011, Bonfils et al. 2012). In the Arctic LCC, our
estimates are within the range of NPP and HR reported
by a recent model inter-comparison. That study used 40
terrestrial ecosystem models to assess terrestrial C cycle
uncertainty in Arctic Alaska (Fisher et al. 2014). In 2002
and 2003, we estimate NPP and HR to be 118 g
Cm~2yr!and 97 g C-m~2yr~!, respectively, and Fisher
et al. (2014) estimated NPP and HR to be 140 4+ 300 g
C-m 2yr~! (mean + SD) and 140 + 200 g C-m >yr ',
respectively, for the same period. In the North Pacific
LCC, gains from increased forest growth dominate the C
balance as the C loss from logging activities would have
to more than double to drive NECB negative.

The losses of C during the historical period occurred in
upland ecosystems of the boreal forest region of Alaska,
and were primarily driven by changes in fire regime. The
losses of C in uplands of the boreal forest region of
Alaska are consistent with remote sensing (Goetz et al.
2007, Beck and Goetz 2011) and other analyses (Barber
et al. 2000, Turetsky et al. 2011, Walker and Johnstone
2014) that conclude that C gains in this region are limited
by drought stress and fire mortality. Our analyses indicate
that about 10 yr of statewide C accumulation in uplands

can be lost in a single large fire year through fire emis-
sions. The estimated losses of C in this region are occur-
ring because fires are becoming more frequent. Kasischke
et al. (2002) estimate that since 1980, Alaska experienced
three to four large fire years per decade, compared to one
to two large fire years per decade between 1960 and 1980.
During the last decade of the historical period, we esti-
mate that about 86% of the statewide C fire emissions
occurred in uplands of the Northwest Boreal LCC (~50 g
C-m~2yr~Y). For black spruce forest ecosystems, the
most vulnerable ecosystems to fire in this LCC, we esti-
mate that fire emissions were 71.4 g C-m~2yr~ !, which is
similar to the estimate by Turetsky et al. (2011; 76.2 +
10.24 ¢ C:m 2.yr~'; mean + SE).

Future C dynamics in Alaska uplands

Our analysis suggests that, by the end of the 21st cen-
tury, C storage in upland ecosystems of Alaska will
increase by 3.4-11.7% among the climate scenarios we
evaluated. Vegetation C is estimated to increase between
11.7% and 23.8%, and soil C between 2.2% and 11.2%.
At the statewide level, these increases largely occurred
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because of the mean increase in NPP and the mean
decrease in HR during the projection period in compar-
ison to the historical period. The increase in NPP was
primarily driven by the response of NPP to increases in
atmospheric CO, even though the response is relatively
modest (4.8% per 100 ppmv at the statewide level). The
effect is substantially lower than the estimates from four
FACE experiments in temperate forest stands (Norby
et al. 2005; 13% per 100 ppm) and in comparison to
most other models applied over the northern permafrost
region (McGuire et al. 2016) because of nitrogen limita-
tion on the CO, fertilization response in DOS-TEM
(Euskirchen et al. 2009). It is also important to note that
the response of NPP to increases in atmospheric CO» in
our simulations becomes less sensitive as atmospheric
CO, increases (Fig. 5). The main reasons of the decrease
in sensitivity of NPP to atmospheric CO, are the
Michaelis-Menten function between GPP and atmo-
spheric CO, and the constraint of nitrogen availability
on GPP formulated in DOS-TEM (Raich et al. 1991,
McGuire et al. 1992, Euskirchen et al. 2010).

The increase in NPP was also driven by increases in
air temperature, and the level of sensitivity in our simu-
lations is consistent with that reported by warming
experiments conducted in Arctic Alaska (Chapin et al.

