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Abstract

Methane (CH,4) emissions from the northern high-latitude region represent potentially significant biogeochemical
feedbacks to the climate system. We compiled a database of growing-season CH, emissions from terrestrial ecosys-
tems located across permafrost zones, including 303 sites described in 65 studies. Data on environmental and physical
variables, including permafrost conditions, were used to assess controls on CH, emissions. Water table position, soil
temperature, and vegetation composition strongly influenced emissions and had interacting effects. Sites with a dense
sedge cover had higher emissions than other sites at comparable water table positions, and this was an effect that was
more pronounced at low soil temperatures. Sensitivity analysis suggested that CH, emissions from ecosystems where
the water table on average is at or above the soil surface (wet tundra, fen underlain by permafrost, and littoral ecosys-
tems) are more sensitive to variability in soil temperature than drier ecosystems (palsa dry tundra, bog, and fen),
whereas the latter ecosystems conversely are relatively more sensitive to changes of the water table position. Sites
with near-surface permafrost had lower CH, fluxes than sites without permafrost at comparable water table posi-
tions, a difference that was explained by lower soil temperatures. Neither the active layer depth nor the organic soil
layer depth was related to CH, emissions. Permafrost thaw in lowland regions is often associated with increased soil
moisture, higher soil temperatures, and increased sedge cover. In our database, lowland thermokarst sites generally
had higher emissions than adjacent sites with intact permafrost, but emissions from thermokarst sites were not statis-
tically higher than emissions from permafrost-free sites with comparable environmental conditions. Overall, these
results suggest that future changes to terrestrial high-latitude CH, emissions will be more proximately related to
changes in moisture, soil temperature, and vegetation composition than to increased availability of organic matter
following permafrost thaw.
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Introduction

Methane (CH,) is again accumulating in the atmo-
sphere at rates similar to those observed before 1990 for
reasons that are not clear (Dlugokencky et al., 2011). It
is therefore a serious issue to quantitatively understand
the source dynamics of CH, because of its ability to
absorb long-wave radiation in the atmopshere and act
as an effective climate forcing agent (Forster et al.,
2007). Northern high-latitude biomes have abundant
wetland areas (Matthews & Fung, 1987) that are large
sources of biogenic CH,. Emission estimates for the
combined boreal and tundra biomes (>50°N) are
between 25 and 100 Tg yr ', with most estimates in the
lower half of this range (Cao et al., 1998; Walter et al.,
2001; Mikaloff-Fletcher et al., 2004; Zhuang et al., 2006;
McGuire et al., 2009; Bousquet et al., 2011; Koven et al.,
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2011). Of this total, the tundra accounts for 8-30 Tg yrf1
(Christensen, 1993; McGuire et al., 2012). The boreal
and tundra biomes together are thus responsible for
~3-10% of total CHy emissions (550 Tg yr '), and a
significant fraction of global natural wetland emissions
(100-200 Tg yr ') to the atmosphere (Neef et al., 2010;
Dlugokencky et al., 2011). With ongoing rapid climate
change at high latitudes, including permafrost thaw,
there is a need to understand the environmental and
physical controls of CH, emissions to assess the poten-
tial for high-latitude CH,4 emissions to act as biogeo-
chemical feedbacks to the climate system (Arneth et al.,
2010; Dlugokencky et al., 2011; Koven et al., 2011;
Schneider von Deimling et al., 2012).

Net CH,4 emissions are determined by the balance
between CH, production and removal through oxida-
tion. Production of CH, is an anaerobic microbial pro-
cess where archaeal methanogens convert acetate, Hy,
and CO, derived from organic matter into CH,4. Oxida-
tion of CH, is a largely aerobic process carried out by
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methanotrophic and methylotrophic bacteria. Resi-
dence time of CHy in aerobic soils and waters affect the
proportion of produced CH, that is released to the
atmosphere from anaerobic production sites. Complete
or near-complete oxidation affects CH, that diffuses
slowly through aerobic soils and waters. Conversely,
advective transport through aerenchymatous roots and
stems of certain plant species and the release through
episodic ebullition both mediate emissions to the atmo-
sphere that are much less affected by oxidation (King
et al., 1998; Le Mer & Roger, 2001).

The combination of biological and physical processes
that control net CH, emissions is responsible for the
characteristic high spatial and temporal variability of
CH, flux measurements. This has resulted in individual
studies finding that terrestrial tundra and boreal CH,4
fluxes are related to a broad range of controls. These
factors include soil moisture conditions (Moore et al.,
1994; von Fischer et al., 2010), soil temperature (Bubier
et al., 1995; Christensen et al., 1995), vegetation compo-
sition — particularly the presence or absence of sedges
(Bellisario et al., 1999; Strom et al., 2005), soil respira-
tion, and plant productivity as indicated by CO, fluxes
(Oquist & Svensson, 2002; Nykénen et al., 2003), quality
of soil organic matter (Wagner et al., 2005), availability
of organic acids in pore water (Christensen et al., 2003;
Strom et al., 2012), structure of the microbial commu-
nity (Wagner et al., 2003; Waldrop et al., 2010), atmo-
spheric CO, concentration (Hutchin et al., 1995; Saarnio
et al., 2000), and active layer thickness (Christensen
et al., 1995; van Huissteden et al., 2005). While different
environmental and physical variables appear to domi-
nate at different temporal and spatial scales, observed
relationships also differ among studies and not all vari-
ables have been universally found to influence CH,
fluxes.

The first published studies of CH,; measurements
from high-latitude regions were carried out in northern
Sweden in the 1970s (Svensson, 1973), with research
continuing in both Eurasia and North America since
the mid-1980s. Measurements of CH, fluxes are most
commonly made using static chambers, whereby a
small area of a land surface (0.05-0.5 m?) is enclosed
and CHj; headspace concentrations are measured
repeatedly over a period of time (10-120 min). Static
chamber techniques have drawbacks, including high
labor intensity, low sampling frequency (unless an
automated system is deployed), disturbance to soils
during collar installation, alteration of the microenvi-
ronment during flux measurement, and the assumption
that fluxes are properly characterized by the change in
CH,4 concentration in the headspace (Davidson et al.,
2002; Lai et al., 2012). On the other hand, chamber mea-
surements can be implemented in remote locations and

allow for a detailed characterization of the spatial varia-
tion of CH, fluxes and their relationship to environ-
mental variables.

Climate change has been more rapid at high latitudes
than the global average over the last few decades — a
trend which is very likely to continue during this cen-
tury. Central estimates for high-latitude temperature
and precipitation changes during this century lie
between +4 and +6 °C and +10% and +30%, respec-
tively, in IPCC’s “‘A1B’ projections (Christensen et al.,
2007). Widespread deepening of the active layer and
complete near-surface permafrost thaw are projected to
accompany climate changes (Delisle, 2007; Lawrence
et al., 2012). Permafrost thaw can have very different
ecological and hydrological consequences depending
on the topographical location in the landscape, soil
characteristics, and permafrost ice content — examples
of thermokarst landforms include collapse fens and
bogs along with thermokarst pits, gullies, slumps,
drainage basins, and lakes (Jorgenson & Osterkamp,
2005). Loss of permafrost, primarily in peatlands, will
make previously frozen organic matter available to
microbial activity (Camill, 2005), a store of organic mat-
ter that is potentially microbially labile (Schuur et al.,
2008; Waldrop et al., 2010). Studies of CH,4 emissions in
thermokarst landforms (primarily collapse bogs and
fens) have found higher emissions than in nearby sites
where permafrost is still intact (Bubier et al., 1995; Lib-
lik et al., 1997; Turetsky et al., 2002; Wickland et al.,
2006; Myers-Smith et al., 2007; Prater et al., 2007;
Backstrand et al., 2008; Desyatkin et al., 2009). It is not
clear, however, if elevated CH, emissions are due to
microbial access to recently thawed organic material or
due to other changes associated with permafrost thaw,
for example altered hydrological setting, thermal
regime, and/or vegetation composition.

Both continuous, low winter fluxes (Alm et al., 1999;
Panikov & Dedysh, 2000; Nykanen et al., 2003; Kim
et al., 2007) and occasional, high fluxes during spring
and fall due to thaw and freeze dynamics (Windsor
et al., 1992; Hargreaves et al., 2001, Mastepanov et al.,
2008) can contribute significantly to the annual CHy
flux in high-latitude regions. However, in nearly all
cases the annual flux is dominated (50-95%) by fluxes
during the short (90-150 days) growing season (e.g.
Whalen & Reeburgh, 1992). Understanding the controls
and sensitivities of growing season emissions is there-
fore crucial for assessing the impacts of climate change
on high-latitude CH4 emissions.

The objective of this study is to synthesize results
from more than three decades of chamber CH, chamber
measurements from the northern high-latitude regions.
We used published literature to compile a database of
average growing season CHy fluxes along with a range
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of associated environmental and physical variables.
Our database thus contains more ancillary information
than previous synthesis efforts of high-latitude CH,
emissions (McGuire et al., 2012). The analysis focuses
on terrestrial ecosystems, with a majority of the
research carried out in wetlands with varying perma-
frost conditions. While acknowledging their importance
for landscape scale CH4 emissions, aquatic ecosystems
were excluded from this analysis due to assumed dif-
ferences in controlling variables in comparison to ter-
restrial ecosystems (e.g. Bastviken et al., 2004). Using
the database, we evaluated which variables were
related to CH, fluxes across studies and whether the
nature and strengths of these functional relationships
led to differences in sensitivities among ecosystems and
permafrost conditions. We hypothesized that site CH,
fluxes would be primarily related to interacting effects
of environmental and ecological variables such as soil
moisture, soil temperature, plant productivity, and veg-
etation composition, and that any effect from perma-
frost conditions could be attributed to its influence on
those primary controls. A synthesis of available studies
can reveal patterns that are difficult for individual
studies to detect and thus provide new knowledge that
will improve our understanding of the sensitivity of

northern high-latitude CH,4 emissions to continued
climate change.

