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[1] Permafrost soils store nearly half of global soil carbon (C), and therefore permafrost
thawing could lead to large amounts of greenhouse gas emissions via decomposition of
soil organic matter. When ice-rich permafrost thaws, it creates a localized surface subsidence
called thermokarst terrain, which changes the soil microenvironment. We used soil profile
CO2 measurements to understand the response of belowground C emissions for different soil
depths from upland tundra as a result of permafrost thaw and thermokarst development.
We established sites in central Alaska, where permafrost thaw and thermokarst development
had been monitored for the past 2 decades. Cumulative growing season CO2 production
averaged for 3 years (2005–2007) ranged from 177 to 270 g CO2-C m�2 and was lowest in
the least disturbed moist acidic tundra and highest where thawing of permafrost and
thermokarst was most pronounced. We were able to explain 55% of variability in growing
season soil CO2 production using surface subsidence, soil temperature, and site differences.
This was likely a direct effect of permafrost thaw and thermokarst development and an
indirect effect of changes in microsite soil temperature and surface moisture content, which
stimulated soil organic matter decomposition and root respiration. We also observed
unusually high CO2 concentrations in the early growing season, which may be attributable
to trapped CO2 within air pockets in the frozen soil. Taken together, these results
supported the projection that permafrost thaw and thermokarst development will increase
belowground carbon emissions in the upland tundra.
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1. Introduction

[2] Over the past century, high-latitude ecosystems have
undergone drastic changes due to global-scale warming
[Arctic Climate Impact Assessment (ACIA), 2005; Serreze
et al., 2000]. One consequence of warming in high-latitude
ecosystems is permafrost thaw. Permafrost soil is distributed
across 14% of the global land surface [Tarnocai et al.,
2009], and accounts for more than half of global terrestrial
soil carbon (C) [Schuur et al., 2008]. Recent studies have
shown increased permafrost temperatures as deep as 50 m
[Osterkamp and Romanovsky, 1999] due to increased mean
annual temperature and changes in precipitation. This may
expose soil organic matter stored in permafrost to microbial
decomposition, releasing greenhouse gases such as carbon
dioxide (CO2) at a faster rate. These emissions may create
a positive feedback cycle between global warming and
permafrost thaw.
[3] When ice-rich permafrost thaws, it may create a ground

surface subsidence called thermokarst terrain. Thermokarst

terrains may alter the soil environment by changing soil
hydrology, which in turn contributes to changes in microsite
soil temperature, moisture, and nutrient availability [Fortier
et al., 2007; Jorgenson et al., 2001; Osterkamp, 2007b]. A
subsided ground surface increase active layer thickness
(ALT), the seasonally thawed soil layer found in the perma-
frost zone, and expose deeper permafrost to further thaw,
which in turn may stimulate decomposition of soil organic
matter stored deep within.
[4] Several studies have observed increased ecosystem

C emissions from climatic changes in high-latitude eco-
systems [Oechel et al., 2000; Shaver et al., 1998; Vourlitis
and Oechel, 1999; Welker et al., 2000]. However, chamber
flux measurements and eddy covariance methods of mea-
suring CO2 exchange cannot distinguish between below-
ground and aboveground C emissions. Some researchers
have observed belowground CO2 emissions directly by
detecting CO2 gas from different soil profiles using gas
wells or other similar instruments [Davidson and Trumbore,
1995; Elberling and Ladegaard-Pedersen, 2005; Hirsch et
al., 2002; Oh et al., 2005; Risk et al., 2002; Takahashi et al.,
2004; Tang et al., 2003]. Using Fick’s law of gaseous
diffusion, observations of soil CO2 concentration in a soil
profile can be used to quantify CO2 production from
individual soil layers and to estimate total belowground
CO2 production as soil CO2 production [Davidson and
Trumbore, 1995].
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[5] In this study, we estimated soil CO2 production from a
natural permafrost thaw gradient to examine how perma-
frost thaw and thermokarst development over decadal time-
scales affects CO2 emissions from an upland tundra
ecosystem. We hypothesized that soil CO2 production
would increase with the degree of permafrost thaw and
thermokarst development especially in the deeper soil
layers, because increased soil temperature and moisture
would stimulate root respiration and microbial decomposi-
tion of soil organic matter.

2. Site Description

[6] This study was conducted in upland tundra near
Healy, Alaska, just outside of Denali National Park (Eight
Mile Lake gradient site: 63�5204200N, 149�1501200W). At
this site, ground temperature and deep permafrost temper-
atures to depths of 30 m have been monitored since 1985
[Osterkamp and Romanovsky, 1999]. Ground subsidence
as a result of permafrost thaw and thermokarst has also
been observed within the landscape [Osterkamp, 2005].
The area is a gentle north facing slope (<5�) with discharge
water draining into the adjacent Eight Mile Lake. The
organic horizon, 0.45–0.65 m thick, covers cryoturbated
mineral soil that is a mixture of glacial till (small stones
and cobbles) and windblown loess. Permafrost was found
within one meter of the soil surface, classifying these soils
in the order Gelisol. Three sites were established in 2003
based on the degree of permafrost thaw and resulting
ground subsidence [Schuur et al., 2007]: Minimal Thaw
is the least disturbed typical moist acidic tussock tundra
site scarcely covered by dwarf shrub sublayer dominated
by tussock forming sedges (Eriophorum vaginatun and
Carex spp.) and an understory of mosses and lichens, with
little ground subsidence. Moderate Thaw is located adja-
cent to the permafrost monitoring borehole [Osterkamp
and Romanovsky, 1999], where patchy areas of ground
subsidence have started to occur. The vegetation compo-
sition of Moderate Thaw was similar to Minimal Thaw,
but with increased biomass of all plant groups. Extensive
Thaw contains large-scale ground subsidence and shrubs
such as blueberry (Vaccinium uliginosum) and cloudberry
(Rubus chamaemorus), that have become the dominant
vegetation at the expense of tussock-forming sedges
[Schuur et al., 2007].
[7] Soil organic pools to a depth of 1 m averaged 59.8 ±

