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The role of environmental driving factors in historical and projected
carbon dynamics of wetland ecosystems in Alaska
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Abstract. Wetlands are critical terrestrial ecosystems in Alaska, covering ~177,000 km?, an area
greater than all the wetlands in the remainder of the United States. To assess the relative influence of
changing climate, atmospheric carbon dioxide (CO,) concentration, and fire regime on carbon balance
in wetland ecosystems of Alaska, a modeling framework that incorporates a fire disturbance model and
two biogeochemical models was used. Spatially explicit simulations were conducted at 1-km resolution
for the historical period (1950-2009) and future projection period (2010-2099). Simulations estimated
that wetland ecosystems of Alaska lost 175 Tg carbon (C) in the historical period. Ecosystem C storage
in 2009 was 5,556 Tg, with 89% of the C stored in soils. The estimated loss of C as CO, and biogenic
methane (CH,) emissions resulted in wetlands of Alaska increasing the greenhouse gas forcing of cli-
mate warming. Simulations for the projection period were conducted for six climate change scenarios
constructed from two climate models forced under three CO, emission scenarios. Ecosystem C storage
averaged among climate scenarios increased 3.94 Tg C/yr by 2099, with variability among the simula-
tions ranging from 2.02 to 4.42 Tg C/yr. These increases were driven primarily by increases in net pri-
mary production (NPP) that were greater than losses from increased decomposition and fire. The NPP
increase was driven by CO, fertilization (~5% per 100 parts per million by volume increase) and by
increases in air temperature (~1% per °C increase). Increases in air temperature were estimated to be the
primary cause for a projected 47.7% mean increase in biogenic CH4 emissions among the simulations
(~15% per °C increase). Ecosystem CO, sequestration offset the increase in CH4 emissions during the
21st century to decrease the greenhouse gas forcing of climate warming. However, beyond 2100, we
expect that this forcing will ultimately increase as wetland ecosystems transition from being a sink to a
source of atmospheric CO, because of (1) decreasing sensitivity of NPP to increasing atmospheric CO,,
(2) increasing availability of soil C for decomposition as permafrost thaws, and (3) continued positive
sensitivity of biogenic CH4 emissions to increases in soil temperature.
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INTRODUCTION

Based on records that date back to the middle of the 19th
century, global mean surface temperature has risen by 0.4°C
(IPCC, Climate Change, 2014). In the northern hemisphere,
climatic changes have been more rapid and pronounced than
in regions further south (Manabe and Stouffer 1980, Forster
et al. 2000, Alexeev 2003, Alexeev et al. 2005, Cai 2006,
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McGuire et al. 2006, Winton 2006, Cai and Lu 2007, Lan-
gen and Alexeev 2007, Graversen and Wang 2009). Alaska
has experienced warming since the beginning of the 20th
century and, since the 1970s, the temperature increase has
been substantial (Hartmann and Wendler 2005, Wendler
and Shulski 2009, Pastick et al. 2017) In the Arctic, warm-
ing has been 1-1.5 times faster than the global mean
increase, with roughly 0.6°C rise per decade over the past
30 yr (IPCC, Climate Change, 2014). While the signatories
to the United Nations Framework Convention on Climate
Change aim to stabilize atmospheric greenhouse gases
concentration, it is believed that the warming trend will con-
tinue into the future (IPCC, Climate Change, 2014). Simula-
tions by general circulation models (GCMs) suggest that a
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2°C increase in global mean surface temperature relative to
the preindustrial temperatures would result in a 3.2°-6.6°C
increase in the Arctic by the middle of the 21st century
(Kaplan and New 2006).

Despite its lower magnitude compared to carbon dioxide
(COy) fluxes, methane (CH,4) dynamic is an important com-
ponent of the global climate system (Fisher et al. 2014). It is
the third most abundant greenhouse gas in the atmosphere,
with a 100-yr global warming potential (GWP) 25 times
higher than that of CO, (Forster et al. 2007). Increases in
atmospheric CH4 have been responsible for about 20% of
the global warming caused by greenhouse gases since the
preindustrial time (Dlugokencky et al. 1998). Historically,
wetlands have played important roles in the global CH,4 bud-
get as the single largest natural emitter. Approximately 10%
of global CH, fluxes (35 Tg/yr) have been attributed to
emissions from high-latitude wetlands north of 50°N (Seba-
cher et al. 1985, Matthews and Fung 1987, Crill et al. 1988,
Fung et al. 1991, Reeburgh and Whalen 1992, Zhuang et al.
2004, McGuire et al. 2009, Thornton et al. 2016). Emissions
from natural wetlands are thought to be partially responsi-
ble for the recent rise in global CH,4 concentration (Kirschke
et al. 2013), reaching 1,820 ppb by 2012, with an increase
rate of 5.2 £+ 0.2 ppb/yr during 2008-2012 (mean + SD;
Saunois et al. 2017).

Wetlands in northern high latitudes account for 44% of
the global wetland area (OECD 1996). Wetlands in Alaska
cover roughly 12% (177,069 km?) of the total land surface
area (Pastick et al. 2017), which is larger than all the wet-
lands in the rest of the United States (Burkett and Kusler
2000). As a transitional zone between aquatic and terrestrial
ecosystems, wetlands are characterized by poorly drained
soils that allow rapid accumulation of carbon (C) in thick
peat layers. In regions with permafrost, this peat can also
become protected from decomposition as it is incorporated
into permafrost (Burkett and Kusler 2000, O’Donnell et al.
2011). The amount of C stored in the top 100 cm of north-
ern peatlands is estimated to be 472 4+ 27 Pg (mean + SD),
roughly 37% of global terrestrial C (Fao and Isric 2012,
Hugelius et al. 2014). High-latitude wetlands also release C
in the form of CO, and CH, in response to aerobic and
anaerobic decomposition, respectively (Zhuang et al. 2004,
2007, Johnston et al. 2014, Mondav et al. 2014). With
increased permafrost thaw driven by climate warming, the
amount of unfrozen organic matter available for decomposi-
tion is expected to increase and result in an increase in soil
CO, and CHy4 releases (Schuur et al. 2008, Koven et al.
2011, Schaefer et al. 2011).

As biogenic CH, emissions from anaerobic wetlands are
the primary source of natural CH4 emissions in North
America (Kirschke et al. 2013), it is important to assess how
these emissions will respond to environmental change during
the remainder of this century in Alaska. CH4 emissions from
wetlands are controlled by many factors, including climate,
atmospheric CO, concentration, and electron acceptor avail-
ability in the soil (Zehnder and Stumm 1988, Wang et al.
1993, Whiting and Chanton 1993). In particular, it is
expected that CH,4 emissions may be very responsive to soil
temperature and moisture changes resulting from climate
change (Updegraff et al. 2001, Turetsky et al. 2008, Olefeldt
et al. 2013, Ma et al. 2017).
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Besides assessing the response of biogenic CH,4 emissions
of wetlands in Alaska, it is also important to assess how the
uptake and release of CO, will be influenced by changes in
atmospheric CO,, climate, and wildfire. Changes in air and
soil temperature and in hydrology have been documented to
influence the exchange of CO, in wetlands in Alaska (Ole-
feldt et al. 2017). Although wetlands do not burn as fre-
quently as upland ecosystems due to low flammability
associated with moist soils, they do burn in very hot and dry
years and can lose a significant amount of C to the atmo-
sphere from fire emissions (Turetsky et al. 2011). Northern
silty wetlands with shallow permafrost are more vulnerable
to post-fire permafrost thaw and associated soil C loss than
well-drained rocky uplands (Minsley et al. 2016). In recent
years, extended dry periods and more frequent late-season
burning, along with continued change in the permafrost and
drainage conditions, have combined to increase the potential
for wetlands to lose deep organic matter through burning
(Kasischke and Turetsky 2006, Turetsky et al. 2011).