Methods

Database compilation

A database with reported growing season (June to September)
CH, fluxes was compiled using data from studies published
prior to March 2012. All studies were conducted north of 50°N,
within permafrost zones as outlined by Brown et al. (1998),
Fig. 1. All studies used static chambers to measure CH, fluxes.
The database was compiled to compare CH, fluxes among
sites and we define a site as a group of static chambers placed
on surfaces with similar vegetation composition and physical
characteristics (e.g. moisture conditions, permafrost condition,
and soil temperature regime) and in proximity to each other
(in most cases 10-100 m apart, although up to a few kilome-
ters was acceptable as done for example by Morrissey & Liv-
ingston (1992)). In most cases, chambers were grouped into
suitable sites in the primary publications, but for a few studies
it was necessary to aggregate or split different chamber loca-
tions into appropriate sites. Sites with open water and no
emergent vegetation, sites with measurements only outside
the growing season, and sites with manipulations of environ-
mental variables (water table, nutrients, soil temperature etc.)
were not included. Studies using eddy covariance techniques

Fig. 1 Map of permafrost zones with study locations indicated by diamonds. First number in boxes indicates how many studies from
each location are included in our database, and the second number indicates how many sites these studies contributed. Shadings

indicate permafrost zones, using delineations from Brown et al. (1998).
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were also not considered as they measure CH, fluxes over lar-
ger spatial scales than chambers, over which environmental
and physical variables typically exhibit large heterogeneity.

A total of 303 sites from 65 studies were included in the data-
base, see Supporting Information. The median number of con-
tributed sites per study was four, but eight studies contributed
more than 10 sites each for a combined total of 110 sites. Sites
had a median of five static chambers (first and third quar-
tiles = 3 and 8) and 10 flux measurement occasions (first and
third quartiles = 2 and 15) of each chamber over the measure-
ment period, yielding a median of 30 flux measurements per
site (first and third quartiles = 14 and 70). In total, ~14 000
manual chamber flux measurements and ~ 5000 automatic
chamber measurements provide the basis for the database.
Analyses showed that the overall results presented in this study
were robust with regard to both the influence of individual
studies that contributed a large number of sites as well as the
influence of sites that were characterized by a low number of
flux measurements, see Supporting Information. Only data col-
lected during the growing season were used in the database, as
this period is responsible for a majority of the annual flux and
because emissions outside the growing season may have other
controls than during the growing season. Most studies had
measurement periods that included July and August, although
data from June and September were also included as long as
this did not include a spring or autumn period with substan-
tially lower (higher) CH, fluxes (>+50%) than emissions
observed during the remainder of the growing season.

Site averaged daily growing season CHy flux (Fcpa) was
estimated from the average CH, flux among chambers
included in the site over the considered measurement period.
Multiyear measurements of individual sites were treated as a
single measurement period and are represented by a single
Fcris estimate. Several other continuous variables were esti-
mated in a way analogous to Fcyyy, including average position
of the water table (Zwr), average soil temperature measured
between 5 and 25 cm below the surface (Ts), average ecosystem
respiration (i.e. dark chamber CO, fluxes, ER), and average
gross primary production (i.e. modelled daily gross primary
production based on dark and transparent CO, chamber
measurements, GPP). Data were also collected on the active
layer depth (i.e. the end of season thaw depth, Z41), the depth
of the organic soil layer (Zorg), soil water pH, and the year of
the study (as a proxy for atmospheric CO, concentration).
Long-term mean annual temperatures and mean summer
temperatures for all study locations were obtained from a
database compiled by Hijmans et al. (2005).

Categorical variables in the database include site location
within a permafrost zone (continuous, discontinuous, and
sporadic/isolated) (Brown et al., 1998) and surface permafrost
conditions (present or absent in the upper 2 m). Our classifica-
tion of permafrost conditions allowed for a few sites located in
the continuous permafrost zone to be classified as being per-
mafrost-free since they were located adjacent to lakes with
talik formations. Vegetation composition was assessed by
categorizing plant functional types (sedges, trees, woody
shrubs, and Sphagnum mosses) as dominant, present, or absent
within the sites. The sedge category was defined to include

species in the Cyperaceae family, primarily represented by the
genera Carex and Eriophorum. In the assessment of whether a
plant functional type is present or dominant in a site it was
impossible to implement a strict objective criterion since stud-
ies varied greatly in the level of detail provided on vegetation
composition. Dominance was assumed if a species from a
plant functional type was mentioned to be the only or one of
up to three species present in the site (often the case for tall
sedge species such as Eriophorum aquatilis, E. angustifolium,
E. scheuchzeri, and Carex rostrata), or if vegetation composition
found species of a plant functional type to comprise more than
50% of the biomass or have more than 50% areal coverage.
Trees were assigned as present if the canopy cover was
described as open and dominant if closed. Furthermore, we
used Zwr and Ts to split sites into three wetness and tempera-
ture categories each (Dry/Wet/Saturated categories with sep-
arations at Zwr —15 and —2.5 cm and Cold/Intermediate/
Warm categories with separations at Ts 5 and 10 °C), which
were further used in combination yielding nine wetness/
temperature categories.

Sites were also classified by ecosystem type — including
upland forest, dry tundra, palsa, bog, fen, wet tundra, perma-
frost fen, and littoral ecosystems. Ecosystem classification is
based on the general site description in the primary article
along with site data on vegetation composition, permafrost
conditions, and Zogg. Permafrost is present in dry tundra, palsa,
wet tundra, and permafrost fen, absent in bog and fen and
variable in upland forest and littoral ecosystems. Bog, fen, palsa,
and permafrost fen are peatland ecosystems, where Zogrg
>40 cm. Peatland nutrient status is often qualitatively
described in the primary articles, with bog and palsa being
nutrient poor ecosystems that are primarily ombrotrophic
while fens and permafrost fens are minerotrophic with greatly
varying nutrient status. The palsa ecosystem includes sites
described both as palsa and peat plateau, which differ in size
(peat plateaus > palsas) and vegetation [palsas are treeless
while peat plateaus are often treed (Beilman et al., 2001)], but
both are nutrient poor, permafrost peatland ecosystems. There
is no strict definition of what separates dry and wet tundra,
although better drainage of dry tundra causes it to be charac-
terized by dominance of woody shrubs and the presence of
E. vaginatum whereas wet tundra is commonly dominated by
Sphagnum spp and tall sedge species. Upland forest includes
treed sites with both open and closed canopies and
Zorc < 40 cm. Sites were classified as littoral when described
to be located along the edge of lakes or streams. Twelve sites
were not classified into any ecosystem, including sites with
descriptions such as burned forest, clear felled forest, coastal
marsh, taiga swamp, alpine fen, alas grassland, and pingo. In
addition, we separated out 24 sites (11 bog, 10 fen, and two lit-
toral sites along with one unclassified site) that were described
to have recently (within the last ~100 years) undergone
complete near-surface permafrost thaw.

Almost no studies provide information on all variables
included in the database. Of the 303 sites, 290 have data on
permafrost conditions, 283 on sedge cover, 274 on Sphagnum
moss, and tree cover, 262 on woody shrub cover, 256 on Zyr,
182 on Ts, 159 on Zpgg, 105 on Zay, 96 on ER, 82 on pH, and
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27 on GPP. Due to the sparse and uneven data matrix, any
combination of variables for the purpose of analysis led to
further reduced datasets, for example 155 sites have data on
Zwr, Ts, permafrost conditions, and sedge cover.

Database analysis

All statistical analyses were carried out in MatLab R2009b. We
used Kruskal-Wallis (K-W) analysis to test for differences in
median Fcpys among categories; a nonparametric analysis was
appropriate because Fcpy was skewed toward low fluxes. In
regression analyses, Fcpy was transformed by first adding a
constant of 5 mg CH, m 2 d~" (to enable us to include sites
with CH, uptake and near zero emissions in our analyses) before
log-transforming the data [log(Fcris45)]. Log-transformation was
necessary for the dataset to approximate a normal distribution
that is an assumption of several statistical analyses. We used
analysis of covariance (ANcova) to test for differences in the
slopes of the relationships between log(Fcyyas5) and Ts or Zyr
for different categorical variables. Post hoc comparisons of
median Fcpy (K-W) and slopes (ancova) were performed
using Tukey HSD test. We further used regression analysis
(stepwise regression, including all permutations of variables)
to build empirical models with log(Fcri4.5) as the dependent
variable. Model selection was performed using the Akaike

information criteria with a bias adjustment for small sample
sizes (AIC.) to rank models.

The best model from the regression analysis was used to
assess sensitivities of CHy fluxes at the ecosystem level to vari-
ability in Ts and Zwr, assuming constant vegetation composi-
tion and permafrost conditions in the analysis. Ecosystem CH,4
flux was modeled by calculating three fluxes under each set of
environmental conditions; one each for the sedge cover cate-
gories (using the median Zwr and Ts of sites in each sedge
cover categories within each ecosystem type), followed by a
weighting of these three fluxes in accordance with the propor-
tion of sites within each sedge cover category within each eco-
system. A bootstrap technique (3000 iterations) based on the
95% confidence intervals of each constant in the empirical
model was used to yield uncertainties of ecosystem fluxes.