2.8 kg C m�2 across all three sites. The ratio of carbon to
nitrogen (C:N) in surface 5–15 cm soils ranged from 33.4
to 57.6 across all three sites, but the C:N at the three sites
were not statistically different (H. Lee, unpublished data,
2009). The mean active layer measured from 2004 to 2006
at the Extensive Thaw site (78.3 ± 4.5 cm) was greater than
that of the Minimal Thaw (68.7 ± 2.0 cm), with Moderate
Thaw (70.0 ± 2.0 cm) being the intermediate, but not
significantly different from the other sites [Vogel et al.,
2009]. The changes in ground topography as a result of
subsidence has resulted in a complex microtopography,
where subsided areas collect water and become water
saturated, while nearby relatively elevated areas become
drier within the same site [Lee et al., 2007]. These different
moisture conditions are coupled with soil temperature,
microsite differences in plant community composition,

and increased active layer thickness (ALT), with more
saturated areas having deeper thaw depth.

3. Materials and Methods

3.1. Gas Well Measurements

[8] We used soil gas wells to collect gas from the soil
profile in order to estimate CO2 production from different
soil layers. Gas wells were constructed from 1/800 diameter
stainless steel tubing. The tubing had the length of the
designated depth (10, 20, 30, and 40 cm) plus an additional
30 cm for the aboveground and an additional 30 cm, which
was bent into an L shape and pushed horizontally into the
face of the soil profile at designated depths within the soil
profile. At the soil surface, an airtight stopcock was glued to
the end of the stainless steel tubing and was kept closed,
except during sampling to minimize ambient air exchange
with soil gas. Gas wells had three holes near the tip that
went in to the soil profile, which was wrapped around with
mesh cloth to decrease the chance of clogging by soil
organic matter or silt. Five gas well locations were estab-
lished at each site in 2004, with each location having wells
at four depths in the soil profile (10, 20, 30, and 40 cm). In
2005, we installed gas wells at 6 additional locations at each
site, with each site having shorter depth intervals (5, 10, 15,
20, 25, and 30 cm) to obtain finer-scale estimates of soil
profile CO2 flux. These gas wells were left in place during
the 3 years of study to minimize the disturbance created by
installation of the gas wells.
[9] We used airtight plastic syringes to sample 20 mL of

gas from each gas well. The gas wells were not purged
before sampling, but we assumed that the CO2 concentra-
tion inside the tube was same as the CO2 concentrations in
the soil layer because it was kept closed. The gas samples
were analyzed using an injection valve and loop (Valco
Instrumental Company Inc., Houston, TX, Valco 6-port
injection valve, 1 mL injection loop) attached to an infrared
gas analyzer (Li-820, LI-COR Biosciences, Lincoln,
Nebraska). The injection loop attached to the infrared gas
analyzer was a closed system that used a preexisting gas
scrubbed through a 1 L jar of soda lime. The loop trapped
1 mL of the injected sample, which was later mixed with
larger volume of CO2-free air and circulated through an
infrared gas analyzer. We used 1,000, 10,000, and 25,000 ppm
certified CO2-in-air standards to generate standard curves for
the samples measured with the infrared gas analyzer through
the injection loop.
[10] Samples were taken weekly throughout the growing

season (May–September) from 2005 to 2007 on calm
mornings, to minimize pressure-driven soil gas exchange
between ambient air and soil that occurs as a result of wind
[Hirsch et al., 2004]. We were able to sample CO2 from
deeper soil layers in the beginning of the growing season,
which was taken from air pockets within frozen soil. These
air pockets trapped CO2 during soil surface freeze in the fall
and CO2 produced over the winter, which often contained
high CO2 concentrations up to 10%. However, since these
air pockets were not subject to the standard assumptions of
the normal diffusion law, we did not include these measure-
ments in the growing season soil CO2 flux estimates.
[11] On average, across years and sites, we were able to

sample gas from ice-free soil starting at day of year 150 for
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the 10 cm depth, starting at day of year 165 for the 20 cm
depth, and starting at day of year 185 for the 30 cm depth,
as the seasonal thaw front descended within the active layer.
At the EML gradient sites, deeper soil layers were saturated
with water most of the time due to a water table that was
perched on the ground ice surface. During rain events, even
surface layers (10 cm) could become saturated with water.
When soils were waterlogged, we collected 10 mL of soil
water and mixed it with 10 mL of ambient air, shook it for
1 min to equilibrate, then measured CO2 from the headspace
of the mixed gas sample.