In this study, we assessed how C dynamics of wetland
ecosystems in Alaska have changed during the historical
period (1950-2009) and may change during the projection
period (2010-2099) in response to changing atmospheric
CO,, climate, and fire regime. Two existing process-based
terrestrial ecosystem models, which were calibrated and
tested for the major vegetation types in wetlands of Alaska,
and a state and transition disturbance model were applied in
this study. Future projections of C stocks, CO,, and CHy
dynamics were simulated using six climate scenarios from
two GCMs for three atmospheric CO, emission scenarios.
Changes in C dynamics were analyzed for 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).
With the goal of improving our understanding of the mecha-
nisms responsible for the projections of C dynamics of wet-
lands in Alaska, we conducted an attribution analysis to
quantify the effects of increases in atmospheric CO,,
changes in climate, and changes in fire regime on wetland C
accumulation and CO, and CH, dynamics.

MATERIALS AND METHODS

Model framework

Wetland C dynamics have been assessed using a model
framework identical to the one described in Genet et al.
(2017). C stocks and CO, fluxes were simulated using the
Dynamic Organic Soil version of the Terrestrial Ecosystem
Model (DOS-TEM; see Yi et al. 2009, 2010 for model struc-
ture and dynamics). DOS-TEM is a process-based biogeo-
chemical model that estimates soil and vegetation thermal
and hydrological regimes, permafrost dynamics, and carbon
and nitrogen fluxes between soil, vegetation, and the atmo-
sphere, and carbon and nitrogen pools in the soil and the veg-
etation (more detailed description of the model can be found
in Genet et al. 2017). CH,4 fluxes were simulated using the
Methane Dynamics Module of the Terrestrial Ecosystem
Model (MDM-TEM; Zhuang et al. 2004). MDM-TEM is a
process-based biogeochemical model that estimates the net
flux of CHy4 between soils and the atmosphere based on the
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Wetland distribution across Alaska (AK) and the boundaries of the four Landscape Conservation Cooperative regions of the

assessment analysis. The brown, orange, and green dots represent observation sites used for model validation of the soil, the soil and the
vegetation, and the vegetation carbon pools, respectively. Wetland percent cover is depicted at a 1-km resolution.

rate of CHy4 production and oxidation within the soil profile,
and the transport of CHy from the soil to the atmosphere
(see the detailed description of MDM-TEM in MDM-TEM
description). Finally, projections of the fire regime in response
to climate were produced by the Alaska Frame-Based
Ecosystem Code (ALFRESCO; Rupp et al. 2000, 2002,
2007, Johnstone et al. 2011, Mann et al. 2012, Gustine et al.
2014). ALFRESCO is a spatially explicit, stochastic land-
scape succession model designed and parameterized for Arc-
tic and sub-Arctic regions (see Pastick et al. [2017] for a
detailed description of ALFRESCO and for validation of the
historical fire regime simulated by ALFRESCO). The three
models were coupled asynchronously, where information on
fire occurrence produced by ALFRESCO was used to drive
DOS-TEM and information on vegetation net primary
productivity (NPP) and leaf area index (LAI) produced by
DOS-TEM was used to drive MDM-TEM (Fig. 2).

MDM-TEM description

MDM-TEM is a process-based ecosystem model that sim-
ulates biogenic CHy fluxes (BioCHy) in terrestrial ecosys-
tems. MDM-TEM explicitly considers the processes of CHy
production, transport, and oxidation between the soil and
atmosphere on a daily time step (Zhuang et al. 2004).
MDM has been designed to be coupled to the existing TEM
modeling framework that includes terrestrial carbon and
nitrogen dynamics, a soil thermal module for simulating per-
mafrost dynamics, and a hydrological module that simulates
movement of water within the atmosphere-vegetation—soil
continuum and water table depth (Zhuang et al. 2002, 2003,
2004). Water table depth is critical for simulating wetlands C
dynamics in terms of partitioning soil decomposition prod-
ucts between CO, and CHy. Soil moisture dynamics are
explicitly modeled in layers of moss, organic soil, and min-
eral soil (Zhuang et al. 2002, 2004).

MDM-TEM simulates the production and oxidation of
CH, between the soil column and the atmosphere as well as
CH, transport across the soil surface. The overall CHy
fluxes depend on the relative relationship among these three
terms. Production and oxidation of CH, are combined to
represent the net emission/uptake of CHy between the soil
and the atmosphere. Net emission means that CH, will be
emitted to the atmosphere through diffusion when the rate
of CHy4 production (methanogenesis) exceeds that of oxida-
tion (methanotrophy) within the soil column. In addition to
diffusion between the soil column and the atmosphere, there
are two other ways that CH4 can be transported to the
atmosphere in wetlands. One is ebullition, in which bubbles
form when CHy4 concentration is high and the water table is
above the moist soil, and move through the water column to
be released to the atmosphere. The other way is plant-aided
CH, transport, which happens when CH4 moves through
aerenchyma tissues of vascular plants from deep root sys-
tems to aboveground leaves to escape to the atmosphere.

The soil component in MDM-TEM contains two separate
layers: the upper unsaturated zone and the lower saturated
zone, defined by the water table depth. CH, production
occurs in the lower saturated zone where water creates an
anaerobic environment and is affected by substrate availabil-
ity, soil temperature, soil pH, and availability of electron
acceptors. Substrate availability is represented using a func-
tion of NPP, which is provided by DOS-TEM (Fig. 2). A Qo
function is used to calculate the effects of soil temperature on
CH,4 production, with a reference temperature from previous
calibration. Coefficients in this Q;( function are ecosystem
specific, and each grid cell has a prescribed ecosystem type.
The optimum soil pH is set to 7.5 for wetlands in Alaska.
Finally, the effect of electron acceptor availability is imple-
mented using a multiplier that relates to redox potential on
CH,4 production. The multiplier, which is determined by cali-
bration, diminishes linearly if redox potential exceeds
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Fic. 2. Modeling framework developed for this study, coupling the Dynamic Organic Soil version of the Terrestrial Ecosystem Model
(DOS-TEM, blue box), the Methane Dynamics Module of the Terrestrial Ecosystem Model (MDM-TEM, green box), and the Alaska
Frame-Based Ecosystem Code (ALFRESCO, orange box). Black text and solid arrows represent input drivers. Black text and dotted arrows
represent flows of information within and among models. Red text and arrows represent outputs.

—200 mV, or is set as 1.0 (Fiedler and Sommer 2000, Zhuang
et al. 2002). CHy4 oxidation is simulated in the unsaturated
zone of the soil column when the soil moisture is within a pre-
scribed ecosystem-specific range that allows methanotrophy
(Zhuang et al. 2004). CH, oxidation is affected by both soil
moisture and temperature. A Q;o function is used with
ecosystem-specific reference temperatures to simulate en-
hanced oxidation with rising soil temperature. Soil moisture
influences CH4 oxidation negatively when it is not at the opti-
mum level. Substrate availability affects CH4 oxidation fol-
lowing a Michaelis-Menten function. Finally, increasing
redox potential from —200 to 200 mV enhances CH,4 oxida-
tion (Zhuang et al. 2002, 2004).