Results

Of the continuous variables, only Zyr, GPP, and Tg
were significantly related to log(Fcriass) (Zwr: P <
0.0001, r*=0.42; GPP: P =0.001, ©¥*=0.37 and T
P =0.001, ¥ = 0.05; Fig. 2). Because of the low number
of sites that reported comparable GPP estimates, we
did not include GPP in any further analyses. In general,
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Fig. 2 Relationships between site average growing season CH, flux (expressed as log(Fcpa.s), where Feopyy is in mg CHy m~2d7Y), envi-
ronmental variables and CO, fluxes; long-term mean annual air temperature (Tyia1), long-term mean summer temperature (Tyst),
mean soil temperature measured between 5 and 25 cm below the surface (Ts), mean water table position (Zwr), depth of the organic
soil layer (Zorg), depth of the active layer (ZA1), mean ecosystem respiration (ER), mean gross primary production (GPP), and soil
water pH (pH). The gray line separates sites with net CH, uptake and release.
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GPP was higher in sites with a dominant sedge cover
than sites where sedges were absent (K-W: P < 0.05).

There were no differences in median Fcps among
permafrost zones or permafrost conditions, but there
were significant differences among categories based on
wetness and soil temperature and also among vegeta-
tion composition categories (Fig. 3). Sites that were wet
and saturated had higher median Fcpy than dry sites
and there were consistent trends of increasing Fcpyy in
warmer temperature categories. Increased sedge cover
was related to higher median Fcry (ie. sedges absent <
present < dominant), while the opposite pattern was
found for woody shrubs and trees, and no influence
was found for Sphagnum moss coverage (data not
shown).

There were also significant differences in median
Fcrs among ecosystem types. The highest fluxes were
found from littoral, permafrost fen, wet tundra, and fen
ecosystems, which were significantly higher than those

from upland forest, palsa, and dry tundra ecosystems
(Fig. 3 and Table 1). Upland forest was the only ecosys-
tem that had a negative median Fcpg, that is net CHy
uptake. Both median Zyr and the proportion of sites
dominated by sedges within an ecosystem increased
with ecosystem median Fcpy (Table 1 and Fig. 4). Dry
ecosystems, for example upland forest and dry tundra,
had lower data coverage for Zywr than other ecosys-
tems, possibly due to difficulties in locating the water
table — which could mean that median Zw for these
ecosystems are overestimates of representative condi-
tions.

Site CH, flux expressed as a percentage of site ER
(mg CH,4-C m2d7! mg{1 CO»-Cm~2d™" x 100) was
related to site wetness and sedge cover, with highest
medians at 4-5% for wet and saturated sites with a
dominant sedge cover (Fig. 5). Median percentages also
increased among ecosystems with increasing median
ecosystem Zwr, excluding the bog and fen ecosystems

Permafrost Sporadic/Iso. O— 4 U T 92 a
zone Discontinuous. | =& o+ 4 71 a
Continuous O HEH 140 a
Permafrost Absent ——) L 1110 a
conditions Present |- +H+ +H + 180 a
Zwi/Ts Sat./Warm 13 a
. Sat./Inter. O 24 a
categories Sat./Cold ———— + 17 ab
Wet/Warm O 423 a
Wet/Inter. + 26 a
Wet/Cold O 16 bc
Dry/Warm ©— 15 bc
Dry/Inter. ® + + 15 bc
Dry/Cold O 14 C
Ecosystem Littoral ————— + 17 a
Permafrost fen 32 a
Wet tundra ++ 48 a
Fen ——) + + 65 a
Bog - + 41 35 ab
Palsa Cmm——  + 36 bc
Dry Tundra O—++ 4 + 41 od
Upland @ 17 d
Trees Dominant FO-+ ++ 33 a
Present Cmm—— + 22 b
Absent - —) + 4w w4219 b
Shrubs Dominant OB— 4+t + 69 a
Present FEC————————— 4+ + + 77 b
Absent +ari 0 4116 C
Sedges Dominant 1 —) “+ 4130 a
Present HOm———————  + + + 89 b
Absent [ + + ) ) 64 ¢

0 200 300 noK-w

Methane flux (mg CH, m=2 day-")

Fig. 3 Site CH, fluxes classified by several categorical variables. Circles indicate median flux, boxes show the range between the 25th
and 75th percentiles and plus signs represent outliers. Five sites with fluxes >350 mg CH,4 m 2 d ! are not shown. The number of sites

within each category is indicated on the right (n), and differences among categories within each variable are denoted on the far right
(Kruskal-Wallis, K-W, test followed by Tukey HSD, P < 0.05). Three permafrost zones are included, continuous, discontinuous, and a
combined sporadic/isolated zone. Permafrost conditions refer to the presence or absence of permafrost in the upper 2 m of soils. Clas-
sification of water table/soil temperature (Zwr/Ts) categories is based on separations for Zyr at —15 and —2.5 cm (yielding Dry, Wet,
and Saturated categories) and for Tg at 5 and 10 °C (yielding Cold, Intermediate, and Warm categories). See text for definitions used to

classify ecosystem types and vegetation composition.
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Table 1 Characteristics of sites based on ecosystem categorization. Information includes the number of sites for each ecosystem
type and the number of contributing studies. Shown are also median (Md.) site average CHy flux (Fcp4), average water table posi-
tion (Zyr), long term mean annual temperature (Tyia7), long term mean summer temperature (Tyst), average soil temperature as
measured between 5 and 25 cm below the surface (Ts), depth of the organic layer (Zorg), soil pH, ecosystem respiration (ER) and
CHy, flux expressed as a per-cent of ER (Fcpag,). Characterization of vegetation composition in each ecosystem is represented by tree
cover (percent of sites within each ecosystem where trees are absent) and sedge cover (percent of sites classified with a dominant,

present or absent sedge cover)

Upland  Dry Wet Permafrost
forest tundra Palsa Bog Fen tundra fen Littoral — Thawed"
Sites 17 41 36 35 65 48 32 17 24
Studies 12 18 16 11 21 20 14 13 13
Fcpa Md. -0.7 24 7.0 23.0 37.1 64.5 75.8 89.0 56.9
(mg CH,4 m2d?t 25t -1.1 0.0 0.4 5.6 115 31.9 41.7 58.3 21.5
75t —-04 6.0 27.3 83.0 95.0 100.6 147.3 112.4 99.8
Zwr (cm) Md. -25.8 -15 -20 -13 —6 0 0 2.5 —5.5
Data’ 35% 80% 92% 86% 89% 100% 97% 76% 71%
Tymar (°O) Md. -6 -114 -3.8 -0.8 -35 -114 —-8.5 -8.1 -3.3
Tmst (°C) Md. 14.4 8.1 10.2 14.5 13.6 7.7 9.3 10.2 13.9
Ts (°O) Md. 8.8 3.9 6.1 12.5 11.8 3.7 6.8 8.8 11.7
Data’ 59% 73% 72% 63% 68% 52% 59% 65% 54%
Zogrg (cm) Md. 12 18 100 200 100 20 41 40 100
Data’ 59% 37% 44% 69% 57% 52% 56% 29% 38%
Sedges Dom. 7% 13% 25% 31% 65% 69% 66% 71% 65%
Pres. 0% 46% 47% 50% 27% 21% 24% 29% 26%
Abs. 93% 41% 28% 19% 8% 10% 10% 0% 9%
Data’ 83% 95% 100% 91% 92% 100% 91% 100% 96%
Trees Abs. 0% 100% 74% 72% 74% 100% 89% 100% 92%
Data’ 100% 93% 97% 94% 83% 90% 84% 94% 100%
pH Md. 5.4 5.4 4.1 4.2 5.8 6.2 5.3 5.7 43
Data’ 24% 10% 28% 37% 32% 27% 28% 24% 42%
ER (gC m2d Md. 3.11 1.70 1.37 0.90 1.99 1.42 1.98 1.91 1.3
Fcrag, (%) Md. —-0.1% 0.1% 1.6% 1.8% 8.7% 2.7% 6.3% 5.1% 4.9%
Data’ 41% 49% 61% 9% 12% 31% 34% 41% 29%

*The Thawed category is not an exclusive group, but contains sites from the other ecosystem types that are described to have recently
(within the last 100 years) undergone permafrost thaw (i.e. sites located in thermokarst landforms).
tData coverage of presented variables is indicated as a percent of reporting sites within each ecosystem. Data coverage for Fcpyg,

TMAT and TMST is 100%.

for which data coverage was low (<12% of sites;
Table 1).

Analysis of covariance showed that relationships
between log(Fcpass) and Ts varied with site wetness
(Fig. 6a) and sedge cover (Fig. 6¢c), but were unaffected
by permafrost conditions (Fig 6e). Interestingly, sites
with a dominant sedge cover were found to have high
emissions even at low T, yielding a weaker tempera-
ture dependency of log(Fcpa.s) for sites dominated by
sedges than for sites where sedges were merely present.
Sedge cover was also found to affect the relationship
between log(Fcrisss) and Zwr (Fig. 6d), showing that
high CH,4 emissions from sites dominated by sedges
were not only due to an association with high water
table position but that they also had higher emissions
than other sites at comparable water table positions.
Emissions were also higher at comparable water table

positions from sites with permafrost than from sites
where permafrost was absent (Fig. 6f) and higher from
sites with warm and intermediate soil temperature cat-
egories than from cold sites (Fig. 6b), although the
slopes of these relationships remained similar.