3.2. Soil Properties

[12] Soil temperature was measured as the spatial vari-
ability of soil temperature instead of a constant monitoring.
IButton Thermochron temperature loggers (Maxim Inc.,
Dallas, TX) were buried adjacent to each gas well at a
depth of 10 cm and data-logged for 3 days in continuous
30 min intervals. Mean soil temperatures at 10 cm depths
were obtained for the 3 days of measurement and they were
normalized to a mean of 0�C. As a result, higher soil
temperature estimated from this normalization implies that
the gas well was placed at a microsite where soil temper-
ature was higher than average. These were used to describe
the spatial variability of soil temperature at each gas well,
referred to as soil temperature throughout this study. ALT
was measured at the end of the growing season in 2007
adjacent to each gas well by pushing a thin stainless steel
rod into the ground until it hit the permafrost surface. The
depth to permafrost from the surface was recorded as ALT.
Soil moisture content was measured at a location close to
gas wells during each gas sampling period in 2006 and 2007.
We measured soil moisture as volumetric water content
(VWC) using a water content reflectometer (CS616, Camp-
bell Scientific Inc.) and a CR10X data logger. The CS616
was calibrated for the EML gradient sites by comparing
CS616 values measured at nearby points to direct water
content measurements that were determined through de-
structive soil sampling from samples taken at the same
nearby points. To calibrate the CS616, we vertically in-
stalled the probe at 10, 20, and 30 cm depths in the soil at
60 random locations at the EML gradient sites and obtained
measurements. Directly afterward, a 10 cm diameter soil
core was removed at each location. Soil cores were weighed
wet, then dried at 60�C, and reweighed to obtain VWC of
the soil. We used linear regressions for each depth to obtain
the best fit between CS616 values and direct measure of
VWC. We used measurements taken at 10 cm for soil
temperature and moisture for further statistical analyses.
We measured soil temperatures at 0, 10, 20, 30, and 40 cm at
Moderate Thaw, but were not able to monitor soil temper-
atures at all 33 gas wells. The PCA of soil temperatures at
various depths showed that soil temperature at 10 cm best
represented the trend in soil temperatures and was the most
correlated to soil CO2 production. Also, soil CO2 produc-
tion was largely driven by production in the surface layer.
Therefore, we used measurements taken at 10 cm for spatial
variability of soil temperature and soil moisture as explan-
atory variables to explain growing season soil CO2 produc-
tion. Mean growing season soil temperature at 10 cm used
in Figure 4b was taken from Vogel et al. [2009] and J. G.
Vogel (unpublished data, 2009), which was measured using

a handheld temperature logger attached to thermocouple at
the three sites from 2005 to 2007 daily. These measurements
were then modeled to generate monthly mean temperature.

3.3. Estimating Soil Profile CO2 Flux and Production

[13] We calculated soil profile CO2 flux using Fick’s first
law from one-dimensional measurements of CO2 concen-
tration at each soil profile.

CO2 Flux ¼ �Deff dC=dz ð1Þ

[14] In this equation, Deff is gas diffusion coefficient in
soil, dC is the difference of CO2 concentrations between
two adjacent soil horizons, and dz is thickness of each soil
horizon that was sampled.
[15] The gas diffusion coefficient (Deff) was estimated

based on air-filled porosity in soil using Millington’s
equation, as well as the CO2 gradient [Davidson and
Trumbore, 1995; Gaudinski et al., 2000; Hirsch et al.,
2002; Millington, 1959].

Deff ¼ D0 e
4=3 e=að Þ2 T=273ð Þ1:75 ð2Þ

[16] Here, D0 is diffusivity in air, a is total porosity (1 �
Bulk density/Particle density), and e is air-filled porosity
(Total porosity � VWC). The diffusion coefficient for CO2

in free air was 1.39 � 10�5 m2 s�1 [Gaudinski et al., 2000],
and 1.7 � 10�9 m2 s�1 in water [Jahne et al., 1987]. Some
estimations of the diffusion coefficient showed lower values
than the diffusion coefficient in water, but we assumed that
the diffusion coefficient was the same as that in water in
those cases. The diffusion coefficient for 2006 and 2007
were estimated for each sampling time period. However,
because we did not measure VWC in 2005, we used a mean
diffusion coefficient estimated from 2006 and 2007 at each
gas well.
[17] Soil profile CO2 flux was estimated from the differ-

ence between CO2 concentrations at two different soil
depths and the diffusion coefficient (equation (1)). The
CO2 production for each layer was calculated as the
difference between CO2 fluxes at two adjacent layers
(equation (3)).

CO2 production ¼ Fi � Fiþ1 ð3Þ

where Fi is CO2 flux for one horizon and Fi+1 is CO2 flux in
the horizon below. Soil CO2 production was estimated as a
sum of CO2 production for each soil layer across the entire
soil profile. Soil CO2 production is sum of root respiration
and microbial decomposition of soil organic matter.
However, soil CO2 production should be distinguished from
surface fluxes or aboveground CO2 production especially in
tundra ecosystem, because surface fluxes includes the
contribution of aboveground plant respiration.
[18] Soil CO2 production is driven by two major factors:

changes in diffusivity and changes in the rate of below-
ground respiration. The major objective of our study was to
observe changes in the rate of belowground respiration as a
function of permafrost thaw and thermokarst development.
Accurately estimating diffusion coefficient was one of the
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most difficult steps in estimating soil CO2 production. The
physical characteristic that changes diffusion coefficient the
most was VWC in tundra soils; unfortunately we were not
able to measure VWC in 2005. Therefore, we compared soil
CO2 production estimates in two ways: using unique
diffusion coefficients for each gas well at the time of
measurement and using a constant diffusion coefficient for
each depth interval (0–10, 10–20, and 20–30 cm) across
the three sites. In this way, we were able to identify whether
changes in soil CO2 production were a result of changes in
diffusivity or belowground respiration. Mean soil CO2

production of the two estimates showed the same trend
for the three sites, meaning that the changes in soil CO2

production at the EML gradient sites were a result of
increased root respiration and microbial decomposition of
soil organic matter.