MDM-TEM parameterization and validation

MDM-TEM is parameterized for three typical types of
wetland ecosystems in Alaska based on specific plant types
and hydrological characteristics (Table 1). The land cover
map used for the simulations in this study defined seven wet
land cover types in Alaska, which were grouped into the
three wetland types parameterized in MDM-TEM as fol-
lows: (1) lowland black spruce (Picea mariana (Mill.) Brit-
ton, Sterns & Poggenb.), white spruce (Picea glauca
(Moench) Voss), deciduous forests, and maritime wetland
forest were classified as boreal wetland in MDM-TEM; (2)
graminoid tundra was classified as mesic wetland tundra;
and (3) wet sedge tundra and maritime fen were classified as
wet wetland tundra. CH4 flux measurements and key soil
and climate factors from three wetland field sites in Alaska
tundra wetlands and Canadian wetlands north of 53° N
(first three sites in Table 1) were used to parameterize
MDM-TEM. These sites were representative of the mesic
and wet wetland tundra and boreal wetland present in
Alaska. The model was parameterized by minimizing the
differences between the observed and simulated CH, fluxes
at Toolik-D, Toolik-W (Arctic LCC, Alaska), and SSA-

FEN (Saskatchewan, Canada) field sites, respectively. Initial
parameter values for each of the three sites were determined
from literature review. The range was set for each individual
parameter in the three sets of parameters based on literature
review, and adjustments were made to each parameter to
minimize the root mean square error (RMSE) between the
daily simulated and observed CH,4 fluxes. The adjustment
was conducted sequentially for all parameters until the
minimized RMSE was 665, 1,729, and 1,396 mg CO,-
eq-m 2-d~!, for Toolik-D, Toolik-W, and SSA-FEN sites,
respectively (He et al. 2016).

To test the performance and validate parameterizations of
MDM-TEM, we conducted simulations using data indepen-
dent of the data we used for parameterization and calibra-
tion. A boreal forest wetland site (NSA-FEN) in Canada
was used to validate the parameterization from the SSA-
FEN site (Table 1). Monthly mean simulated CH, fluxes
were compared to the observed net emission at the site, and
the geometric mean regression between observed and simu-
lated fluxes was significant (P < 0.01) with an RSME of 0.9
(He et al. 2016). When applied across Alaska, MDM-TEM
indicates methane emissions are from April to November
for most grid cells in Alaska, and are able to capture some
of the zero-curtain emissions for the North Slope of Alaska
reported by Zona et al. (2016).

DOS-TEM parameterization and validation

Parameterization and validation of DOS-TEM were con-
ducted using vegetation and soil carbon and nitrogen pools
and fluxes; details on the DOS-TEM parameterization and
validation can be found in Genet et al. (2016) and Genet
et al. (2017). The sites used for DOS-TEM historical carbon
pools validation are depicted in Fig. 1. DOS-TEM estimates
of soil C stocks and permafrost distribution and depth were
compared with recent soil carbon and permafrost data prod-
ucts for Alaska (Marchenko et al. 2008, Ping et al. 2008,
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TABLE 2. Summary of the environmental drivers used by the model simulations for the historical period and the six climate scenarios.

Period and scenario MAT (°C) SAP (mm) Atm. CO, (ppm) AOB (km?/yr) VWC (m*/m?)
1950-2009
Historical —3.61 (0.66) 926 (33) 341 (25) 2734 (1502) 0.643 (0.022)
2010-2099
CGCM 3.1-B1 —2.65(0.99) 999 (70) 429 (85) 2718 (1069) 0.693 (0.015)
ECHAMS5-BI —2.51(1.42) 978 (79) 429 (85) 3643 (1960) 0.683 (0.03)
CGCM 3.1-Alb —2.12(1.55) 1019 (91) 466 (132) 2832 (1226) 0.701 (0.02)
ECHAMS-Alb —1.85(2.19) 1007 (99) 466 (132) 4069 (1784) 0.68 (0.025)
CGCM 3.1-A2 —2.03(1.77) 1033 (109) 482 (159) 3379 (1864) 0.702 (0.024)
ECHAMS5-A2 —1.96 (2.15) 1007 (101) 482 (159) 3917 (2215) 0.66 (0.024)

Notes: The numbers in parenthesis indicate standard deviation computed on the annual data averaged across Alaska. MAT, mean annual
temperature; SAP, sum of annual precipitation; Atm. CO,, annual atmospheric CO, concentration; AOB, annual area burned; VWC, volu-

metric water content.

Intercomparison Project phase 3 (CMIP3) multi-model data
set (, Meehl et al. 2007), and are aligned with the Intergov-
ernmental Panel on Climate Change’s Special Report on
Emission Scenarios (IPCC-SRES; Nakicenovic et al. 2000;
data set available online).14 In addition, the effects of fire dis-
turbance on C dynamics were evaluated using a gridded fire
occurrence data set that combined (1) historical records
from 1950 to 2009 from the Alaska Interagency Coordina-
tion Center large fire database (Kasischke et al. 2002) and
(2) projected scenarios from ALFRESCO for future projec-
tions. Emission scenario A2 projected the largest increase in
atmospheric CO, in the projection period, followed by Alb
and B1 (Table 2; database available online).!®> Climate simu-
lations of the ECHAMS models were warmer and wetter
than those of the CGCM 3.1. Mean annual area burned was
also larger under the ECHAMS climate simulations than
under CGCM 3.1 climate simulations (Table 2). More
details on the atmospheric CO,, climate and fire forcing
data sets can be found in Genet et al. (2017) and Pastick
et al. (2017).

Model application

Before conducting the transient simulations, a typical
spin-up procedure was conducted for each spatial location,
in which the model was driven by averaged modern forcings
for that location, repeated continuously until dynamic equi-
librium was achieved (i.e., constant pools and fluxes at that
location). The resulting modeled ecosystem state for each
spatial location then served as the starting point for the
transient simulation during the historical and future periods.
Gridded output was expressed per square meter and multi-
plied by grid cell area and the wetland percent cover per grid
cell to yield total fluxes and storages. Regional estimates
were obtained by summing up the grid cell estimates across
each LCC region.

Estimates of vegetation C storage were derived from the
sum of aboveground and belowground living biomass. Soil
C stocks were composed of C stored in dead woody debris,
moss, litter, the organic horizon, and the mineral horizon to
depth of 1 m below the organic horizon. Historical changes
in soil and vegetation C pools were evaluated as cumulative

" http://www-pemdi.linl.gov/ipcc/about_ipee.php
13 http://fire.ak.blm.gov/

changes from the estimate of the respective C pool at the
end of 1949. Projected changes in soil and vegetation C
pools were evaluated as cumulative changes from the esti-
mate of the respective C pool at the end of 2009.

Net ecosystem carbon balance (NECB) is the difference
between total C inputs and total C outputs of the ecosystem
(Chapin et al. 2006). In this study, the C exchange between
terrestrial and aquatic ecosystems was not estimated. There-
fore, we calculated NECB as the NPP minus the combina-
tion of C losses from heterotrophic respiration (HR), fire
emissions (as CO and CO,, i.e., Pyro(CO + CO,), and CH,,
i.e., PyroCHy), and biogenic CH,4 emissions (BioCHy).