1995, Piao et al. 2013). The increased NPP was also
caused by a longer length of the growing season result-
ing from earlier snowmelt and later snowfall. These sea-
sonal changes in response to climate warming are in line
with previous studies (Groisman et al. 1994, Euskirchen
et al. 2006, 2016). While NPP is more sensitive to air
temperature than HR over the 21st century in our simu-
lations, our simulations suggest that HR will ultimately
become more sensitive to air temperature because of its
upward curvilinear relationship with temperature that is
being driven by both increasing soil temperature and
deepening active layer, the latter of which exposes frozen
organic matter to decomposition (see also Hayes et al.
2014, Koven et al. 2015, Schuur et al. 2015). Thus, at
the statewide level and over a longer time period than
our simulations, our analyses would suggest that the
decreasing CO, sensitivity of NPP and the increasing
sensitivity of HR to air temperature will ultimately lead
to a source of CO, to the atmosphere from upland
ecosystems of Alaska. This is consistent with other anal-
yses that have been conducted in the northern per-
mafrost region by models that represent soil C vertically,
which suggest that soil C loss will be much greater
between 2100 and 2200 than between 2000 and 2100
(Schuur et al. 2015).
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Fire is an important disturbance that has a complicated
effect on the projected increases in C storage in our simu-
lations. Mean annual area burned in the projection period
ranged from —81.5% to +169.3% of that during the histor-
ical period. Our analysis shows that increased area burned
tends to decrease NPP, decrease HR, and increase fire
emissions. The decrease in NPP is associated with tree
mortality and the decrease in HR following wildfire is
related to the partial or total burning of the organic hori-
zons during combustion and the decrease in C input from
vegetation litterfall. In fire-prone regions, our study sug-
gests that decreases in HR from wildfire can be greater
than increases resulting from warming (and increasing
vegetation productivity) associated with increasing CO,
and climate change in those regions. As a result, HR
decreases during the projection period in the two largest
and most fire-prone LCC regions, namely the Northwest
Boreal and the Western AK LCCs, where on average
56.2% =+ 13.5% and 23.2% + 11.4% (mean £+ SD among
climate scenarios) of the area burns every 100 yr, respec-
tively (Rupp et al. 2016). Statewide, the decrease in HR
from these two LCCs is greater than the increase in HR
projected in the less fire-prone Arctic and the North Paci-
fic LCCs, resulting in an overall decrease of 9.1% in HR
(8.6% SD among climate scenarios) in comparison to the
historical period. The net result is that increases in fire
decrease NECB and cause losses in both vegetation and
soil C. Whether fire will continue to limit gains (or pro-
mote losses) of C from upland ecosystems of Alaska
depends on feedbacks between vegetation composition
and the occurrence of fire. The increase in fire severity and
fire frequency can promote the establishment of deciduous
forest (e.g., Johnstone et al. 2010b, Pastick et al. 2017).
Because deciduous forest is less flammable than black
spruce forest (Bernier et al. 2016), the transition from
evergreen to deciduous vegetation could result in less fire
on the landscape in the latter part of this century. This
interaction between vegetation composition and fire
regime is represented in this study since ALFRESCO rep-
resents the effect of fire severity on post-fire vegetation
succession and the feedback of vegetation composition on
fire regime (see Pastick et al. this feature). However, since
the vegetation composition in DOS-TEM is considered
static, the direct effect of changes in vegetation composi-
tion on carbon dynamics was not included.

Across the projection period, NECB was larger in tun-
dra-dominated regions (the Arctic and Western Alaska
LCCs) and the North Pacific LCC than in the North-
west Boreal LCC. The increase in fire was the primary
reason for the more muted response of the Northwest
Boreal LCC in comparison to the other LCCs, where the
responses of NPP to increases in atmospheric CO, and
increased temperature primarily drove the larger NECB.
Regions of largest uncertainties among the climate sce-
narios, for example the Yukon-Kuskokwim Delta or the
northern Seward Peninsula, were also regions that expe-
rienced the largest increase in length of the growing sea-
son, as shown in Fig. S2 of Pastick et al. (this feature).
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In past syntheses of regional C dynamics, the role of
aerated soils as a sink for CH4 has generally been
neglected. Consistent with field observations (Whalen
and Reeburgh 1990, Moosavi and Crill 1997, Martineau
et al. 2010), this assessment shows that biogenic CHy4
fluxes in upland Alaska were a net sink from the atmo-
sphere. Other analyses suggest that biogenic CH,4 seques-
tration in upland soils should increase during the 21st
century (Zhuang et al. 2013) in response to an increase in
litter organic C input and soil temperature (Walter and
Heimann 2000, Hofmann et al. 2016) and an increase in
unsaturated soil volume resulting from permafrost thaw
and deepening the water table (Whalen and Reeburgh
1990, Zhuang et al. 2004). However, our analysis suggests
that the effects of climate change on biogenic CHy seques-
tration would be trivial at the regional scale, and that
CH, balance in uplands would primarily be driven by
pyrogenic emissions of CHy4. The pyrogenic CHy loss
from uplands ecosystems is relatively minor, as it repre-
sents less than 0.1% of upland NPP.