3.4. Surface Microtopography

[19] We used a differential Global Positioning System
(GPS) [Little et al., 2003] to determine the fine-scale (1 cm
vertical resolution) topographical features of all gas well
locations and the degree of surface subsidence created by
permafrost thaw and thermokarst. We installed one GPS
antenna (Trimble 5400) at a nearby USGS marker (WGS84,
63�53016.5600N, 149�14017.9200W) and used another GPS
antenna to survey gas well coordinates, so that sampling
coordinates were always corrected relative to the marker to
obtain better accuracy. The x, y, z (longitude, latitude,
altitude) coordinates were then normalized for hillslope
trends along the z axis to minimize the effect of hillslope.
From this, we excluded the top 5% of the z axis measure-
ments as outliers and obtained means of the remaining
highest 10% of the points per site. All of the z axis values
were normalized according to the mean of the highest 10%
of the values as a measure of surface subsidence, which
isolated microtopography as a result of thermokarst. This
procedure was done separately for each site. Therefore, the
surfaces with lower relative elevation largely represent
surface subsidence created by permafrost thaw and thermo-
karst, whereas the surfaces with higher relative elevation
represent elevated surfaces that did not subside [Lee et al.,
2007]. We used this normalized relative elevation measure-
ment as ‘‘Microtopography’’ throughout this study.

3.5. Statistical Analysis

[20] Soil CO2 production data were log transformed to
achieve normal distribution of the data to meet the assump-
tions of regression analysis. We used repeated measures
analysis to compare soil CO2 production at each site over
multiple time periods. Using Mixed Model in SAS (PROC
MIXED statement), sites were fixed with individual wells
nested within. We compared ‘‘site,’’ ‘‘year,’’ and a ‘‘site �
year’’ interaction. We used simple regression analysis to
model mean growing season soil CO2 production using
measured soil variables: spatial variability of soil tempera-
ture at 10 cm (T), soil moisture at 10 cm (VWC), ALT, and
surface subsidence created by permafrost thaw and thermo-
karst (Microtopography). We also used the three sites as
dummy variables with a slope of 0. Dummy variables
indicated the different sites (Site 1 and Site 2), and possibly
adjust for the unexplained differences in the sites. The
statistical analyses were conducted using SAS 9.0 (SAS

Institute Inc., 2002) and JMP 7.0.2 (SAS Institute Inc.,
2007).

4. Results

4.1. Soil Profile CO2 Concentration

[21] Mean CO2 concentrations at different depths in the
soil profile ranged from 680 ppmv near the surface to
13,000 ppmv at deeper depths, with the median values
ranging from 640 to 5,400 ppmv (Figure 1a). Soil CO2

concentrations varied by site, well, time of the growing
season, and with temperature, and precipitation. At every
depth profile and year sampled, the mean CO2 concentration
was higher than the median, illustrating the influence of
some very high CO2 concentrations observed on the mean
CO2 concentration. The coefficient of variance for all
concentrations was low (CV < 1) for the 5 and 10 cm
depths and was higher (CV > 1) for all deeper depths. At
this study area, CO2 concentrations increased with depth
down to 30 cm, but decreased below 30 cm, possibly due to
the presence of permafrost and waterlogged conditions.
Generally, the seasonal trend in CO2 concentrations between
day of the year 150 and 260 was for the peak values to occur
in July (Figure 1b), which follows the trend of seasonal
increase in soil temperature and plant productivity during
the growing season. However, much higher CO2 concen-
trations, as high as 1% CO2, were observed even in surface
soil layers in the beginning of the growing season (day of
year < 150) in 2006 and 2007.

4.2. Volumetric Water Content and Soil Gas Diffusion
Coefficient

[22] VWC at 10 cm ranged from 0.1 to 0.3 mL cm�3,
whereas at 30 cm it remained close to 1.0 mL cm�3

throughout the growing season as a result of water satura-
tion (Figure 2). In contrast, VWC at 20 cm showed large
variation between 0.1 to 1.0 mL cm�3 depending on the
timing of rainfall events and/or the microtopographical
location of individual wells, whether they were located in
lower (saturated) or higher (drier) areas. The diffusion
coefficient showed an opposite trend from VWC by defini-
tion (equation (2)), because air-filled porosity decreases as
VWC increases and water slows CO2 diffusion rates. The
estimates of the diffusion coefficient indicated that at 30 cm
and deeper, the diffusion coefficient was generally the same
as that in water, and this corresponded to the fact that a
water table was perched on the ice surface throughout the
growing season. The ratio of an estimated diffusion coeffi-
cient in soil at 10 cm and that of the atmosphere (Deff/Da)
ranged from 0.1 to 0.5 across wells and through time,
whereas the diffusion coefficient ratio for 20 cm depth
varied by 100 times due to periods of water saturation
alternating with drier periods at the midprofile depth.
Therefore, the high CO2 concentrations observed at deeper
soil layers did not lead to high CO2 production for those
layers because they were largely a consequence of lower
diffusivity, by 2 orders of magnitude, rather than higher
CO2 production.