GWP was estimated taking into consideration that CHy,
has a larger GWP than CO,. We assumed that CH; GWP
was 25 times larger than CO, GWP as estimated over a 100-
yr timeframe for the 2007 IPCC Special Report on Emis-
sions Scenarios (Forster et al. 2007). GWP values were
reported in CO, equivalents after converting all C fluxes
using molecular weights of CH4 and CO,. Pyrogenic CHy4
(PyroCHy) production from wildfire was considered in addi-
tion to biogenic CH4 emissions by applying emission factors
among CO,, CHy, and CO on DOS-TEM simulations of fire
emissions based on the partitioning estimates of French
et al. (2002). The C in CO emissions was assumed to be con-
verted to CO, in the atmosphere within 1 yr (Weinstock
1969) and added to the pyrogenic CO, emissions (Pyro
(CO, + CO)). Based on these considerations, GWP was cal-
culated as

GWP = —44/12 x (NPP — HR — Pyro(CO, + CO)) M
+25x16/12 x (PyroCH, + BioCHy).

A positive GWP indicates a net CO, loss from the ecosys-
tem promoting atmospheric warming, while a negative
GWP indicates a net CO, gain by the ecosystem promoting
atmospheric cooling.

Attribution analysis

The relative effects of changes in atmospheric CO,, cli-
mate change and fire regime on ecosystem C balance were
analyzed for the projection period 2010-2099. This analysis
was based on model simulations that included combinations
of time series with constant atmospheric CO,, detrended
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climate, and normalized fire regime. For more detail about
the forcing data used for the attribution analysis, see Genet
et al. (2017).

We conducted 10 coupled model simulations over Alaska
wetlands in addition to the original six projection scenarios
described above and hereafter referred to as CO, + cli-
mate + fire simulations: (1) a baseline simulation with con-
stant atmospheric CO,, detrended climate and constant fire
regime, hereafter baseline; (2) three simulations with increas-
ing atmospheric CO, from the B1, Alb, and A2 emission
scenarios, detrended climate, and constant fire regime, here-
after CO,; and (3) six simulations with increasing atmo-
spheric CO, and changing climate simulations from the
CGCM3.1 and ECHAMYS models, hereafter CO, + climate.

We evaluated (1) the effects of rising atmospheric CO, by
comparing C dynamics between the CO, and the baseline
simulations; (2) the effects of changing climate by compar-
ing CO; + climate and CO, simulations; and (3) the effects
of changing fire regime by comparing the CO, + cli-
mate + fire simulations with the CO, + climate simulations.

The effect of CO, fertilization on NPP, HR, and BioCH,4
was evaluated by examining the relationship between the rel-
ative change in fluxes and the change in atmospheric CO,
concentration. The effect of climate change on NPP, HR,
and BioCH,4 was evaluated by examining the relationship
between the relative change in the respective C fluxes and
the changes in annual mean air temperature, annual sum of

TABLE 3.

ALASKA CARBON CYCLE 7

precipitation, annual mean net incoming radiation, and
annual mean vapor pressure. The effect of fire regime was
evaluated by examining the relationships between the rela-
tive change in area burned and the relative changes in NPP,
HR, and BioCH, as well as between the relative change in
area burned and the absolute change in fire emissions.

The relationships between changes in C fluxes and
changes in environmental drivers were evaluated using ordi-
nary least square regression. The differences between LCC
regions were evaluated using analysis of variance. All analy-
ses were performed using the SAS statistical package (SAS
9.4, SAS Institute, Cary, North Carolina, USA). The
assumptions of normality and homoscedasticity were veri-
fied by examining residual plots. Effects were considered sig-
nificant at P < 0.05. Averages of C stocks and fluxes are
accompanied with the estimated standard deviation from
annual variations (SD).

REsuLTs

Historical C dynamics of wetland ecosystems in Alaska from
1950 to 2009

Across the 177,069 km? of wetland ecosystems in Alaska,
as defined by Pastick et al. (2017), total C storage was esti-
mated to be 5.56 Pg C in 2009, with about 89% stored in the
soil and the rest in the vegetation (Table 3, Fig. 3a). During

Mean annual change in vegetation, soil, and total C stocks for the historical period (1950 —2009) and vegetation, soil, and total

C stocks at the end of 2009 and in each landscape conservation cooperative (LCC) region and statewide.

Variables Units Arctic Northwest boreal North Pacific Western Alaska Statewide
Wetland area km? 29,818 130,704 1,965 14,582 177,069
Vegetation C annual change Tg Clyr 0.12 —1.13 0 0.03 —0.98
Vegetation C pool in 2009 TgC 45.38 491.1 19.56 56.93 612.97
Soil C annual change Tg Clyr 0.35 -2.36 0.06 0.02 —1.93
Soil C pool in 2009 TgC 1274.78 2773.23 107.33 787.53 4,942.87
Total C annual change Tg Clyr 0.47 —3.49 0.07 0.05 —-2.91
Total C pool in 2009 TgC 1320.16 3264.33 126.89 844.46 5,555.84
Note: Wetland area for LCC regions was estimated from the wetland map described in Pastick et al. (2017).
Ecosystem C Methane
(g C/m?) (g CO%eq.m?2yr)

30,000
25,000
: 20,000
i
Sy Q 5000

Fic. 3.

20
15
10

(9]

Spatial distribution of wetland (a, d) ecosystem carbon stocks, (b, ¢) net ecosystem carbon balance, and (c, f) methane emissions

for Alaska for (a—c) the historical period and (d—f) the projected period (averaged across the six climate scenarios evaluated).
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the historical period, wetland ecosystems lost C from the
vegetation and the soil at a rate of 2.91 Tg C/yr statewide
(Fig. 3b). The accumulation of C in the Arctic, the Western
Alaska, and the North Pacific LCCs was more than offset
by the C loss from the Northwest Boreal LCC, the largest of
the four LCC regions. C loss in the Northwest Boreal LCC
occurred because the combination of HR, fire emissions,
and CH,4 emissions was greater than NPP (Table 4).
Statewide, biogenic CH,4 emissions from wetlands were
estimated to be 0.91 Tg C/yr during the historical period
(Table 4, Fig. 3c). Biogenic CH,4 emissions from boreal
wetlands (mean annual biogenic CH4 emission of 0.868
Tg C/yr) were substantially greater than that from wet wet-
land tundra (0.018 Tg Cl/yr) and mesic wetland tundra
(0.024 Tg Clyr; Fig. 4). The strong biogenic CH,4 emissions
from the boreal wetlands are associated with a greater area
and generally warmer soils and longer growing seasons
than for other wetland types in Alaska. Our simulations

Ecological Applications
Vol. 0, No. 0

indicated that biogenic CH4 emissions increased from 1950
to 2009 in all wetland types examined, although there was
large interannual variability (Fig. 4). In comparison, pyro-
genic CH,4 emissions represented only 1.7% of the total
CH, emissions. Although CH, emissions were only 2.5% of
NPP statewide, they dominated the positive GWP calcula-
tion with respect to the contribution of C lost as CO,
during the historical period. Wetlands contributed to atmo-
spheric warming in three out of the four LCC regions dur-
ing the historical period (Table 4), resulting in a statewide
GWP of 37.16 Tg CO,-eq/yr.

Projected C dynamics of wetland ecosystems in Alaska
Sfrom 2010 to 2099

In contrast to the historical period, wetlands in Alaska
accumulated C during the projection period. By 2099, vege-
tation and soil C stocks increased from the end of the

TaBLE 4. Mean C fluxes into and out of Alaska wetland ecosystems for the historical period (1950-2009) in each LCC region and

statewide.