In our multivariate regression analysis, we included
only sites with complete data sets on Zwr, Ts, sedge
cover and permafrost conditions — 155 sites collected
from 31 studies. In the analysis we also included the
variables Zwr>, Zwr> and interaction variables between
Zwr and Ts and between sedge cover and Ts. All possi-
ble models were explored and ranked based on AIC.
(Table 2). Dominant sedge cover and Zy were the two
variables with the highest explanatory power in single
variable models and, when combined in a two variable
model, their explanatory power increased significantly
(adj. * = 0.47). Permafrost conditions and Ts could not

© 2012 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/gcb.12071
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Fig. 4 Relationship between median CH, flux and median
water table position for sites within each ecosystem. Whiskers
represent 25th and 75th percentiles for both methane fluxes and
water table position. The Thawed category does not represent a
unique set of sites, but contains sites from the other ecosystem
types that were described as thermokarst landforms that
recently experienced complete near-surface permafrost thaw.

both be included in any model that had lower AIC,
than when they were included individually, suggesting
that the presence or absence of permafrost is only an
indicator of soil temperature and does not in itself
influence CH, emissions. The results from the model
analysis also indicated that the relationship between
Zwr and log(Fcpa.5) was not properly described by a
linear relationship. Including Zwr” and Zwr® improved
the models and caused modeled log(Fcria.s) to increase
more rapidly between Zwr of —15 and +5 cm than
either above or below this range in several models —
indicating that CH4 emissions peak when the water
table is near the soil surface. The best model (adj.
* = 0.59) included the variables Zwt>, Zwt, Ts, sedges
present, sedges dominant, and interaction variables
between Zwr and Ts and between sedges dominant
and Ts (Fig. 7).

No improvement of the best model was found by fur-
ther adding year-of-study as a variable — that is no
direct detectable influence on CH,; emissions from
increased atmospheric CO, concentration was found
(see Supporting Information for expanded discussion).
Regression analysis was also not able to detect any
significant influence from Zorg on log(Fcpass), which
was tested by adding combinations of Zogrg, log(Zorc)
and interaction variables between Zorg/log(Zorg) and
Zwr to the best model (n = 83) and by building a new
model which only included variables based on Zwr
and Zogrc (n = 138).

The best empirical model was used to assess ecosys-
tem Fcpyy sensitivities to variable water table levels and
soil temperatures. Using measured median water table
levels, soil temperatures, and vegetation composition,
the model yielded estimated ecosystem Fcpa values
that were comparable to the median measured ecosystem

Sat/Dom. | : ‘ ‘ 12
Sat./Pres ——-—) 9
Sat./Abs. [ O 5
Wet/Dom. | — S — 12
Wet/Pres. o + 15
Wet/Abs ® 5
Dry/Dom. O] 2
Dry/Pres. © 15
Dry/Abs. ® ) ) ‘ 5
0 5 10 15 20

CHy, flux as proportion of ER (%)

Fig. 5 Site CH, flux as a percent of ecosystem respiration (ER)
(mg CH,-C m 2 d~'/mg CO,-C x100, %) classified by site wet-
ness and sedge cover categories. Category separations were at
mean water table positions of —15 and —2.5 cm (yielding Dry,
Wet, and Saturated categories), while site sedge cover was clas-
sified as either Dominant, Present, or Absent. Circles indicate
median proportion, boxes show the range between the 25th and
75th percentiles and plus signs represent outliers. One site with
a value of 25% is not shown in the figure, belonging to the Wet/
Dom. category. The number of sites within each category is
indicated on the right.

Fepu (R =0.86, n =8, P < 0.01, and the first and third
quartile estimates from the boot strap analysis included
the median measured Fcpyy). Sensitivities of ecosystem
Fcra were assessed by varying median Ts and/or Zyr
in the model. In general, it was found that ecosystems
where the median water table was at or above the soil
surface, for example littoral and permafrost fen, were
more sensitive to changes in Ts while ecosystems with
a median water table below the soil surface, for exam-
ple bog and fen, were more sensitive to changes in Zyr
(Fig. 8). A combination of increased Ts and Zwr led to
ecosystem Fcpys that was enhanced by between 60%
and 120%, which is an increase that was greater for all
ecosystems than the combined individual effects of
raised Tg and Zwr. A combination of drier and warmer
conditions yielded both decreased (palsa, bog and fen)
and increased (wet tundra, permafrost fen, and littoral)
central estimates of ecosystem Fcpy,.

Of particular interest are the 24 sites that were
described as having undergone permafrost thaw dur-
ing the last 100 years (see Table 1). This grouping
shows that most research in thermokarst landforms has
been made in wet sites with moderate to high Fcpa
(Fig. 4). Any potential effect on site Fcpyy from micro-
bial access to previously frozen organic matter was
smaller than could be detected in our analysis. For
example, dominant sedge cover and Zyr between —11
and 0 cm characterized 10 of the 24 thawed sites. This
group had an average Fcpys of 136.4 + 22.6 (SE)
mg CH,; m 2 d ! that was not significantly higher (two
tailed t-test, P = 0.23) than that of a group of sites with
similar sedge and Zw conditions, but one that had not

© 2012 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/gcb.12071
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Fig. 6 Visualization of covariance analyses (ANcova). Analyses were based on site CH, flux being the response variable (represented by
log(Fcrass), where Fepy is in mg CHy m 2 d7Y), while average water table positions or soil temperatures measured between 5 and
25 cm below the surface were covariates (shown on x-axes). Factors were either soil temperature categories (Cold, Intermediate, or
Warm sites, with category separations at 5 and 10 °C), water table categories (Dry, Wet, or Saturated sites with category separations at
—15 and —2.5 cm), sedge cover (Dominant, Present or Absent) or permafrost conditions in the upper 2 m (Present or Absent). Bars
above each graph indicate the range over which pairs of factors are significantly different, based on 95% confidence intervals of fits.
Lower case letters following the legend indicate differences (P < 0.05) for the slopes of the fits, based on Tukey HSD test. See Supple-

mental information for detailed ANcova statistics.

been recently thawed (99.2 4 21.3 (SE) mg CH, m > d ",
n = 23). Given the small sample size and large variance
in this test, the smallest detectable difference (.e.
P < 0.05) would have required the thawed group to
have emissions that on average were >65% greater than
the non-permafrost group, assuming that the variance
among sites remained constant.

Discussion

Controls on site CHy emissions

In this study, we evaluated patterns of terrestrial aver-
age growing-season CH, fluxes across permafrost
zones using results from 65 chamber-based studies
conducted over the last three decades. We focused on

average growing-season fluxes at the site level paired
with information on site physical and environmental
variables. Although it has long been known that water
table, soil temperature, plant productivity, and the
presence of sedges influence CH, fluxes in high-latitude
ecosystems (Svensson, 1980; Sebacher et al., 1986, Moore
& Knowles, 1987; Whalen & Reeburgh, 1988; Whiting &
Chanton, 1993), our approach corroborates that these
variables are the main controls of CHy fluxes among
sites within the permafrost zones and that their effects
are interactive. Our best empirical model, using data on
sedge cover along with average water table position and
soil temperature, accounted for 60% of the variation in
log-transformed CH, fluxes. Remaining variation is
likely due to a combination of methodological and func-
tional factors. For example, methodological differences

© 2012 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/gcb.12071
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Table 2 Model selection and results from regression analysis. 155 sites with data on CHy flux (Fcr), water table position (Zwr),
soil temperature (Ts) and binary (1/0) data for classification of sedge cover (Dominant/Present/Absent — Spom /pres/abs) and perma-
frost conditions (Present/Absent — Ppyes/abs). The first four equations had the lowest AIC. values of all combinations, and the
following groups of three or four equations were the equations with the lowest AIC, for one, two and three variables respectively.
The last two equations were the best equations that only used Zwr and Ts

Equation: log(Fcpsss) = adj. r? AIC, AT w;t

atb*Zw+c* Zwr +d* Tste* Zwr* TsH*Spom+€*Spresth*Spom ™ Ts 0.59 —305.3 0.0 0.66
a+b*ZWT2+C*ZWT3+d*TS+e*ZWT*Tg+f*SD(,m+g*SDom*Ts 0.58 —-303.7 1.64 0.29
atb*Zywrtc*Ts+d*Spomt€*Spres* Ts 0.55 —298.1 7.21 0.02
at+b* Zw 1+ Spomtd*Spres* Ts 0.54 —296.7 8.59 0.01
a+b*Spom 0.33 —242.3 63.1 0.00
at+b*Zwr 0.33 —242.0 63.3 0.00
at+b*Tg 0.12 —200.3 105.0 0.00
at+b*Zwr+c*Spom 0.47 —277.6 27.8 0.00
at+b*Zwrt+c* T, 0.42 —264.2 41.1 0.00
atb*SpomC*Spres 0.37 —250.1 59.8 0.00
at+b*Zw P aps 0.36 —248.7 56.6 0.00
at+b*Zwr+c* Ts+d*Spom 0.53 —293.6 11.7 0.00
at+b*Zw1+c*SpomTd*P aps 0.50 —285.3 20.0 0.00
at+b*Zwr+c*SpomTd*Spres 0.49 —283.7 21.7 0.00
atb* Zwr2 e Zy o+ d* THe* Zyyr* T 0.46 —266.0 39.3 0.00
atb*Zyrtc* Zyw 2+ d* Zwro+e* Ty 0.43 —264.2 41.1 0.00

*Constants for the best model are: a: 0.859, b: —4.94 x 107%, c: —8.96 x 107°, d: 7.04 x 1072, e: 1.77 x 107>, f: 0.926, g: 0.164,

h: —5.17 x 1072
tDifference in AIC. between the model and the best model.