4.3. Soil Profile CO2 Flux and Soil CO2 Production

[23] Soil profile CO2 flux for the 0–10 cm layer ranged
from 0.72 to 2.64 g CO2-C m�2 d�1 across all 3 years’
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growing seasons, and CO2 flux was highest at this depth
among all soil layers observed (Figure 3). Even though
CO2 concentrations were high in the deepest soil layer
(20–30 cm), CO2 flux was low because the diffusion
coefficient in this layer decreased due to water saturation.
Mean soil CO2 flux for the 20–30 cm layer ranged from 0
to 4.79 � 10�4 g CO2-C m�2 d�1 across all 3 years’
growing seasons, but the error generated as a result of
uncertain estimation of diffusion coefficient was 1.35 �
10�5 g CO2-C m�2 d�1. Therefore, even though we did not
accurately estimate the diffusion coefficient at this depth,
the error from poorly estimated diffusivity was very small
due to low diffusion. As a result of decreasing diffusivity as
the soil layer gets deeper, mean CO2 flux in the 10–20 cm
layer was only 10–20% that of the layer above, while mean
CO2 flux of 20–30 cm layer was 1–2 orders of magnitude
smaller than that of 10–20 cm layer. When the mean CO2

flux at 0–10 cm were compared by sites, Extensive Thaw
was higher than Moderate and Minimal Thaw (p < 0.001
for both pairwise comparisons), but Moderate Thaw and
Minimal Thaw were not significantly different from each
other. This trend of the highest mean CO2 flux being in the
Extensive Thaw site was the same for the 10–20 cm (p =
0.01 for both pairwise comparisons) layer. In the deepest
layer (20–30 cm), mean CO2 flux at Extensive Thaw and
Moderate Thaw was about 10% higher than Minimal Thaw;
however, they were not statistically different from one
another. Fluxes from soil deeper than 30 cm were not
considered here, because those layers were either frozen
or saturated during most of the growing season, and flux
rates were very low.
[24] Aggregated across the growing season, the mean soil

CO2 production ranged from 0.96 to 2.52 g CO2-C m�2 d�1,
and was highest at Extensive Thaw and lowest at Minimal
Thaw (Figure 4a). Mean soil CO2 production at Extensive
Thaw was significantly different from Moderate Thaw and
Minimal Thaw (p < 0.001); however, Moderate Thaw was

not different from Minimal Thaw. Site level soil temperature
monitored at 10 cm depth showed (Figure 4b) that Exten-
sive and Moderate Thaw were not different, but Minimal
Thaw was significantly lower in 2005 and 2006 (p < 0.001).
In 2007, Moderate Thaw was significantly higher than
Extensive and Minimal Thaw (p < 0.001), but Extensive
and Minimal Thaw were not different. Mean soil tempera-
ture at 10 cm in 2005 and 2006 were not different, but
significantly lower in 2007 (p < 0.001). VWC at 10 cm in
2006 showed (Figure 4c) that Extensive and Moderate
Thaw were not different, but Minimal Thaw was signifi-

Figure 1. (a) Soil CO2 concentrations sampled at 5 cm increments across three sites varying in degree
of permafrost thaw from 2005 to 2007. The moss layer (0–5 cm) at the surface consists of live mosses.
The wet layer (5–17.5 cm) below the moss is moist, and the moisture content varies seasonally with
rainfall. The water-logged layer (>17.5 cm) is typically saturated with water for most of the growing
season as a result of rain and meltwater perched on the ground ice. Mean values are shown with open
diamonds, and median values are shown with gray diamonds for all soil CO2 concentrations. (b) The
seasonal trend of soil CO2 concentration over the 3 year study. Each point represents an average value
across all sites for a given sampling period. A single depth (10 cm) is shown for clarity; this depth reflects
similar seasonal trends that occurred at all depths.

Figure 2. Box plot showing the distribution of volumetric
water content (VWC). The plots show means with the 75th
percentile within the box and the 95th percentile within the
error bars. The VWC was measured in 2006 and 2007
during the growing season at all gas wells for 10, 20, and
30 cm depths when we sampled gas.
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cantly lower (p < 0.001). VWC was different across the sites
(p < 0.001) in 2007, highest in Extensive Thaw and lowest
in Minimal Thaw, but we were not able to observe VWC in
2005. VWC at 10 cm in 2007 was significantly higher than
2006 (p < 0.001). Over the 3 years of observation, soil CO2

production in 2007 was the highest and 2005 was the
lowest, which may be due to higher frequency of rainfall,
which was 145 mm in 2005 and 227 mm in 2006 from May
to September [Vogel et al., 2009], but was 285 in 2007 from
19 May to 19 September (J. Vogel, unpublished data, 2009).
We speculate that increased precipitation level may have
increased soil moisture especially at 5 and 10 cm in 2007 as
a result. When soil CO2 production was analyzed using
repeated measures analysis, soil CO2 production was dif-
ferent across the sites (p = 0.02) and years (p < 0.001).
However, the site � year interaction was not different (p =
0.23), implying that the trend across sites was consistent
throughout the 3 sampled years. When the mean soil CO2

production was extrapolated to whole growing season CO2

production (1 May to 31 September, 150 days), estimates
of growing season CO2 production from three sites were
270 g CO2-C m�2 at Extensive Thaw, 229 g CO2-C m�2 at
Moderate Thaw, and 177 g CO2-C m�2 at Minimal Thaw.
These estimates explained approximately 43–61% of total
ecosystem respiration, when they were compared with
surface CO2 flux measurements from these sites [Vogel et
al., 2009].