Variable Unit Arctic Northwest boreal North Pacific Western Alaska Statewide
NPP Tg Clyr 4.03 (0.49) 28.81 (1.44) 0.53(0.04) 2.95(0.18) 36.32 (2.74)
HR Tg Clyr ~327(1.22) —27.13 (4.84) —0.46 (0.08) —2.49 (0.98) ~33.35(9.37)
BioCH, Tg Clyr ~0.075 (0.15) ~0.79 (1.83) <—0.01 —0.04 (0.12) ~0.91 (0.78)
PyroCHy, Tg Clyr <-0.01 —0.01 (0.03) <—0.01 <—0.01 —0.02 (0.03)
Pyro(CO + CO») Tg Clyr —0.22 (0.40) —4.36/(7.58) <—0.01 —0.37(0.69) —4.96 (8.98)
NECB Tg Clyr 0.47 (1.15) —3.49 (10.46) 0.07 (0.08) 0.05 (1.06) —2.91 (10.56)
GWP Tg CO,-eq/yr 0.53 (1.31) 36.67 (109.90) 0.11(0.13) —0.15(3.22) 37.16 (134.85)

Notes: Numbers in parenthesis indicate inter-annual standard deviation. Except for global warming potential (GWP), positive numbers
indicate uptake of C into wetland ecosystems and negative numbers indicates losses of C. For GWP, positive numbers indicate C source and
negative numbers indicates C sink. NA indicates not applicable. NPP, net primary production; HR, heterotrophic respiration; BioCHy,, bio-
genic CHy; PyroCHy, pyrogenic CH,; NECB, net ecosystem carbon balance.
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historical period in all LCC regions and for all the scenarios.
Total mean C storage across the six climate scenarios was
5,911 £ 79.41 Tg C (mean + SD; Figs. 3d, 5a), with a mean
annual increase of 3.34 £+ 0.89 Tg Cl/yr (Figs. 3e, 5b) from
2010 to 2099 (Appendix S1). During that period, the largest
relative increase in C storage occurred in the North Pacific
LCC (11.4% =+ 5.5%). The relative increase in C stocks was
substantially less in the Arctic LCC (7.3% =+ 1.9%), the
Northwest Boreal LCC (6.4% =+ 2.2%), and the Western
Alaska LCC (4.17% = 3.14%). Increases in NPP were more
than offset increases in HR, fire emissions, and biogenic
CH, emissions resulting in a net C sequestration statewide
in all LCCs for the projection period (Fig. Sc,d;
Appendix S2). Compared to the simulations for CGCM3.1
climate projections, the warmer climate projections from
ECHAMS resulted in generally greater NPP (8.11% higher,
F1/28 = 122.99, n = 30, P < 0.001) and greater HR (11.38%
higher, F1/28 = 13.69, n = 30, P = 0.001).

Compared to the historical period, statewide biogenic
CH, increased by 47.7% on average across the projections
(Fig. 3f; Appendix S2). Similar to NPP and HR, the warmer
climate projections from ECHAMS than from CGCM3.1
resulted in greater biogenic CH, emissions (4.16% higher,
F=526,n=30and P = 0.031). The GWP associated with
the increase in CH, emissions was greater than that associ-
ated with CO, sequestration by wetland ecosystems of
Alaska, resulting in a positive GWP by 2099 of 28.37 Tg
COs,-eql/yr. Yet, compared to 2009, the positive GWP
decreased by 23.71% in magnitude.

ALASKA CARBON CYCLE 9

Effect of environmental drivers on ecosystem C sequestration,
CH, emissions, and GWP

Changes in atmospheric CO,, climate, and wildfire each
substantially affected projections of C dynamics for wet-
lands in Alaska. Compared to the baseline simulations, the
cumulative effect of increasing atmospheric CO,, climate
change, and change in fire regime resulted in a statewide
increase of 70 Tg C in vegetation and 240 Tg C in soil by the
end of the 21st century (i.e., 4.9% and 11.4% increase com-
pared to the baseline, respectively). The increase in atmo-
spheric CO, during the projected period increased
vegetation (70 Tg C, 11.4%) and soil (270 Tg C, 5.5%) C
stocks substantially (Fig. 6a,b). Changes in climate
increased vegetation (16 Tg C, 2.6%) and soil (230 Tg C.
4.7%) C stocks to a lesser extent. In contrast, wildfire
induced a C loss in the vegetation (—20 Tg C, —3.3%) and
soil (=260 Tg C, —5.3%) C stocks.

Compared to the baseline simulation, biogenic CHy
emissions increased 0.62 Tg Clyr (68.1%) in response to the
combination of changes in atmospheric CO,, climate, and
wildfire by the end of the 21st century. Changes in cli-
mate substantially increased biogenic CH4 emissions
(0.91 Tg Clyr, 102.4%), and changes in atmospheric CO,
had little effect (Fig. 6c). In contrast, changes in the fire
regime decreased biogenic CHy4 emission by —0.32 Tg Clyr
(—35.2%).

In comparison with the baseline simulation, by the end of
the 21st century, the combined effects of changes in
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atmospheric CO,, climate, and wildfire enhanced warming
of the atmosphere by 6.91 Tg CO,-eq/yr (18.6%) as indexed
by changes in GWP (Fig. 6d). Changes in wildfire substan-
tially enhanced climate warming (20.33 Tg CO»,-eq, 54.7%),
while changes in atmospheric CO, and climate promoted cli-
mate cooling by (—2.43 Tg CO»-eq/yr and —10.98 Tg CO,-
eql/yr, respectively, —6.5% and —29.6%, respectively). This
increase in GWP between the baseline and the simulations
combining changes in atmospheric CO,, climate, and wild-
fire contrasted with the decrease in GWP observed between
the historical and the projection periods (—8.78 Tg CO2-eq/
yr, —23.6%).

Biogeochemical processes affected by increasing
atmospheric CO,

NPP, HR, and biogenic CH, emissions all significantly
increased with increasing atmospheric CO, (Table 5, Fig. 7).
Yet, the rate of change was much lower for biogenic CHy
emissions (1.46% =+ 0.09% per 100 ppm increase [mean +
SE]) than for NPP and HR (5.16% =+ 0.21% and 4.66% +
0.42% per 100 ppm increase, respectively). All relationships
between C fluxes and atmospheric CO, concentration were
significantly different among LCC regions (Table 5); the
slope of the relationship between change in C fluxes and

change in atmospheric CO, was significantly higher for the
Arctic and the North Pacific LCCs than for the Northwest
Boreal and the Western Alaska LCCs (Fig. 7).

Biogeochemical processes affected by changing climate

Because our modeling framework kept land cover static
throughout the simulations, it is important to recognize that

TasLe 5. Effects of LCC region, changes in atmospheric CO,
(dCO»), and their interaction on projection period [2010-2099]
relative changes in net primary productivity (dNPP), heterotrophic
respiration (dHR), and biogenic methane (dBioCHy).