{Akaike weights, indicating probability for model to be the best model.

among studies include how vegetation composition is
reported, how ebullition events were handled, whether
boardwalks were used near the chambers, at what
depth soil temperature were measured, as well as vari-
able chamber sizes, closure times, study periods, and
sampling frequencies. Furthermore, our model did not
include GPP or variables related to atmospheric condi-
tions, which are known to affect CH, emissions in the
permafrost region. Although GPP had a strong relation-
ship with CH, fluxes in our database, too few studies
reported comparable estimates for inclusion in the
model. Atmospheric stability and turbulence is rarely
taken into account in chamber studies, but strongly
influence CH, fluxes at daily time-scales in eddy-
covariance studies (Wille et al., 2008; Parmentier et al.,
2011), which is an issue that could affect the quality of
CHy, flux estimates in our database for sites where only
few flux measurements were made. In addition, although
the relationships between CHj fluxes and environmen-
tal variables have been shown to strengthen when using
seasonal arithmetic averages rather than raw data
(Levy et al., 2012), the use of averages is problematic as
the functional relationships between CH, flux and envi-

ronmental variables such as water table position and soil
temperature are known to be intrinsically nonlinear.

Our analysis stresses dominant sedge cover (in nearly
all sites represented by tall sedge species such as
E. aquatilis, E. angustifolium, E. scheuchzeri, and C. rostrata)
as a primary control of site CH,4 fluxes in the permafrost
region. At comparable water table positions, sites domi-
nated by sedges had significantly higher CH, emissions
than those measured at other sites. High CH4 emissions
from sedge dominated areas is attributed to both
reduced CH, oxidation associated with the presence of
aerenchymatous roots and stems (Schimel, 1995; King
et al., 1998; von Fischer et al., 2010) and to increased
CH,4 production linked to high plant productivity and
increased availability of organic acids because of root
exudation (Bellisario et al., 1999; Strom et al., 2012).
Something that individual studies have been unable to
show is that the difference between CH, emissions from
sedge dominated sites and other sites is more pro-
nounced in colder soils. It is thus possible to encounter
high CH, emissions even in very cold regions as long as
sedges dominate the vegetation, and 9 of the 15 sites in
our database with CH4 emissions >225 mg CHy m2d!

© 2012 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/gcb.12071



CONTROLS ON TERRESTRIAL NORTHERN CH, FLUXES 11

N
o
o

150

o
o

wvi
o

Methane flux (mg CH, m™2day~")

oo

Fig. 7 Visualization of the best model from the regression anal-
ysis, after re-transforming to CH, flux (mg CHy m 2d") from
log(Fcpass). Upper dark red grid represents the model when
applied to sites with a dominant sedge cover; middle bright red
grid represents sites where sedges are present and lower yellow
grid represents sites where sedges are absent. The visualization
is truncated for Zyr < —20 cm for sites with a dominant sedge
cover due to few representative sites.

were located in the continuous permafrost zone. Specu-
lation about the cause of this pattern includes geo-
graphical distributions of sedges with species-specific
patterns of root exudation (Strom et al., 2005, 2012) and
interactions between the oxidation potential provided
by aerenchymatous roots and mis-matches of tempera-
ture sensitivities for CH, production and oxidation
(Wagner et al., 2003).

Using ecosystem CH,4 emissions to scale emissions and
assess sensitivity

At the ecosystem level, median CH, fluxes were
strongly related to both median water table position
and the proportion of sites within each ecosystem type
that was dominated by sedges. However, both physical
characteristics and CH, fluxes varied greatly among
sites within each ecosystem. For many wetland ecosys-
tems, this variation can be linked to hummock and hol-
low patterning. Thus comparisons of median CH,
fluxes among ecosystems hinge on the assumption that
each ecosystem is represented without significant
biases related to site selection. We assume robustness
of our ecosystem characterization since at least 11 stud-
ies contributed sites to each ecosystem type, and each
ecosystem was represented by >17 sites and >110 indi-
vidual chambers.

Characteristic ecosystem CH,4 emissions in combina-
tion with databases of wetland distributions have been
used to scale to regional or circumpolar emission esti-
mates (e.g. Matthews & Fung, 1987). Scaling emissions is
likely to be more sensitive to issues of accurately account-
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Fig. 8 Sensitivities of ecosystem level CH; fluxes to altered
water table position and soil temperature — based on implemen-
tation of the best model from the regression analysis. See text
for how ecosystem level CH, fluxes were estimated. Bars repre-
sent the difference (%) between estimated CH, flux when using
median observed and altered water table and soil temperature
conditions. Five combinations of water table and soil tempera-
ture changes are indicated below the bars. Error bars represent
95% confidence interval of the change based on a bootstrap
analysis.

ing for the spatial extent of different wetland types rather
than to uncertainties of characteristic ecosystem CH,
emissions (Frey & Smith, 2007; Krankina ef al., 2008). For
example, littoral sites with the highest median CH, emis-
sions in our database will strongly influence landscape
level estimates of CH, emissions but, at the same time,
they are often represented by narrow and elongated
landscape features that have spatial extents that are diffi-
cult to assess over large geographical regions.

The implementation of the best empirical model at
the ecosystem level represents an assessment of CH,
emission sensitivity to variation in water table position
and soil temperature under constant physical condi-
tions, for example unaltered permafrost conditions and
vegetation composition. This analysis indicated that
wetter ecosystems are relatively more sensitive to soil
temperature shifts than drier ecosystems (a 5 °C
increase caused estimated ecosystem CH, emissions to
increase by between 25% and 70%), while drier ecosys-
tems conversely are more sensitive to water table fluc-
tuations (a 5-cm rise was associated with a 0-45%
increase in ecosystem CH, emissions). The analysis
further showed that water table and soil temperature
variations had synergistic effects. Although these
sensitivities are based on spatial patterns of the rela-
tionship between CH, emissions and environmental
variables, they are of similar magnitude to observed
inter-annual variability of seasonal CH; emissions at
individual sites in response to variation in water table
position and temperature (Whalen & Reeburgh, 1992;
Moosavi et al., 1996; Bubier et al., 2005; Turetsky et al.,
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2008) and to the sensitivities observed in studies where
environmental variables are manipulated (Turetsky
et al., 2008; Merbold et al., 2009). A strong sensitivity of
northern high-latitude CH,4 emissions is consistent with
inverse modeling studies of inter-annual variability in
atmospheric CHy concentrations and its relationship
with large scale climate patterns (Mikaloff-Fletcher
et al., 2004; Dlugokencky et al., 2009; Bloom et al., 2010).
Models generally predict a climate with both higher
temperatures and increased precipitation at northern
high latitudes during this century (Christensen ef al.,
2007). However, depending on the balance between
greater rates of evapotranspiration and precipitation,
this could potentially lead to reduced inundated wet-
land area (Avis ef al., 2011), which makes projections of
future northern wetland CH,; emissions uncertain
(Bohn et al., 2007; Koven et al., 2011).

Influence of permafrost conditions and permafrost thaw
on site CHy emissions

Sites underlain by permafrost had lower CH, emissions
than sites where surface permafrost was absent at com-
parable water table positions, a difference that was
accounted for by the variation among sites in soil tem-
perature. Recently thawed sites did not have higher
emissions than comparable sites that had not under-
gone recent thaw, although it is possible that the low
number of recently thawed sites along with the large
variation in emissions from these sites could have
allowed even a substantial effect (up to +65%) on CH,4
emissions from increased degradation of recently
thawed organic matter to remain unnoticed (Wagner
et al., 2003; Mackelprang et al., 2011). However, consid-
ering that neither depth of the organic layer nor depth
of the active layer was found to be related to site CH,
emissions, our analysis suggests that terrestrial CH,
emissions are unlikely to be primarily limited by the
availability of organic substrate (c.f. Prater et al., 2007).
Thermokarst dynamics are associated with local
changes to hydrological setting, thermal regime, and
vegetation composition (Hinzman et al., 2005; Jorgen-
son & Osterkamp, 2005), all of which strongly influ-
enced CH, emissions as analysis in this study
illustrates. Most research of CH, emissions in thermok-
arst landforms has been undertaken in lowland settings
where permafrost often has a substantial ice content,
and where thermokarst development leads to subsi-
dence, raised water table and high CH, emissions, for
example through the conversion of upland or palsa
sites into bog or fen sites (Bubier et al., 1995; Liblik
et al., 1997; Svensson et al., 1999; Wickland et al., 2006;
Myers-Smith et al., 2007; Prater et al., 2007; Backstrand
et al., 2008). Although not all lowland thermokarst

development leads to wet conditions and high CH,4
fluxes (Turetsky et al., 2002; Desyatkin et al., 2009), their
development still represents very large relative
increases in CH, emissions in comparison to pre-thaw
conditions. Although lakes were not included in this
study, lowland thermokarst development is also
responsible for the dynamics between thermokarst lake
formation and drainage, both of which can have sub-
stantial influences on landscape CH,4 emissions (Walter
et al., 2006; Zona et al., 2009). The potential for
increased CH, emissions through lowland thermokarst
development is great, but will be determined by the
spatial extents of future thermokarst development,
about which current knowledge is relatively low (Hum-
lum & Christiansen, 2008; Grosse et al., 2011; Sannel &
Kuhry, 2011).