4.4. Modeling Growing Season Soil CO2 Production

[25] Pearson’s partial correlations showed that Microto-
pography was negatively correlated with VWC (�0.5780),
positively correlated with both dummy Site variables (Table 1),
and only weakly correlated with ALT (0.0676). When all of

the variables were used to model mean growing season soil
CO2 production, 54% of the variance in soil CO2 production
was explained in a full model (adjusted R2 = 0.38). However,
none of the parameters were significant at a p = 0.10 level in
this model, except for Site 1 (the dummy variable for
Extensive Thaw site), which implies that there is a multi-
coliniarity embedded within all of the parameters in the
model. Variables ‘‘ALT’’ and ‘‘VWC’’ were not added to
the regression model because adding those variables from
‘‘Sites+T+Microtopography’’ did not increase the R2 of the
model. Adjusted R2 values account for increasing the number
of variables. Variables were manually put in the model in
addition to the single best variables (‘‘Microtopography,’’
‘‘Sites’’) to maximize R2 while maintaining significance for
the rest of the variables. Therefore, we separated each
variable in the multiple regression model to find the best
predictor variable for soil CO2 production. From this analy-
sis, Microtopography was the best single predictor variable
(R2 = 0.33) for soil CO2 production (Figure 5) followed by
Sites 1 and 2 (R2 = 0.29), and spatial variability of soil
temperature at 10 cm (R2 = 0.15) (Table 2). Spatial variability
of soil temperature was positively correlated to soil CO2

production, whereas Microtopography was negatively corre-
lated to soil CO2 production. This implies that increased soil
temperature at microsite-scale increases soil CO2 production,
and soil CO2 production was higher at the lower surfaces
created by permafrost thaw and thermokarst development.
Neither VWC nor ALT was significantly correlated to soil
CO2 production by themselves. When the Site variables were
combined with Microtopography, the R2 increased only 0.15,
which implies that Site variables are not correlated to Micro-
topography. When we used Microtopography and T in the
model, 41% of soil CO2 production was explained by these

Figure 3. Soil profile CO2 fluxes for the three sites during the growing season (June–August) from
2005 to 2007 calculated for 10 cm intervals. Each symbol of soil CO2 fluxes represents a weekly mean
averaged by site. Note the scale of the y axis changes for each different depth interval.

G01009 LEE ET AL.: SOIL CO2 PRODUCTION AND PERMAFROST THAW

6 of 11

G01009



two variables (adjusted R2 = 0.36). When Site variables
were added to this model, R2 increased up to 0.55, making
it the best overall model for soil CO2 production given the
measured variables.

5. Discussion

[26] Soil profile CO2 measurements provide detailed
information on CO2 production across the soil profile
[Davidson and Trumbore, 1995]. We used this method to
understand how permafrost thaw and thermokarst affects
soil C emissions from different soil layers. Soil CO2

production in this upland tundra sites showed both temporal
and spatial variation; soil CO2 production generally in-
creased with increasing temperature during the growing
season. More importantly, soil CO2 production increased
with the degree of permafrost thaw and thermokarst devel-
opment across sites, likely as a result of changes in soil

properties apart from seasonal variations in soil temperature.
Higher total soil CO2 production at Extensive Thaw (Figure 4a)
was likely as a result of deeper permafrost thaw and more
ground subsidence at this site. Soil CO2 flux estimated for
each 10 cm soil layer showed that the 0–10 cm surface layer
contributed the most to the total soil CO2 production, with the
10–20 cm layer having production an order of magnitude
smaller in general (Figure 3). Even though deeper soil layers
showed 100 times higher CO2 concentrations (Figure 1) than
the surface layer, soil CO2 flux from these deeper layers
was 2 orders of magnitude lower than surface soil CO2

flux (Figure 3) due to low diffusivity in these water saturated
soils.
[27] High correlations between microtopography and

other environmental variables (Table 1) represent that sur-
face subsidence may be a good predictor of changes in soil
environment such as increased moisture and microsite
surface soil temperatures corresponding to changes in
microtopography. Among all the measured variables, soil
moisture was correlated the highest with surface subsidence.
When thermokarst develops, subsided areas are more likely
to collect water and increase soil moisture content [Jorgenson
et al., 2006], while leaving other nearby areas drier. We
observed that soil temperature in subsided areas was higher
than in nearby less subsided areas [Osterkamp et al., 2000;
Schuur et al., 2007]. One of the explanations that soil
temperatures were higher in thermokarst depressions than
in the surroundings is because subsided ground surfaces trap
snow during winter as wind redistributes it across the
landscape, which then further insulates soil during winter
[Osterkamp, 2007a]. Warm winter soil positively feeds back
to soil temperature during summer [Stieglitz et al., 2003].
Correlations between site dummy variables and soil CO2

production represent the effect of different sites in soil CO2

production. These effects are independent of the measured
variables (soil temperature, moisture, or ATL) but shows
differences in the sites that may affect soil CO2 production,Figure 4. Mean (±SE) growing season (a) soil CO2

production, (b) soil temperature at 10 cm, and (c) VWC at
10 cm by year. Different letters in Figure 4a represent
significant differences in means between sites within a study
year at a < 0.05 using Tukey’s paired test adjusted for
multiple comparisons.