Variable Effect n MS F P-value
dNPP dCoO, 1 519.31  Fipo=1642.72  <0.001
LCC 4 13.69  Fy6 = 36.83 <0.001
dCO,*LCC 3 427  F3»7 = 20.58 <0.001
dHR dCo, 1 537.01 Fypo = 405.88 <0.001
LCC 4 14.01  Fypn6 = 8.81 <0.001
dCO,*LCC 3 7.78  Fsp7 =723 0.004
dBioCH; dCO, 1 70.16  Fyp9 = 1113.27  <0.001
LCC 4 046  Fupe =733 0.002
dCO*LCC 3 046 Fsn7=17.34 0.003

Notes: MS, mean square of F test; F, Fisher value; P-value,
probability.
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26 _- TaBLE 6. Effects of LCC region, changes in air temperature
24 a (dTair), and their in_teraction on projection period (2010-2099)
relative changes in net primary productivity (dNPP),
22 heterotrophic  respiration (dHR), and biogenic methane
20 (dBioCHy,).
& 45 Variable and effect n MS F P
Z 16
£ 14 dNPP
. 12 dTAIR 1 1,615.41 12.38 0.001
& ®——9 ActicLCC LCC 290.33 4.09 0.009
6 10 - sk—sk— North Pacific LCC dTAIR x LCC 3 250.00 5.76 0.003
8 < © =9 Northwest Boreal LCC dHR
6" 05050 WeslomiAlieia LCC dTAIR 1 1,734.32 11.28 0.002
4 LCC 229.69 1.94 ns
dTAIR x LCC 3 227.46 3.49 0.027
dBioCH,4
dTAIR 1 16,349.57 27.52 <0.001
o= LCC 430.06 1.24 ns
o dTAIR x LCC 3 1,812.70 3.51 0.027
12 dNPP
c dvwC 1 40.23 0.08 ns
o} LCC 63.32 1.65 ns
S dVWC x LCC 3 272.40 7.09 0.012
5 dHR
dvVwC 1 1,014.18 22.09 0.002
LCC 54.60 1.19 ns
0 dVWC x LCC 3 282.78 6.16 0.018
dBioCH,4
9 dVWC 1 15,010.09 13.05 0.007
8 LCC 4 11,296.65 2.46 ns
= dVWC x LCC 3 9457.65 2.74 ns
= 7
< Notes: MS, mean square of F test; F, Fisher value; P, probability;
5 6 ns, not significant. Change in precipitation, relative humidity, and
h% net radiation had no significant effect on the three variables.
£ °
o 4
2 3.04% per °C increase) than for NPP and HR (1.01% +
g3 1.84% and 1.67% =+ 1.79% per °C increase, respectively).
© 2 The interaction between LCC and temperature change was
] significant for all three variables, suggesting that the slope of
100 200 300 400 500 the relationship between change in C fluxes and climate

Change in atmospheric CO. (ppm)

Fic. 7. Relationship between relative change in (a) net primary
production (NPP), (b) heterotrophic respiration (HR), and (c) bio-
genic CHy (BioCHy) and atmospheric CO, from the baseline (simu-
lations with constant atmospheric CO,). Different symbols and
lines are depicted for each different landscape conservation coopera-
tive (LCC) region. Each point represents the difference of decadal
averages between the baseline and each atmospheric CO, scenario.
The lines represent the quadratic relationships for each LCC.

our analysis of biogeochemical processes affected by chang-
ing climate does not include the effects of changes in wet-
land area in response to climate change. Among the climate
variables we considered in this analysis (i.e., air temperature,
precipitation, vapor pressure, net incoming shortwave radia-
tion), including modeled soil moisture of the organic hori-
zon (Table 2), only air temperature and soil moisture
changes had a significant effect on change in C fluxes. Cli-
mate warming caused a significant increase in NPP, HR,
and CH,4 emissions (Table 6, Fig. §), but the magnitude of
the increase was much larger for CH4 emissions (15.40% =+

warming was significantly different among LCC regions
(Table 6). The response of NPP and HR to warming was
higher for the Arctic and North Pacific LCCs than for the
Northwest Boreal and the Western Alaska LCCs (Fig. 8a,
¢). In contrast, the response of biogenic CH, emissions was
highest in the Northwest Boreal LCC (Fig. 8e). Soil mois-
ture had a significantly positive effect on heterotrophic res-
piration and CH4 emissions (Fig. 8d, f), 1.83% + 0.78% and
10.93% 4+ 2.02% per 0.01 m*m? increase, respectively
(Table 6). The sensitivity of HR to soil moisture was greatest
in the North Pacific LCC, and least in the Northwest boreal
LCC (Fig. 8d).

Biogeochemical processes affected by changing in fire regime

Compared to constant fire regime, the increase in fire fre-
quency (and associated area burned) caused a significant
decrease in NPP and HR of 11.18% + 2.33% and 40.36% +
24.17% per 10% increase in area burned, respectively
(Table 7, Fig. 9a, b). In contrast, fire emissions increased
with area burned at a rate of 68.21 + 18.27 g C-m 2yr ™'
with 10% increase in area burned. The relationship between
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fire emissions and area burned was significantly different
among LCC regions (Fig. 9d); the slope of the relationship
was lowest in the Northwest Boreal LCC. Although bio-
genic CH, emissions were not significantly affected by
increasing area burned (Table 7), large increases in area
burned (i.e., >4%) were associated with a decrease of bio-
genic CH, (Fig. 9d) that was approximately offset by
increases in pyrogenic CHy (Fig. 9d).

DiscussioN

Although wetland ecosystems cover only 12% of the ter-
restrial land surface in Alaska, they play an important role
in the C dynamics of the state because they can emit sub-
stantial amounts of CH, to the atmosphere. This study
focused on estimating the historical and future C dynamics
of wetland ecosystems in Alaska using a modeling frame-
work that coupled three models, ALFRESCO, DOS-TEM,
and MDM-TEM. It is important to note that the modeling
framework used in this assessment kept land cover static
throughout the simulations. Future studies may therefore
benefit by incorporating land surface and subsurface

dynamics into a similar modeling framework. Below, we first
discuss changes in C dynamics of wetland ecosystems in
Alaska during the historical and the projection periods of
the simulations. We then discuss the relative importance of
factors driving the dynamics of C in these simulations.

Historical C dynamics in Alaska wetlands

Alaska wetlands were estimated to store 5.56 Pg C in
2009, almost 90% of which was in the soil. Soil C pools of
Alaska wetlands were estimated for the organic horizons
and the top 1 m of mineral soil. The estimated soil organic
C density was 27.9 kg C/m?, which is within the range of C
density estimated from 1-m soil samples collected across
wetlands in Alaska from the International Soil Carbon
Database between 25.6 and 44.2 kg C/m? (Johnson et al.
2011). The estimated soil organic C density is also close to
densities observed in the Alaska Beaufort Sea coast of
21.2 + 3.8 kg C/m?, collected from soil samples at depth
between 55 and 260 cm (Ping et al. 2011, Hugelius et al.
2014), and 25.8 + 18.8 kg C/m? observed near Yukon River
in central Alaska (Tarnocai et al. 2009, Hugelius et al.
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TaBLe 7. Effects of LCC region, changes in annual area burned
(dAOB), and their interaction on projection period (2010-2099)
relative changes in net primary productivity (dNPP), heterotrophic
respiration (dHR), biogenic methane (dBioCH,), and total fire
emission (dPyro).

Variable and effect n MS F P
dNPP
dAOB 1 1.33 5.56 0.026
LCC 4 0.36 1.53 ns
dAOB x LCC 3 0.45 1.87 ns
dHR
dAOB 1 145.19 8.93 0.006
LCC 4 15.51 0.81 ns
dAOB x LCC 3 30.11 1.74 ns
dBioCH,4
dAOB 1 123.95 0.28 ns
LCC 4 1457.60 2.12 ns
dAOB x LCC 3 64.85 0.08 ns
dPyro
dAOB 1 36134.63 102.41 <0.001
LCC 4 1620.47 4.09 0.01
dAOB x LCC 3 8436.14 24.22 <0.001

Note: MS, mean square of F test; F, Fisher value; P, probability;
ns, not significant.