In contrast to thermokarst dynamics, few studies
have documented the influence on CH, fluxes due to
predicted widespread deepening of the active layer and
loss of near surface permafrost without associated sub-
sidence (Hugelius et al.,, 2011; Lawrence et al., 2012).
Absence of permafrost in upland forests has been asso-
ciated with higher CH, uptake than comparable sites
with permafrost (Flessa et al., 2008) but this pattern was
not confirmed in our analysis. For fen sites, however,
we found that permafrost presence was associated with
wetter conditions and higher median CH, fluxes, sug-
gesting that permafrost loss and improved drainage in
some wetland ecosystem types can lead to lower CH,4
emissions. Hence, the effects of permafrost thaw on
landscape surface moisture conditions need to be better
understood when assessing future CH, emissions, par-
ticularly as it is likely that CH, research in areas of per-
mafrost degradation has been biased toward locations
that have become drastically wetter rather than where
gradual drainage has occurred.

Model simulations project that permafrost degrada-
tion and associated microbial access to thawed organic
carbon stores will significantly increase high-latitude
CO, (Schuur et al., 2009; Schaefer et al., 2011) and CH,
emissions (Koven et al., 2011; Schneider von Deimling
et al., 2012). Between 1% and 4% of mineralized carbon
from recently thawed soils is expected to be released as
CHy, which in itself can represent annual CH, emissions
greater than estimates of total current high-latitude CH,4
emissions (Schuur et al., 2011; Schneider von Deimling
et al., 2012). Our study did not characterize lake CHy
emissions, particularly the potential influence of ther-
mokarst lakes on future CH, emissions (Walter et al.,
2006), and it did not assess CH, emissions from land-
scape seeps associated with deep CH,; production
(Koven et al., 2011; Walter Anthony et al., 2012). However,
our synthesis of terrestrial CH, fluxes did not find
support for increased CH, emissions from areas with
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greater stores of organic carbon. Furthermore, only
wet and saturated sites were found to have CH,-C
emissions that were consistently >1% of ER fluxes. This
suggests that CH, emissions in terrestrial environments
are largely driven by near-surface processes in combi-
nation with hydrological conditions. This needs to be
taken into account in model simulations to prevent
overestimates of future CH, emissions. In conclusion,
our analysis suggests that future changes in terrestrial
CH, emissions from the permafrost zones will be more
proximately related to changes in soil moisture, thermal
conditions, and vegetation shifts than to the direct
effects of permafrost thaw on the availability of newly
thawed organic matter.

Acknowledgements

Support for this study was provided by the National Science
Foundation for the Vulnerability of Permafrost Carbon Research
Coordination Network (DEB-0955341), the Alaska Peatland
Experiment (DEB-0724514, DEB-0830997) and for the Bonanza
Creek Long-Term Ecological Research program (funded jointly
by NSF Grant DEB-1026415 and the USDA Forest Service Pacific
Northwest Research). Support was also provided by the U.S.
Geological Survey Alaska Climate Science Center, the Depart-
ment of Interior Arctic and Western Alaska Landscape Conser-
vation Cooperatives, and by the U.S. Department of Energy
Office of Science (Biological and Environmental Research). We
thank T. Sachs, F.-]. Parmentier and two anonymous reviewers
for helpful comments that have significantly improved the
manuscript.

References

Alm J, Saarnio S, Nykéanen H, Silvola ], Martikainen PJ (1999) Winter CO,, CHy and
N>O fluxes on some natural and drained boreal peatlands. Biogeochemistry, 44,
163-186, doi: 10.1007/BF00992977.

Arneth A, Harrison SP, Zaehle S et al. (2010) Terrestrial biogeochemical feedbacks in
the climate system. Nature Geoscience, 3, 525-532, doi: 10.1038 /ngeo905.

Avis CA, Weaver AJ, Meissner K] (2011) Reduction in areal extent of high-latitude
wetlands in response to permafrost thaw. Nature Geoscience, 4, 444448, doi:
10.1038/ngeo1160.

Béckstrand K, Crill Pm, Mastepanov M, Christensen TR, Bastviken D (2008) Total
hydrocarbon flux dynamics at a subarctic mire in northern Sweden. Journal of Geo-
physical Research-Biogeosciences, 113, G03026, doi: 10.1029/2008JG000703.

Bastviken D, Cole ], Pace M, Tranvik L (2004) Methane emissions from lakes: Depen-
dence of lake characteristics, two regional assessments, and a global estimate. Glo-
bal Biogeochemical Cycles, 18, GB4009, doi: 10.1029/2004GB002238.

Beilman DW, Vitt DH, Halsey LA (2001) Localized permafrost Peatlands in Western
Canada: definition, distributions, and degradation. Arctic Antarctic and Alpine
Research, 33, 70-77.

Bellisario LM, Bubier JL, Moore TR, Chanton JP (1999) Controls on CH, emissions
from a northern peatland. Global Biogeochemical Cycles, 13, 81-91, doi: 10.1029/
1998GB900021.

Bloom AA, Palmer PI, Fraser A, Reay DS, Frankenberg C (2010) Large-scale controls
of methanogenesis inferred from methane and gravity spaceborne data. Science,
327, 322-325, doi: 10.1126/science.1175176.

Bohn TJ, Lettenmaier DP, Sathulur K, Bowling LC, Podest E, Mcdonald KC, Friborg T
(2007) Methane emissions from western Siberian wetlands: heterogeneity and sen-
sitivity to climate change. Environmental Research Letters, 2, 045015, doi: 10.1088/
1748-9326/2/4/045015.

Bousquet P, Ringeval B, Pison I et al. (2011) Source attribution of the changes in atmo-
spheric methane for 2006-2008. Atmospheric Chemistry and Physics, 11, 3689-3700,
doi: 10.5194/acp-11-3689-2011.

Brown J, Ferrians OJ Jr, Heginbottom JA, Melnikov ES (1998, revised February 2001.)
Circum-arctic map of permafrost and ground-ice conditions. National Snow and Ice
Data Center/World Data Center for Glaciology. Digital Media, Boulder, CO.

Bubier JL, Moore TR, Bellisario L, Comer NT, Crill PM (1995) Ecological controls on
methane emissions from a northern peatland complex in the zone of discontinu-
ous permafrost, Manitoba, Canada. Global Biogeochemical Cycles, 9, 455-470, doi:
10.1029/95GB02379.

Bubier JL, Moore TR, Savage K, Crill PM (2005) A comparison of methane flux in a
boreal landscape between a dry and a wet year. Global Biogeochemical Cycles, 19,
GB1023, doi: 10.1029/2004GB002351.

Camill P (2005) Permafrost thaw accelerates in boreal peatlands during late-20th century
climate warming. Climatic Change, 68, 135-152, doi: 10.1007 /s10584-005-4785-y.

Cao MK, Gregson K, Marshall S (1998) Global methane emission from wetlands and
its sensitivity to climate change. Atmospheric Environment, 32, 3293-3299, doi:
10.1016/51352-2310(98)00105-8.

Christensen TR (1993) Methane emission from arctic tundra. Biogeochemistry, 21,
117-139, doi: 10.1007 /BF00000874.

Christensen TR, Jonasson S, Callaghan TV, Havstrom M (1995) Spatial variation in
high-latitude methane flux along a transect across Siberian and European tundra
environments. Journal of Geophysical Research-Atmospheres, 100, 21035-21045, doi:
10.1029/95]D02145.

Christensen TR, Ekberg A, Strom L et al. (2003) Factors controlling large scale varia-
tions in methane emissions from wetlands. Geophysical Research Letters, 30, 1414,
doi: 10.1029/2002GL016848.

Christensen JH, Hewitson B, Busuioc A ef al. (2007) Regional Climate Projections. In:
Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change
(eds. Solomon S, Qin D, Manning M, Chen Z, Marquis M, Avery KB, Tignor M,
Miller HL), pp. 847-940. Cambridge University Press, Cambridge, UK and New
York, NY, USA.

Davidson EA, Savage K, Verchot LV, Navarro R (2002) Minimizing artifacts and
biases in chamber-based measurements of soil respiration. Agricultural and Forest
Meteorology, 113, 21-37, doi: 10.1016/50168-1923(02)00100-4.

Delisle G (2007) Near-surface permafrost degradation: how severe during the 21st
century? Geophysical Research Letters, 34, .09503, doi: 10.1029/2007GL029323.

Desyatkin AR, Takakai F, Fedorov PP, Nikolaeva MC, Desyatkin RV, Hatano R (2009)
CH, emission from different stages of thermokarst formation in Central Yakutia,
East Siberia. Soil Science and Plant Nutrition, 55, 558-570, doi: 10.1111/
j.1747-0765.2009.00389.x.

Dlugokencky EJ, Bruhwiler L, White JWC et al. (2009) Observational constraints on
recent increases in the atmospheric CH, burden. Geophysical Research Letters, 36,
L18803, doi: 10.1029/2009GL039780.