Figure 5. Relationship between relative microtopographic
elevation of individual gas wells and soil CO2 production.
Microtopography was the best single predictor variable in
the soil CO2 production model (R2 = 0.33, p = 0.0021, y =
�3.35 � 0.59x). Symbols are mean values of log-
transformed soil CO2 production averaged from 2005 to
2007 for each gas well.
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such as shifts in vegetation from tussock-forming sedges to
shrub dominating tundra, or changes in total plant biomass
[Schuur et al., 2007]. The changes in the plant community
could alter belowground CO2 production independently of
the observed environmental changes by increased root
respiration, when there were no overall differences shown
in soil C pools among sites. We suggest that surface
subsidence created by permafrost thaw and thermokarst
development in upland tundra may be a driver of changes
in soil environment by redistributing water and snow that
secondarily increase soil temperature and moisture that then
affect the rate of soil organic matter decomposition and root
respiration.
[28] A strong relationship between soil CO2 production

and microtopography, spatial variability in soil temperature,
and sites (Table 2 and Figure 5) implies that surface
subsidence induces change in soil properties that stimulates
CO2 emissions from root respiration and microbial decom-
position of soil organic matter. Several field studies have
shown relationships between ecosystem respiration and
topography driven factors such as soil moisture, soil texture,
and vegetation [Epron et al., 2006; Hanson et al., 1993;
Kang et al., 2003]. Soil CO2 production increases with
temperature because both root respiration and microbial
decomposition of soil organic matter respond to the direct
effect of temperature. Most studies observed increased soil
respiration and ecosystem respiration as a result of increased
air and soil temperature [Davidson and Janssens, 2006;
Davidson et al., 2000; Fang and Moncrieff, 2001], and
several others observed a positive relationship between soil
CO2 emissions and soil moisture in tundra ecosystems
[Chapin et al., 1988; Christensen et al., 1998; Illeris et
al., 2004; Illeris and Jonasson, 1999; Oberbauer et al.,
1992, 1991], suggesting that either plant or microbial
respiration may be limited by soil moisture in tundra

ecosystem. Even though Figure 4 shows that the mean soil
CO2 production at different years does not seem to corre-
spond to site level growing season soil temperature, we still
showed that the spatial variability of soil temperature was
correlated to the mean soil CO2 production (Table 2). This
implies that soil CO2 production is correlated to microsite
level changes in soil environment at a microsite scale as
well as site scale that are correlated to permafrost thaw and
thermokarst development. Our results are consistent with
both moisture and temperature having a positive effect on
soil CO2 production, with the main effect of microtopog-
raphy acting to redistribute soil moisture. While thickening
of the active layer may expose larger amount of soil organic
matter to microbial decomposition [Romanovsky et al.,
1997]. We found that ALT was not significantly correlated
to soil CO2 production at these sites (Table 2), but ALT was
correlated to microtopography and site 2 dummy variables.
It is likely that ALT has an indirect effect on soil CO2

production. We did not partition the contribution of root
respiration and microbial respiration in this study, but
several root trenching studies suggested that contribution
of microbial respiration on belowground respiration ranges
from 10 to 90% depending on the density vascular plants
[Hanson et al., 2000; Ngao et al., 2007]. However, recent
study conducted using radioactive carbon showed that the
contribution of old carbon increased as a function of
increased ecosystem respiration up to 40% [Schuur et al.,
2009]. Even though increased soil CO2 production in our
study was a result of both increased root respiration and
microbial decomposition of soil organic matter, it is likely
that the contribution of microbial decomposition of soil
organic matter increased as a result of permafrost thaw and
thermokarst development. Therefore, we suggest that sur-
face subsidence created by permafrost thaw and thermokarst
development stimulated soil organic matter decomposition

Table 1. Pearson’s Pairwise Correlation Coefficients for the Environmental Variables Used in the Soil CO2 Production Modela

Microtopography T VWC ALT Site 1 Site 2

Microtopography �0.1059 �0.5752 �0.3442 0.4362 0.4835
T 0.4679 0.1912 �0.0179 0.0288 0.0217
VWC 0.0014 0.3298 0.0258 �0.2657 �0.3709
ALT 0.0675 0.9252 0.8965 �0.1946 �0.3190
Site1 0.0180 0.8798 0.1717 0.2859 0.5000
Site2 0.0079 0.9095 0.0520 0.0752 0.0030

aValues in bold are correlation coefficients, and the rest of the values are p values. T, spatial variability in soil temperature at 10 cm; VWC, volumetric
water content at 10 cm; ALT, active layer thickness. Sites 1 and 2 are dummy variables of sites represented by 0 and 1.

Table 2. Soil CO2 Production Model Using Single and Multiple Variablesa

Model R2 R2 Adjusted Model p Microtopography T

ALT 0.00 - 0.9637 - -
VWC 0.11 - 0.1062 - -
T 0.15 - 0.0508 - -
Sites 0.29 - 0.0189 - -
Microtopography 0.33 - 0.0021 - -
T+Microtopography 0.41 0.36 0.0022 0.0040 0.0898
Sites+T 0.42 0.34 0.0069 - 0.0401
Sites+Microtopography 0.48 0.41 0.0021 0.0097 -
Sites+T+Microtopography 0.55 0.46 0.0017 0.0241 0.0985

aValues in the ‘‘Model p’’ column represent the p values of the full model, and values in the ‘‘T’’ and ‘‘Microtopography’’ columns represent p values of
each variable in the model.
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and root respiration likely as a result of changes in soil
properties such as increased soil temperature, moisture, and
plant biomass.
[29] Soil profile CO2 fluxes in the surface layers (both 0–