2014). The regional differences between the Arctic and bor-
eal regions were also consistent with previous studies. Esti-
mates of soil C density were 46.2 kg C/m? for the Arctic and
Western Alaska LCCs, and 21.2 kg C/m? for the Northwest
Boreal LCC. The lower C density in boreal compared to
tundra regions was also reported in the circumpolar synthe-
sis from Bradshaw and Warkentin (2015) where C density
estimated down to 1 m was 36.9 and 16.0 kg C/m? for tun-
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uncertainties in the wetland C stocks estimates of this study
are associated with (1) the depth of soil column and (2) the
definition of wetland area. Our model simulations include
the organic soil horizons and the top 1 m of the mineral soil
horizon. It is important to recognize that soil organic C den-
sity in the northern permafrost region increases from 30 to
100 kg C/m? for estimates that consider soil depths of 1 and
3 m, respectively (Schuur et al. 2015).

While three out of the four LCC regions accumulated C
during the historical period, our analysis indicated that the
loss from the Northwest Boreal LCC was great enough to
result in a statewide loss of 2.91 Tg C/yr. The loss of C from
the Northwest Boreal LCC was mainly driven by the combi-
nation of HR and fire disturbance. The weak accumulation
of C in the tundra and maritime forest regions of the state
was primarily driven by the fact that increases in NPP were
slightly larger than increases in HR. We estimated that his-
torical annual NPP from Alaska wetlands was about 205 g
Cm 2yr~! (ranging from 135 g C-m 2yr! in the Arctic
LCC t0 269 g C-m~2yr~ ! in the North Pacific LCC), which
is generally consistent with average annual NPP estimated in
northern peatlands. For example, the Arctic LCC NPP esti-
mate is consistent with observation-based estimates of NPP
in arctic wet sedge tundra in Alaska of 75-160 g C-m~2.yr~!
based on GPP estimates of Euskirchen et al. (2016a) from
2008 through 2015, assuming that NPP is 50% of GPP. This
estimate was also similar to the estimates of 69 g
Cm 2yr~! and 158 g C-m >-yr~! estimated by Shaver and
Chapin (1991) for aboveground vegetation of wet sedge tun-
dra and moist tussock tundra, respectively.

CH, emissions of Alaska wetlands were primarily derived
from biogenic sources, with statewide mean biogenic CHy
emissions of 0.91 Tg C/yr and mean pyrogenic CH, emis-

dra and boreal peatlands, respectively. The greatest sions of 0.02 Tg C/yr during the historical period. The
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historical estimates of biogenic CH, emissions in the Arctic
LCC (2.5 g C-m~2.yr~ ") were close to 2012/2014 flux tower
estimates from Barrow, Alaska (3.1 g C-m 2-yr !; Karion
et al. 2016). Similarly, the historical estimates of biogenic
CH, emissions in the Northwest Boreal LCC (6.0 g
C-m 2yr ') were close to estimates from Whalen and Ree-
burgh (1988, 1992) collected at a tussock tundra sites in
Interior Alaska (1.5 to 18.9 g C-m 2yr~! from 1987 to
1990). Statewide, biogenic CH,4 emissions from wetlands
(5.8 g Cm~2yr~!, excluding the North Pacific LCC) were
comparable to previous model estimates from McGuire
et al. (2012; 8.9 g C-m 2yr !) for the Bering Strait and
Chukchi Sea regions.

Statewide historical GWP during the historical period
was estimated to be 37.16 Tg CO;-eq/yr. It was driven by
the large GWP estimated in the Northwest Boreal LCC that
was the result of CO, loss from HR and fire emissions and
substantial pyrogenic and biogenic CH,4 emissions. Biogenic
CH, emissions of this region were substantially higher com-
pared to those of the colder tundra wetland regions (the
Arctic and Western Alaska LCCs) because of greater wet-
land area as well as warmer soils and longer growing sea-
sons. The large fire emissions resulted from the active fire
regime at play in the region. From 1950 to 2009, the annual
area burned in the Northwest Boreal LCC was 3,262 km?,
which is more than 85% of the statewide area burned (Zhu
and McGuire 2016).

The net C sequestration observed in the Arctic and the
North Pacific LCCs (NECB of 0.54 Tg C/yr) was more than
offset by the higher GWP of biogenic CH4 emissions, result-
ing in a positive GWP of 0.64 Tg CO,-eq/yr. The Western
Alaska LCC was the only region for which a negative GWP
was calculated. Wetlands in this region are dominated by
wet sedge tundra, which is more productive than tussock
tundra (Euskirchen et al. 2016a). As a result, biogenic CH,
emissions were not enough to offset the net C sequestration,
resulting in a GWP of —0.15 Tg CO,-eq/yr.

Future C dynamics in Alaska wetlands

Our analysis indicated that wetlands in Alaska will gain C
by the end of this century, with increases of 4.2-8.1% among
the scenarios we considered, compared to the end of the his-
torical period. This C sequestration was primarily driven by
the stronger increase of NPP over HR, fire emissions, and
CH, emissions. The increase of NPP was driven by the
increase in atmospheric CO, (i.e., CO, fertilization effect)
and the increase in air temperature, although the rate of
response was modest (5.2% £ 0.21% per 100 ppmv [mean +
SE] increase and 1.0% =+ 1.84% per °C increase at statewide
level, respectively) in comparison with data-based and
model-based estimates. For example, based on FACE experi-
ments in temperate forests, Norby et al. (2005) estimated
that NPP increases 13% per 100 ppmv increase of atmo-
spheric CO,. Piao et al. (2013) calculated that NPP
increased 16% per 100 ppmv increase of atmospheric CO,
based on multi-model simulations. The temperature sensitiv-
ity of NPP has been reported to increase 1-2% per °C
increase in warming experiments conducted at a Minnesota
wetland site (Piao et al. 2013: Fig. 4). It has been suggested
that overestimation of the effects of elevated CO, on
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ecosystem production by models may be due to lack of
nitrogen limitation by models (Hungate et al. 2003,
McGuire et al. 2016). The simulations in this study consid-
ered the effects of N limitation on C assimilation.