Dlugokencky EJ, Nisbet EG, Fisher R, Lowry D (2011) Global atmospheric methane:
budget, changes and dangers. Philosophical Transactions of the Royal Society a-Mathe-
matical Physical and Engineering Sciences, 369, 2058-2072, doi: 10.1098/rsta.
2010.0341.

von Fischer JC, Rhew RC, Ames GM, Fosdick BK, von Fischer PE (2010) Vegetation
height and other controls of spatial variability in methane emissions from the Arc-
tic coastal tundra at Barrow, Alaska. Journal of Geophysical Research-Biogeosciences,
115, G00I03, doi: 10.1029/2009]JG001283.

Flessa H, Rodionov A, Guggenberger G et al. (2008) Landscape controls of CH, fluxes
in a catchment of the forest tundra ecotone in northern Siberia. Global Change Biol-
o0gy, 14, 20402056, doi: 10.1111/§.1365-2486.2008.01633.x.

Forster P, Ramaswamy V, Artaxo P et al. (2007) Changes in atmospheric constituents
and in radiative forcing. In: Climate Change 2007: The Physical Science Basis. Contri-
bution of Working Group I to the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change. (eds Solomon S, Qin D, Manning M, Chen Z,
Marquis M, Avery KB, Tignor M, Miller HL), pp. 129-234. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA.

Frey KE, Smith LC (2007) How well do we know northern land cover? Comparison of
four global vegetation and wetland products with a new ground-truth database for
West Siberia. Global Biogeochemical Cycles, 21, GB1016, doi: 10.1029/2006GB002706.

Grosse G, Harden J, Turetsky M et al. (2011) Vulnerability of high-latitude soil
organic carbon in North America to disturbance. Journal of Geophysical Research-
Biogeosciences, 116, GOOK06, doi: 10.1029/2010JG001507.

Hargreaves KJ, Fowler D, Pitcairn CER, Aurela M (2001) Annual methane emission
from Finnish mires estimated from eddy covariance campaign measurements.
Theoretical and Applied Climatology, 70, 203-213, doi: 10.1007/s007040170015.

Hijmans R], Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very high resolution
interpolated climate surfaces for global land areas. International Journal of Climatol-
0gy, 25, 1965-1978, doi: 10.1002/joc.1276.

© 2012 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/gcb.12071



14 D. OLEFELDT etal.

Hinzman LD, Bettez ND, Bolton WR et al. (2005) Evidence and implications of recent
climate change in northern Alaska and other arctic regions. Climatic Change, 72,
251-298, doi: 10.1007 /s10584-005-5352-2.

Hugelius G, Virtanen T, Kaverin D et al. (2011) High-resolution mapping of ecosys-
tem carbon storage and potential effects of permafrost thaw in periglacial terrain,
European Russian Arctic. Journal of Geophysical Research-Biogeosciences, 116,
G03024, doi: 10.1029/2010JG001606.

van Huissteden J, Maximov TC, Dolman AJ (2005) High methane flux from an arctic
floodplain (Indigirka lowlands, eastern Siberia). Journal of Geophysical Research-
Biogeosciences, 110, G02002, doi: 10.1029/2005JG000010.

Humlum O, Christiansen HH (2008) Lowland periglacial research: a review of pub-
lished advances 2003-2007. Permafrost and Periglacial Processes, 19, 211-235, doi:
10.1002/Ppp.621.

Hutchin PR, Press MC, Lee JA, Ashenden TW (1995) Elevated concentrations of CO,
may double methane methane emissions from mires. Global Change Biology, 1, 125-128,
doi: 10.1111/j.1365-2486.1995.tb00012.x.

Jorgenson MT, Osterkamp TE (2005) Response of boreal ecosystems to varying modes
of permafrost degradation. Canadian Journal of Forest Research-Revue Canadienne De
Recherche Forestiere, 35,2100-2111, doi: 10.1139/X05-153.

Kim Y, Ueyama M, Nakagawa F, Tsunogai U, Harazono Y, Tanaka N (2007) Assess-
ment of winter fluxes of CO, and CHy in boreal forest soils of central Alaska esti-
mated by the profile method and the chamber method: a diagnosis of methane
emission and implications for the regional carbon budget. Tellus Series B-Chemical
and Physical Meteorology, 59, 223-233, doi: 10.1111/}.1600-0889.2006.00233.x.

King JY, Reeburgh WS, Regli SK (1998) Methane emission and transport by arctic
sedges in Alaska: results of a vegetation removal experiment. Journal of Geophysical
Research-Atmospheres, 103, 29083-29092, doi: 10.1029/98JD00052.

Koven CD, Ringeval B, Friedlingstein P ef al. (2011) Permafrost carbon-climate feed-
backs accelerate global warming. Proceedings of the National Academy of Sciences of
the United States of America, 108, 1476914774, doi: 10.1073/pnas.1103910108.

Krankina ON, Pflugmacher D, Friedl M, Cohen WB, Nelson P, Baccini A (2008) Meet-
ing the challenge of mapping peatlands with remotely sensed data. Biogeosciences,
5, 1809-1820.

Lai DYF, Roulet NT, Humphreys ER, Moore TR, Dalva M (2012) The effect of atmo-
spheric turbulence and chamber deployment period on autochamber CO, and
CHj, flux measurements in an ombrotrophic peatland. Biogeosciences Discuss, 9,
1439-1482, doi: 10.5194/bgd-9-1439-2012.

Lawrence DM, Slater AG, Swenson SC (2012) Simulation of Present-Day and Future
Permafrost and Seasonally Frozen Ground Conditions in CCSM4. Journal of
Climate, 25, 22072225, doi: 10.1175/JCLI-D-11-00334.1.

Le Mer J, Roger P (2001) Production, oxidation, emission and consumption of meth-
ane by soils: a review. European Journal of Soil Biology, 37, 25-50, doi: 10.1016/
51164-5563(01)01067.

Levy PE, Burden A, Cooper MDA et al. (2012) Methane emissions from soils: synthe-
sis and analysis of a large UK data set. Global Change Biology, 18, 1657-1669, doi:
10.1111j.1365-2486.02616.x.

Liblik LK, Moore TR, Bubier JL, Robinson SD (1997) Methane emissions from wet-
lands in the zone of discontinuous permafrost: Fort Simpson, Northwest Terri-
tories, Canada. Global Biogeochemical Cycles, 11, 485-494, doi: 10.1029/
97GB02302.

Mackelprang R, Waldrop MP, Deangelis KM et al. (2011) Metagenomic analysis of a
permafrost microbial community reveals a rapid response to thaw. Nature, 480,
368-371, doi:10.1038 /nature10576.

Mastepanov M, Sigsgaard C, Dlugokencky EJ, Houweling S, Strom L, Tamstorf MP,
Christensen TR (2008) Large tundra methane burst during onset of freezing.
Nature, 456, 628-630, doi:10.1038 /nature07464.

Matthews E, Fung I (1987) Methane emission from natural wetlands: global distribu-
tion, area, and environmental characteristics of sources. Global Biogeochemical
Cycles, 1, 61-86, doi:10.1029/GB001i001p00061.

McGuire AD, Anderson LG, Christensen TR ef al. (2009) Sensitivity of the carbon
cycle in the Arctic to climate change. Ecological Monographs, 79, 523-555.

McGuire AD, Christensen TR, Hayes DJ et al. (2012) An assessment of the carbon
balance of arctic tundra: comparisons among observations, process models, and
atmospheric inversions. Biogeosciences Discuss, 9, 4543-4594.

Merbold L, Kutsch WL, Corradi C et al. (2009) Artificial drainage and associated car-
bon fluxes (CO,/CHy,) in a tundra ecosystem. Global Change Biology, 15, 2599-2614,
doi: 10.1111/j.1365-2486.2009.01962.x.

Mikaloff-Fletcher SE, Tans PP, Bruhwiler LM, Miller JB, Heimann M (2004) CH,
sources estimated from atmospheric observations of CH, and its "*C/"*C isotopic
ratios: 1. Inverse modeling of source processes. Global Biogeochemical Cycles, 18,
GB4004, doi: 10.1029/2004GB002223.

Moore TR, Knowles R (1987) Methane and carbon-dioxide evolution from sub-arctic
fens. Canadian Journal of Soil Science, 67, 77-81, doi: 10.4141/cjss87-007.

Moore TR, Heyes A, Roulet NT (1994) Methane Emissions from wetlands, southern
Hudson-Bay lowland. Journal of Geophysical Research-Atmospheres, 99, 1455-1467,
doi:10.1029/93]D02457.

Moosavi SC, Crill PM, Pullman ER, Funk DW, Peterson KM (1996) Controls on CH,
flux from an Alaskan boreal wetland. Global Biogeochemical Cycles, 10, 287-296, doi:
10.1029/96GB00358.

Morrissey LA, Livingston GP (1992) Methane emissions from Alaska arctic tundra -
an assessment of local spatial variability. Journal of Geophysical Research-Atmo-
spheres, 97, 16661-16670. doi: 10.1029/92JD00063.

Myers-Smith IH, McGuire AD, Harden JW, Chapin FS (2007) Influence of disturbance
on carbon exchange in a permafrost collapse and adjacent burned forest. Journal of
Geophysical Research-Biogeosciences, 112, G04017. doi: 10.1029/2007JG000423.

Neef L, Van Weele M, Van Velthoven P (2010) Optimal estimation of the present-day
global methane budget. Global Biogeochemical Cycles, 24, GB4024, doi: 10.1029/
2009GB003661.