10 cm and 10–20 cm) were different among sites, suggest-
ing that permafrost thaw and thermokarst development
stimulated CO2 fluxes in these layers. In contrast, soil
CO2 flux from the deepest soil layers (20–30 cm, Figure 3)
was not different among sites, suggesting that deeper soil
organic matter decomposition was not stimulated as much as
the surface soil layers as a result of permafrost thaw and
thermokarst development. This was contrary to the original
hypothesis that deeper soil layers may contribute more to
soil CO2 production following permafrost thaw. Even
though CO2 concentrations collected from deeper depths
(30 and 40 cm) gas samples were, on average, 10 times
higher than at 10 cm depth, the deepest soil layer contrib-
uted less than 10% to soil CO2 production; high concen-
trations were due to low diffusivity, which was 1/100 that of
the diffusivity in the surface layers. A previous study
conducted at the EML gradient sites observed that ALT at
Extensive and Moderate Thaw sites were greater than
Minimal Thaw. The two sites with increased thermokarst
development showed extended ALT down to a meter as well
as increased soil temperatures at 30 and 40 cm [Vogel et al.,
2009]. However, water saturation throughout the growing
season in many subsided places may have prevented faster
decomposition of soil organic matter. Therefore, water
saturation in the deepest thawed areas may have offset the
effect of higher temperature where the most ground subsi-
dence occurred.
[30] Finally, we observed high CO2 concentrations early

in the growing season (Figure 1b) that do not agree with
normal CO2 temperature response curves, because soil
temperatures are still quite low at this time of year and
the seasonal thaw depth was shallow. We were not able to
estimate the size and distribution of these air pockets. When
we sampled gas, 20 mL of gas samples were drawn each
time before the soil thawed and the CO2 concentrations
increased over time until the soil thawed. We speculate that
these observations may be caused by physical storage and
release of fall gas trap and winter respiration [Monson et al.,
2006; Schimel et al., 2006] within frozen soils due to
limited diffusion through ice layers [Albert and Perron,
2000], rather than a stimulation of biological CO2 produc-
tion during spring thaw. It is also likely that the soil gas
present in the fall before freezing was trapped in the air
pockets as the soil freezes from the surface. In the fall, the
active layer freezes from the permafrost surface as well as
soil surface due to sudden drop in air temperature. The
trapped CO2 concentrations may increase when microbial
respiration continuously gets trapped during the winter.
Pulses of high surface CO2 flux during early spring have
been observed [Elberling and Brandt, 2003; Grogan et al.,
2004] as well as sporadic pulses during the winter in a
tundra flux study [Friborg et al., 2008], which may be from
release of trapped CO2 in these air pockets when there are
sudden cracks in frozen soil or when soil starts to thaw in
spring. High CO2 concentrations in gas wells within the
frozen soil suggest a different interpretation for winter and
early spring soil CO2 concentrations beyond the normal flux
diffusion model. Assuming the diffusion was near zero for

these trapped air pockets, we estimated the winter soil CO2

storage in pore spaces within frozen soils to better under-
stand the potential magnitude of this C storage. To estimate
potential soil CO2 storage, we first assumed that the air
volume in frozen soils was similar to air-filled porosity in
unfrozen soil (measured during the growing season) to be
conservative, and that the sampled CO2 concentrations in
the early spring represented the storage of CO2 during
winter. Using sampled CO2 concentrations, estimated
pore-space volume, and the ideal gas law, we calculate that
this winter soil CO2 storage could be between 0.01 g CO2-C
m�2 and 1.48 g CO2-C m�2 for a given 10 cm layer of soil.
This likely represents a maximum estimate because it
assumes that the trapped air pocket is continuous for a
given layer. Recent studies observed winter CO2 fluxes
from 20 to 75 g CO2-C m�2, and emphasized the impor-
tance of winter respiration that had been neglected in the
high-latitude ecosystems [Kim et al., 2007; Oechel et al.,
2000; Sullivan et al., 2008]. However, the studies using
base traps showed wider range of winter CO2 fluxes, such
as 1 to 190 g CO2-C m�2 [Grogan and Chapin, 1999;
Welker et al., 2000]. Our estimates are small compared to
CO2 fluxes from annual respiration, which is on the range of
300–400 g CO2-C m�2 from these sites, with winter
respiration ranging from 48 to 104 g CO2-C m�2 [Vogel
et al., 2009]. However, our estimate of winter soil CO2

storage is simply an estimate of CO2 storage in the small ice
cavity in frozen soil, not the CO2 fluxes throughout the long
winter season in tundra ecosystem. We suggest that CO2

stored in the ice cavity may be part of a CO2 source that
needs to be accounted in annual carbon balance estimates.

6. Conclusion

[31] In summary, we supported the projection that per-
mafrost thaw and thermokarst development will increase
permafrost carbon emissions by stimulating soil organic
matter decomposition and root respiration. This stimulation
results from increased soil temperature, moisture, and thick-
ening of the active layer associated with surface subsidence
created by permafrost thaw and thermokarst development.
Ground surface subsidence created by permafrost thaw and
thermokarst development was the best predictor of soil CO2

production but was also correlated to other environmental
variables such as soil moisture, indicating that ground
subsidence induces changes in soil properties and can be
used as an integrated metric for other environmental vari-
ables. Our results showed that the surface layer was the
most affected by thaw. We also observed unusually high
CO2 concentrations in the early growing season, which may
be trapped CO2 within air pockets in the frozen soil; a result
of soil surface freeze in the fall and restricted diffusion of
CO2 produced during winter respiration. Although here we
do not show the direct effect of soil organic matter decom-
position on increased soil CO2 production, increased soil
organic matter decomposition was indeed a major source of
soil CO2 production at this site as shown with isotope
source partitioning measurements [Schuur et al., 2009].
Future measurements of soil methane production and fluxes
from different soil depths would be useful for estimating
overall climate forcing of greenhouse gas emissions from
permafrost thaw in high-latitude ecosystems.
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