Our analysis indicated that the response of NPP to
increases in CO, became less sensitive as the atmospheric
CO, level increased (Fig. 7a). The response of NPP to
increasing air temperature was in part associated with longer
growing seasons due to later onset of snowfall and earlier
spring snowmelt consistent with previous studies (Sharratt
1992, Keeling et al. 1996, Randerson et al. 1999, Starr et al.
2000, Euskirchen et al. 2006, 2016b, Déry and Brown 2007,
Piao et al. 2007, Brown et al. 2010). Several remote sensing
records and modeling studies have also documented the pos-
itive effect of warmer temperatures and elevated atmo-
spheric CO, on ecosystem NPP through enhanced plant
growth from prolonged growing season and increased nutri-
ent input (Koch and Mooney 1996, Schulze et al. 1999, Sha-
ver et al. 2000), which supports our analysis. These seasonal
changes were more influential in the Arctic and the North
Pacific LCC than the other LCCs in Alaska. The high sensi-
tivity of NPP to warming in the Arctic LCC was likely asso-
ciated with the fact that the Arctic LCC is the coldest LCC,
where temperature is an important limiting factor for plant
growth. The high sensitivity of NPP to warming in the
North Pacific LCC was likely driven by the increasing length
in the growing season, as the region shows the largest
change in snow melt and snow return dynamics in response
to warming (Genet et al. 2017: Fig. 8). The increase in HR
was also caused by both increasing atmospheric CO, and
rising air temperature, consistent with previous studies
(Norby et al. 2001, Kimball et al. 2004, Pendall et al. 2004).
Rising air temperature directly increased soil temperature,
which can enhance rates of microbial decomposition. In
addition, rising air temperature together with increasing
CO, levels promoted higher vegetation productivity and lit-
terfall, which increased the absolute and relative quantities
of active C pools to increase HR. Increases in HR occurred
in response to increase in atmospheric CO,, and followed a
downward curvilinear relationship (Fig. 7b), indicating that
the effects of CO, fertilization on HR will ultimately satu-
rate. While both NPP and HR increased in response to
increase in CO, and temperature, studies have suggested
that the overall effect may depend on soil moisture dynam-
ics, thawing of the permafrost, and C:N ratio (Pendall et al.
2004, Sitch et al. 2007). The simulations in this study show
an overall increase in soil moisture in response to projected
climate change. This increase in soil moisture caused an
increase in HR, as a likely consequence of the positive effect
of soil moisture on permafrost thaw and the exposure of
previously frozen soil C (the change in active layer depth
was significantly and positively correlated to change in soil
moisture; n = 35, F = 24.12, P < 0.01). The increase in soil
moisture in the projected period indicates that the responses
of NPP and HR to atmospheric CO, were likely not limited
by drought stress in our simulations. The increase in fire dis-
turbance significantly decreased NPP due to substantial veg-
etation mortality following fire. Fire can also result in
reduced HR and biogenic CH,4 emissions due to partially or
entirely combusted C rich organic layers and associated
microbial communities. The net effect of fire regime on the
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C balance in our study was a decrease in NECB and C
release to the atmosphere from both the vegetation and the
soil C pools.

Biogenic CH, emissions are the major sources of CHy
from Alaska wetlands to the atmosphere. Our simulations
projected an average 47.7% increase in CHy emissions dur-
ing the projection period among the climate scenarios we
considered. The long-term response of CHy4 emissions to cli-
mate change in our simulations is comparable to the 7-35%
projected increases under RCP 4.5 and RCP8.5 scenarios in
the northern permafrost region during 2010-2100 by other
models (Koven et al. 2015), yet significantly less than the
twofold increase simulated by Zhuang et al. (2006). How-
ever, the positive effect of warming on CH4 emissions might
be overestimated. Discrepancies between long-term and
short-term CH,4 emissions sensitivity have been suggested by
the analysis of long-term CH,4 concentration measurements
in Barrow, Alaska (Sweeney et al. 2016). These data indicate
that (1) the short-term sensitivity of CH,4 emissions to air
temperature may not play out over longer time periods and
(2), at larger spatial scales, other environmental drivers are
controlling longer term and spatial dynamics of CHy.

Increasing atmospheric CO, resulted in a minor increase
in CHy emissions (1.5% =+ 0.09% per 100 ppmv increase at
statewide level) through the increased litterfall associated
with the increase in vegetation productivity. The increase in
litterfall resulted in an increase in decomposable C available
for methanogenesis (Hutchin et al. 1995, Saarnio and Sil-
vola 1999, Saarnio et al. 2003). In contrast, increasing air
temperature had a large effect on CH,4 emissions (15.4% =+
3.0% per °C increase at statewide level), primarily due to the
additional direct effect of warming soil temperature on
accelerated anaerobic decomposition. The positive response
of CH,4 emissions to increasing air temperature is supported
by recent studies suggesting that terrestrial high-latitude
CH, emissions are more impacted by changes in tempera-
ture than by increased availability of organic matter (Upde-
graff et al. 2001, Turetsky et al. 2008, Olefeldt et al. 2013,
Ma et al. 2017).

In general, increases in wildfire frequency caused
decreases in biogenic CH,4 emissions because of decreases in
NPP and the combustion of the soil organic horizons. Vege-
tation can influence soil C dynamics by the exudation of C
compounds into the rhizosphere that fuel methanogenesis
(Schimel 1995, King and Reeburgh 2002, Chanton et al.
2008). This process is represented in MDM-TEM, in which
monthly NPP is used as an indicator of the temporal and
spatial variability of root exudates available for methanogen-
esis (Zhuang et al. 2004). However, the negative effect of
wildfire was more than offset by the positive effect of
increasing air temperature and, to a minor extent, increases
in atmospheric CO,.

Changes in fire regime had negative effects on GWP in
this study. Our attribution analysis revealed that this slight
decrease in biogenic CH4 emissions in response to fire was
not enough to compensate for the decrease in C sequestra-
tion and the increase in pyrogenic CH4 emissions. However,
CH,4 emissions in our analysis were not directly affected by
the availability of newly thawed soil C exposed by the per-
mafrost thaw. Field observations have shown that CH4 emis-
sions increase in boreal peatlands following thaw (Johnston
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et al. 2014). This response of CH, emissions could reverse
the negative effects of changing fire regime on GWP, as the
release of 2.3% of permafrost C emissions as CHy, could
increase warming potential by 35%—48% over the remainder
of this century (Schuur et al. 2015, see also Frolking et al.
2011). Furthermore, our analysis suggests that the decreas-
ing sensitivity of NPP to atmospheric CO,, the linear
increase in biogenic CH, emissions to air temperature, in
addition to the increase in pyrogenic CH4 emissions and C
loss from wildfires may lead to an overall increase in GWP
beyond 2100 (see also McGuire et al. 2018).

The transitions of wetlands in Alaska from being a source
of atmospheric CO; in the historical period to a sink during
the remainder of the 21st century in our analysis, and the
possibility of becoming a C source beyond 2100, emphasizes
the changing influence of multiple driving factors in shaping
the C dynamics of wetlands in Alaska. The inferred transi-
tion of C dynamics of wetlands in Alaska to becoming a
source of C to the atmosphere beyond 2100 we believe will
be driven by a decreasing sensitivity of NPP to increasing
CO,, an increasing availability of soil C for decomposition
as permafrost thaws, and a linear sensitivity of biogenic CH,4
emissions to increasing soil temperature.

CONCLUSION

This study, which assessed C dynamics in wetlands in
Alaska during the historical period from 1950 to the end of
2009 and the rest of 21st century, indicates that wetlands will
play an important role in response of the regional C dynam-
ics to changing climate, atmospheric CO,, and fire regime.
Our analysis suggests that wetland ecosystems of Alaska
lost C during 1950-2009, but that they will sequester C dur-
ing the remainder of this century. The analysis also indicates
that even though the ecosystem CO, sequestration more
than offset C loss from HR and fire emissions, GWP will
remain positive because of substantial CH, emissions from
wetlands. Although our analysis indicates that GWP will
weaken somewhat during the 21st century, beyond 2100, we
expect that GWP will ultimately increase as wetland ecosys-
tems transition from being a sink to a source of atmospheric
CO, because of the decreasing sensitivity of NPP to increas-
ing CO,, the increasing availability of soil C for decomposi-
tion as permafrost thaws, and the linear sensitivity of
biogenic CH,4 emissions to increase in soil temperature.
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