Limitation and uncertainties of projections of C balance in
upland Alaska

This assessment of C dynamics in upland ecosystems
of Alaska provided estimates of the uncertainty associ-
ated with forcing data, i.e., atmospheric CO, for three
emission scenarios and climate projections from two glo-
bal circulation models, on the regional C balance. State-
wide, although the variability of NECB among the six
climate scenarios was substantial (SD = 17.2 Tg Clyr), all
scenarios predicted uplands to be a C sink by the end of
the 21st century. The uncertainty of NECB associated
with CO, emission scenarios (SD = 17.6 Tg C/yr) was lar-
ger than the uncertainty associated with GCMs (SD = 7.5
Tg Clyr). As mentioned previously, the effect of forest
logging in the North Pacific LCC was not included in the
future projections as explicit projections were not avail-
able at the time this assessment was conducted. Yet, from
the historical estimates, the total export of C from logging
activities were quite small (i.e., 1.6 Tg Clyr). If projected
to be constant over the 21st century, these exports would
have had a minor effect on the estimated statewide C sink
(i.e., 5.2% decrease of NECB on average, SD = 2.1%
among climate scenarios). Furthermore, a recent attribu-
tion analysis quantifying the relative effect of logging and
climate change on forest C stocks in the North Pacific
LCC suggested that the effect of harvesting on forest C
stocks for the 21st century was more than 27 times
smaller than the effect of climate change only (for the
CCCMA-AT1Db scenario; Zhou et al. 2016).

In addition to forcing data, model structure and pro-
cess representations can be a significant source of uncer-
tainty in ecosystem carbon projections. A recent model
comparison of the historical carbon balance in Alaska,
compared model inter-comparison projects using similar
or different forcing data and estimated that uncertainty
resulting from differences in model structure and process
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representations can be larger than uncertainty resulting
from differences in forcing data (Fisher et al. 2014).
DOS-TEM explicitly represents processes that have been
identified as critical to represent in high latitude ecosys-
tems (McGuire et al. 2012, 2016, Koven et al. 2015, Luo
et al. 2016). These processes include (1) soil thermal
regime and permafrost dynamics and their effects on soil
C dynamics (Yi et al. 2009b), (2) nitrogen limitation on
vegetation productivity (Euskirchen et al. 2010), and (3)
and organic layer dynamics on soil environmental and
biogeochemical processes (Yi et al. 2009a, 2010). How-
ever, additional processes not represented in the model-
ing framework used in this study can affect ecosystem
dynamics at the regional level, and may change in
response to climate change.

The biogeochemical models used in this assessment did
not include a dynamic vegetation model, i.e., vegetation
distribution was static after initialization. Yet, with cli-
mate change and change in disturbance regime, changes
in vegetation composition are ongoing (e.g., Sturm et al.
2001, Tape et al. 2006) and expected to continue over the
coming decades in the boreal and the Arctic regions (e.g.,
Pastick et al. 2017), with the potential to cause significant
changes in the regional carbon balance. In the arctic
region, climate-related shrubification in the Arctic
(Myers-Smith et al. 2011) is projected to offset the loss of
shrub tundra from increasing fire frequency (Pastick
et al. 2017), and result in a decrease in soil temperature
that can slow down decomposition of soil organic matter
and reduce heterotrophic respiration (Sistla et al. 2013).
The transition from graminoid to shrub tundra can also
cause an increase in vegetation productivity and vegeta-
tion biomass (Shaver and Chapin 1991). In boreal forest,
the projected increase in wildfire frequency and severity
can result in large-scale transition from spruce-dominated
forest to deciduous-dominated forest (e.g., Johnstone
et al. 2010b), which can lead to an increase in vegetation
productivity and litter quality and an increase in soil tem-
perature and decomposition rates (Melvin et al. 2015).