Nykanen H, Heikkinen JEP, Pirinen L, Tiilikainen K, Martikainen PJ (2003) Annual
CO, exchange and CHj fluxes on a subarctic palsa mire during climatically differ-
ent years. Global Biogeochemical Cycles, 17, 1018, doi: 10.1029/2002GB001861.

Oquist MG, Svensson BH (2002) Vascular plants as regulators of methane emissions
from a subarctic mire ecosystem. Journal of Geophysical Research-Atmospheres, 107,
4580, doi: 10.1029/2001JD001030.

Panikov NS, Dedysh SN (2000) Cold season CH, and CO, emission from boreal peat
bogs (West Siberia): winter fluxes and thaw activation dynamics. Global Biogeo-
chemical Cycles, 14, 1071-1080. doi: 10.1029/1999GB900097.

Parmentier FJW, van Huissteden J, Van Der Molen MK, Schaepman-Strub G, Kars-
anaev SA, Maximov TC, Dolman AJ (2011) Spatial and temporal dynamics in eddy
covariance observations of methane fluxes at a tundra site in northeastern Siberia.
Journal of Geophysical Research-Biogeosciences, 116, G03016, doi: 10.1029/2010]
G001637.

Prater JL, Chanton JP, Whiting GJ (2007) Variation in methane production pathways
associated with permafrost decomposition in collapse scar bogs of Alberta, Can-
ada. Global Biogeochemical Cycles, 21, GB4004, doi: 10.1029/2006GB002866.

Saarnio S, Saarinen T, Vasander H, Silvola J (2000) A moderate increase in the annual
CHy efflux by raised CO, or NH4 NOj3 supply in a boreal oligotrophic mire. Global
Change Biology, 6, 137-144, doi:10.1046/j.1365-2486.2000.00294.x.

Sannel ABK, Kuhry P (2011) Warming-induced destabilization of peat plateau/ther-
mokarst lake complexes. Journal of Geophysical Research-Biogeosciences, 116, G03035,
doi: 10.1029/2010JG001635.

Schaefer K, Zhang T, Bruhwiler L, Barrett AP (2011) Amount and timing of perma-
frost carbon release in response to climate warming. Tellus, 63B, 165-180, doi:
10.1111/j.1600-0889.2011.00527.x.

Schimel JP (1995) Plant-transport and methane production as controls on methane
flux from arctic wet meadow tundra. Biogeochemistry, 28, 183-200, doi: 10.1007/
BF02186458.

Schneider von Deimling T, Meinshausen M, Levermann A, Huber V, Frieler K, Law-
rence DM, Brovkin V (2012) Estimating the near-surface permafrost-carbon feed-
back on global warming. Biogeosciences, 9, 649-665, doi: 10.5194/bg-9-649-2012,
2012.

Schuur EAG, Bockheim J, Canadell JP et al. (2008) Vulnerability of permafrost carbon
to climate change: implications for the global carbon cycle. BioScience, 58, 701-714,
doi: 10.1641/B580807.

Schuur EAG, Vogel JG, Crummer KG, Lee H, Sickman JO, Osterkamp TE (2009) The
effect of permafrost thaw on old carbon release and net ecosystem exchange from
tundra. Nature, 459, 556-559, doi: 10.1038 /nature08031.

Schuur EAG, Abbott B et al. (2011) High risk of permafrost thaw. Nature, 480, 32-33,
doi: 10.1038/480032a.

Sebacher DI, Harriss RC, Bartlett KB, Sebacher SM, Grice SS (1986) Atmospheric
methane sources: Alaskan tundra bogs, an alpine fen and a subarctic boreal marsh.
Tellus Series B Chemical and Physical Meteorology, 38, 1-10, doi: 10.1111/j.1600-
0889.1986.tb.00083.x.

Strom L, Mastepanov M, Christensen TR (2005) Species-specific effects of vascular
plants on carbon turnover and methane emissions from wetlands. Biogeochemistry,
75, 65-82, doi: 10.1007/510533-004-6124-1.

Strom L, Tagesson T, Mastepanov M, Christensen TR (2012) Presence of Eriophorum
scheuchzeri enhances substrate availability and methane emission in an Arctic
wetland. Soil Biology & Biochemistry, 45, 61-70, doi: 10.1016/j.s0ilbio.2011.09.005.

Svensson BH (1973) Methane production in a subarctic mire. In: Progress Report 1972.
IBP Swedish Tundra Biome Tech. Rep. 14. (ed Sonesson M). pp. 154-166. IBP
Swedish Tundra Biome Project, Uppsala.

© 2012 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/gcb.12071



CONTROLS ON TERRESTRIAL NORTHERN CH, FLUXES 15

Svensson BH (1980) Carbon dioxide and methane fluxes from the ombrotrophic parts
of a subarctic mire. Ecological Bulletins, 30, 235-250.

Svensson BH, Christensen TR, Johansson E, équist M (1999) Interdecadal changes in
CO, and CH; fluxes of a subarctic mire: Stordalen revisited after 20 years. Oikos,
85, 22-30.

Turetsky MR, Wieder RK, Vitt DH (2002) Boreal peatland C fluxes under varying per-
mafrost regimes. Soil Biology & Biochemistry, 34, 907-912, doi: 10.1016/50038-0717
(02)00022-6.

Turetsky MR, Treat CC, Waldrop MP, Waddington JM, Harden JW, Mcguire AD
(2008) Short-term response of methane fluxes and methanogen activity to water
table and soil warming manipulations in an Alaskan peatland. Journal of Geophysi-
cal Research-Biogeosciences, 113, GO0A10, doi: 10.1029/2007]G000496.

Wagner D, Kobabe S, Pfeiffer EM, Hubberten HW (2003) Microbial controls on
methane fluxes from a polygonal tundra of the Lena Delta, Siberia. Permafrost and
Periglacial Processes, 14, 173-185, doi: 10.1002/ ppp. 443.

Wagner D, Lipski A, Embacher A, Gattinger A (2005) Methane fluxes in permafrost
habitats of the Lena Delta: effects of microbial community structure and organic
matter quality. Environmental Microbiology, 7, 1582-1592, doi: 10.1111/§.1462-2920.
2005.00849.x.

Waldrop MP, Wickland KP, White R, Berhe AA, Harden JW, Romanovsky VE (2010)
Molecular investigations into a globally important carbon pool: permafrost-pro-
tected carbon in Alaskan soils. Global Change Biology, 16, 2543-2554, doi: 10.1111/
j-1365-2486.2009.02141.x.

Walter Anthony KM, Anthony P, Grosse G, Chanton ] (2012) Geological methane
seeps along boundaries of Arctic permafrost thaw and melting glaciers. Nature
Geoscience, 5, 419-426, doi: 10.1038/ngeo01480.

Walter BP, Heimann M, Matthews E (2001) Modeling modern methane emissions
from natural wetlands 1. Model description and results. Journal of Geophysical
Research-Atmospheres, 106, 34189-34206, doi: 10.1029/2001JD900165.

Walter KM, Zimov SA, Chanton JP, Verbyla D, Chapin FS (2006) Methane bubbling
from Siberian thaw lakes as a positive feedback to climate warming. Nature, 443,
71-75, doi: 10.1038 /nature05040.

Whalen SC, Reeburgh WS (1988) A methane flux time series for tundra environments.
Global Biogeochemical Cycles, 2, 399-409, doi: 10.1029/GB002i004p00399.

Whalen SC, Reeburgh WS (1992) Interannual variations in tundra methane emission,
a 4+year time series at fixed sites. Global Biogeochemical Cycles, 6, 139-159, doi:
10.1029/92GB00430.

Whiting GJ, Chanton JP (1993) Primary production control of methane emission from
wetlands. Nature, 364, 794-795, doi: 10.1038/364794a0.

Wickland KP, Striegl RG, Neff JC, Sachs T (2006) Effects of permafrost melting on
CO, and CHy exchange of a poorly drained black spruce lowland. Journal of
Geophysical Research-Biogeosciences, 111, G02011, doi: 10.1029/2005JG000099.

Wille C, Kutzbach L, Sachs T, Wagner D, Pfeiffer EM (2008) Methane emission from
Siberian arctic polygonal tundra: eddy covariance measurements and modeling.
Global Change Biology, 14, 1395-1408, doi: 10.1111/j.13652486.2008.01586.x.

Windsor J, Moore TR, Roulet NT (1992) Episodic fluxes of methane from sub-arctic
fens. Canadian Journal of Soil Science, 72, 441-452, doi: 10.4141/cjss92-037.

Zhuang QL, Melillo JM, Sarofim MC et al. (2006) CO, and CH, exchanges between
land ecosystems and the atmosphere in northern high latitudes over the 21st
century. Geophysical Research Letters, 33, L17403, doi: 10.1029/2006GL026972.

Zona D, Oechel WC, Kochendorfer | et al. (2009) Methane fluxes during the initiation
of a large-scale water table manipulation experiment in the Alaskan Arctic tundra.
Global Biogeochemical Cycles, 23, GB2013, doi: 10.1029/2009GB003487.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Data S1. The Supporting information includes the database
in its entirety along with a full reference list of the studies
that contributed sites to the database. The Supplemental
information also contains a discussion of the influence of
studies that contributed a large number of sites and studies
that implemented low frequency sampling regimes on the
conclusions in the main manuscript. Detailed statistics on
the ancova analysis and an exploration and discussion of
the potential influence of increased atmospheric CO,
concentrations on CHy fluxes can also be found.

© 2012 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/gcb.12071