The current assessment is considering soil biogeochemi-
cal processes occurring in the organic layer and the first
meter of the mineral soil. Yet, substantial amount of
organic C can be stored below this depth (Harden et al.
2012a) and, with active layer deepening, can become
unfrozen and be exposed to decomposition (Schuur et al.
2009). Additionally, lateral loss of dissolved organic C
(DOC) from terrestrial to aquatic ecosystems are not taken
into account in the modeling framework (Stackepoole
et al. 2017). Yet, previous model simulations estimated
that DOC loss can have a substantial effect on the regional
C balance, reducing the strength of the C sink in the Arctic
region (McGuire et al. 2010, Kicklighter et al. 2013).
Finally, the degradation of permafrost in uplands may trig-
ger thermal-erosion processes and the formation of fea-
tures such as active layer detachments or retrogressive
thaw slumps (Balser et al. 2014) with dramatic changes on
local hydrology and vegetation that could affect substan-
tially ecosystem C balance (Jensen et al. 2014).
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Finally, studies quantifying the actual proportion
between the quantity of wood harvested (and exported
out of the ecosystem) and the residues left on site in
Northern Pacific forests are very scarce. Given that clear
cutting is the most common harvest practice in the
region (Cole et al. 2010), we used the highest proportion
of cutting intensity estimated by Deal and Tappeiner
(2002) to estimate C exported out of the ecosystem from
timber harvest. Yet, our study might have underesti-
mated the proportion of wood left on site after cutting.
An older study by Howard and Setzer (1989) estimates
that only 43.3-51.3% of the forest volume is exported
out of the ecosystem. A mean harvest rate of 47.3%
would decrease the total C exported as timber from 1.6
Tg Clyr to 0.80 Tg C/yr and would increase the histori-
cal C sink from 3.26 Tg C/yr to 4.06 Tg Clyr.

CONCLUSION

This assessment of C dynamics in upland ecosystems
of Alaska is unique in that it explicitly separates uplands
from wetlands C dynamics. As in any assessment, there
are limitations and uncertainties. Key limitations
include (1) the treatment of land cover as static in the
projection period, and (2) the lack of consideration of
disturbances in addition to fire such as those caused by
insects and thawing of ice-rich permafrost and associ-
ated soil subsidence. It is well known that increased fire
disturbance has the potential to increase the cover of
deciduous forest at the expense of spruce forest (John-
stone et al. 2010a,b). It is also expected that shrub tun-
dra will expand at the expense of graminoid tundra
(Myers-Smith et al. 2011). Insects and disease also sub-
stantially affect forest productivity in the Alaska boreal
forest (Verbyla 2011), and there is evidence that insect
disturbance is increasing in Alaska (Parent and Verbyla
2010). Finally, degradation of ice-rich permafrost in
uplands has the potential to alter C cycling in the north-
ern permafrost region (Grosse et al. 2011, Olefeldt et al.
2016). Model modifications to deal with these issues are
currently being developed so that these issues can be
better addressed in future assessments. Despite these
limitations, our study provides important insights on
regional vulnerability of C storage in Alaska. In particu-
lar, our study indicates that projected C sequestration in
the Northwest Boreal LCC would be weakest among
the LCCs. This suggests that this region would be most
vulnerable to becoming a C source during the remainder
of the 21st century in response to other disturbances
and harvesting that we did not consider. Finally, even if
upland ecosystems as a whole are able to sequester C
throughout the 21st century, our analysis indicates that
any increased C sequestration in upland ecosystems of
Alaska during the 21st century is likely to be transi-
tional as NPP becomes less sensitive to increases in
atmospheric CO, and HR increases due to increase in C
input from the vegetation, warmer soil, and a deeper
active layer.
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